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Inhibition of insulin-degrading enzyme in human
neurons promotes amyloid-β deposition
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Alzheimer’s disease (AD) is characterised by the aggregation and deposition of amyloid-β
(Aβ) peptides in the human brain. In age-related late-onset AD, deficient degradation and
clearance, rather than enhanced production, of Aβ contributes to disease pathology. In the
present study, we assessed the contribution of the two key Aβ-degrading zinc metallopro-
teases, insulin-degrading enzyme (IDE) and neprilysin (NEP), to Aβ degradation in human
induced pluripotent stem cell (iPSC)-derived cortical neurons. Using an Aβ fluorescence po-
larisation assay, inhibition of IDE but not of NEP, blocked the degradation of Aβ by human
neurons. When the neurons were grown in a 3D extracellular matrix to visualise Aβ depo-
sition, inhibition of IDE but not NEP, increased the number of Aβ deposits. The resulting
Aβ deposits were stained with the conformation-dependent, anti-amyloid antibodies A11
and OC that recognise Aβ aggregates in the human AD brain. Inhibition of the Aβ-forming
β-secretase prevented the formation of the IDE-inhibited Aβ deposits. These data indicate
that inhibition of IDE in live human neurons grown in a 3D matrix increased the deposition
of Aβ derived from the proteolytic cleavage of the amyloid precursor protein. This work has
implications for strategies aimed at enhancing IDE activity to promote Aβ degradation in
AD.

Introduction
The pathogenesis of Alzheimer’s disease (AD) is characterised by the aggregation and deposition of
amyloid-β (Aβ) peptides in the brain. Aβ is proteolytically cleaved from the larger amyloid precursor pro-
tein (APP) through the sequential action of the β-secretase, β-site APP cleaving enzyme-1 (BACE1), and
the presenilin-containing γ-secretase complex [1]. In familial forms of AD, mutations in APP, presenilin
1 or presenilin 2 give rise to increased production of Aβ and/or an increase in the ratio of Aβ1-42:Aβ1-40
[2–4]. However, in age-related late-onset sporadic AD, which accounts for >95% of all AD cases, deficient
clearance of Aβ contributes to disease pathology [5–7].

Aβ clearance is brought about through extracellular and intracellular proteolytic degradation and efflux
of extracellular Aβ into the blood via the blood–brain barrier [8,9]. Several proteases have been implicated
in the proteolytic degradation of Aβ, including angiotensin-converting enzyme, endothelin-converting
enzymes (ECE1 and ECE2), insulin-degrading enzyme (IDE), matrix metalloproteases and neprilysin
(NEP) (reviewed in [8,10–12]). Various studies have shown that IDE and NEP are the major Aβ-degrading
proteases in rodents. Mice with inactivation of the genes encoding IDE [13,14] and NEP [15] had a moder-
ate (1.5- to 2-fold) increase in endogenous Aβ. Inhibition of NEP significantly reduced the degradation of
Aβ in the rat hippocampus [16] and up-regulation of NEP by somatostatin reduced brain Aβ levels [17].
In primary rat cortical neurons extracellular levels of Aβ were regulated via proteolysis by IDE [18] and a
natural partial loss-of-function mutation in IDE led to impaired Aβ degradation in a rodent model [19].

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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However, no study has yet investigated the contribution of IDE and NEP to Aβ degradation in human neurons.
In AD, Aβ is primarily deposited outside neurons in the extracellular matrix (ECM). In the vast majority of

cell-based studies on Aβ metabolism, the cells are grown in 2D on the surface of plastic dishes in the absence of
an ECM. The lack of an ECM, together with frequent media changes, prevents the deposition of Aβ. However, em-
bedding cells within a 3D ECM allows the visualisation of Aβ deposits as diffusion of the peptide is limited [20–22].

Here, we investigated the contribution of IDE and NEP to Aβ degradation by human induced pluripotent stem
cell (iPSC)-derived cortical neurons using an Aβ fluorescence polarisation assay [23]. In addition, we exploited the
observation that Aβ deposition can be visualised when neurons are grown in a 3D ECM, to determine the impact of
inhibition of IDE and NEP on Aβ metabolism in live human neurons.

Experimental
Culture and differentiation of iPSC-derived cortical human neurons
The iPSC lines OX1-19 (obtained from S. Cowley, University of Oxford) [24] and SBAD03-05 (obtained from Stem-
BANCC) [25] were maintained on Matrigel (Corning #354277) in mTeSR1 medium (StemCell Technologies #85850)
at 37◦C with 5% CO2. iPSCs were differentiated to cortical neurons via dual SMAD inhibition as previously described
[26]. At day 0 confluent iPSCs were treated with 1μM dorsomorphin (Tocris #30-931-0) and 10μM SB431452 (Tocris
#1614) in neural maintenance media (NMM) (500 ml DMEM/F-12 Glutamax (Life Technologies #10565018), 500
ml Neurobasal (Life Technologies #12348017), 5 ml N-2 supplement (Life Technologies #17502048), 10 ml B-27 sup-
plement (Life Technologies #17504044), 2.5 μg/ml insulin (Sigma #I9278), 1 mM L-glutamine (Life Technologies
#25030081), 0.5X non-essential amino acids (Life Technologies #11140050), 50 μM 2-mercaptoethanol (Life Tech-
nologies #125470010), 50 U/ml penicillin/streptomycin (Life Technologies #15140122), 0.5 mM sodium pyruvate
(Sigma #S8636)) for 10–11 days before disassociation with dispase (Stemcell Technologies #07923) and replated on
laminin (Sigma #L2020). From this point forward, cells were incubated in NMM with media changes every 2–3 days.
Between days 12 and 17 of neuronal induction, neural rosettes formed. FGF2 (20 ng/ml) (Peprotech #100-18B) was
added for 2–4 days to help promote a neural fate. Cells were expanded and passaged a further 2–3 times using dis-
pase and STEMdiff Rosette Selection Reagent (Stemcell Technologies #05832) to expand neuronal cells and remove
unwanted cell types. Between days 27 and 31 after neuronal induction, neural progenitor cells (NPCs) were passaged
using Accutase (Stemcell Technologies #07920). For routine 2D cell culture, NPCs were plated at approximately 26,000
cells per cm2 on plates coated with both poly-L-ornithine (Sigma #P4957) and laminin and matured to neurons. Ex-
periments were performed when neurons reached day 60–80. All images shown are from the OX1-19 cell line, unless
otherwise indicated.

Immunofluorescence microscopy
OX1-19 iPSC-derived neurons were cultured to day 80 on coverslips and fixed in 4% paraformaldehyde (PFA).
Coverslips were blocked in 10% donkey serum (Sigma #D9663). Antibodies against MAP2 (Abcam #ab92434) and
βIII-Tubulin (Abcam #ab18207) were used. Coverslips were then incubated in Alexa-fluor fluorescent secondary an-
tibodies (ThermoFisher), mounted on slides using prolong gold containing 4′,6′-diamidino-2-phenylindole (DAPI)
(358nm absorbance) (Cell Signalling Technology #8961) and imaged on an EVOS® FL Cell Imaging System (Ther-
moFisher).

Membrane potential assay
Membrane potential was measured using the FLIPR® assay according to the manufacturer’s protocol (Molecular
Devices #R8128). iPSC-derived neurons were differentiated in a black clear-bottom 96-well plate until day 60 or day
80 then incubated in the RED indicator dye for 30 min in 5% CO2 at 37◦C as per the manufacturer’s protocol. Plates
were then placed into the FlexStation™ instrument (Molecular devices) to measure fluorescence (excitation: 530 nm,
emission: 565 nm), with 60 mM KCl added 19 s into the recording and fluorescence measured for a total of 90 s.

Aβ degradation assay
Assessment of Aβ degradation in cell lysates was based on a previously published fluorescence polarisation assay
[23]. Day 80 iPSC-derived neurons were washed once with phosphate-buffered saline (PBS) (Sigma #D8662) before
lysis with 150 mM sodium chloride, 1% (v/v) Nonidet-P40, 50 mM Tris/HCl, pH 8.0) for 25 min on ice. The solution
was then centrifuged at 14000 × g for 10 min at 4◦C and the clarified lysate recovered by taking 85% of the super-
natant. Lysates containing 20 μg of protein were loaded into black clear-bottom 96-well plates. Samples were kept
on ice and contained no protease or phosphatase inhibitors. Aβ1-40-Lys(LC-biotin)-NH2, FAM-labelled (Anaspec
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#AS-61962-01) was added to give a final concentration of 500 nM per well. DMEM was used to make a final vol-
ume of 100 μl. Starting fluorescence was measured (excitation: 485 nm, emission: 508 nm) on a Synergy HT plate
reader (Biotek). The plate was then incubated for 4 h at 37◦C and the fluorescence measured again for confirmation of
baseline. Magnetic Dynabeads (2μl MyOne Streptavidin T1, ThermoFisher #65601) were added to each well and the
plate placed on a shaker for 30 min. The plate was then transferred to a magnetic platform (ThermoFisher) and the
magnetic beads pulled to one side for 5 min. The supernatant was transferred to new wells and the final fluorescence
value measured. Degradation was calculated by taking the final fluorescence value over the starting fluorescence
value. For experiments with recombinant IDE and NEP the following amounts were used: 25 ng NEP (BioTechne
#1182-ZNC-010 (lot:RXD0217041)) or 25 ng IDE (Bio-Techne #2496-ZN-010 (lot:NSA1016031)). To inhibit prote-
olytic activity the following inhibitors were added at the indicated final concentration: 1 mM 1,10-phenanthroline
(Sigma #131377), 100 μM phosphoramidon (Tocris Bioscience #6333), 10 μM 6bK (Tocris Biosciences #5402), 10
μM ML345 (Sigma #SML1117), 100 μM insulin. Inhibitors and proteases were preincubated for 30 min at 37◦C prior
to the addition of FAβB.

IDE and NEP enzymatic assays
IDE activity was measured in iPSC-derived neuron lysates using the SensoLyte 520 IDE Activity Fluorometric Assay
Kit (Anaspec #AS-72231) in the absence or presence of 10 μM ML345 as per the manufacturer’s instructions. IDE
specific activity was taken as the activity inhibited by ML345. NEP activity was measured in iPSC-derived neuron
lysates using the SensoLyte 520 NEP Activity Fluorometric Assay Kit (Anaspec #AS-72223) in the absence or presence
of 100 μM phosphoramidon as per the manufacturer’s instructions. NEP specific activity was taken as the activity
inhibited by phosphoramidon.

Aβ deposition assay using 3D Matrigel cultures
For Aβ deposition experiments, day 40 NPCs from either OX1-19 or SBAD03-05 lines were suspended at approx-
imately 500,000 cells per ml in 5% Matrigel diluted with NMM. 3D Matrigel cultures were then plated at 500 μl
per well into 12-well plates and incubated at 37◦C for 2 h to embed the neurons. A further 1 ml of media was then
added on top of the 3D Matrigel culture and the neurons grown with media changes every 2–3 days. iPSC-derived
neuron cultures were maintained for 21 days before analysis. For inhibition experiments, neurons were incubated
with either phosphoramidon (10 μM), ML345 (10 μM) or βIV (10 μM) (Merck #565788) supplemented into the
media for the duration of the experiment. To evaluate Aβ deposition embedded neurons were fixed in 4% PFA for 20
min, washed with PBS containing 50 mM NH4Cl and then permeabilised in 0.2% Triton X-100 for 15 min. Neurons
were then blocked for 2 h in 10% donkey serum before being incubated overnight at 4◦C with primary antibodies
against βIII-Tubulin and Aβ (4G8) (Biolegend #SIG-39220) or with A11 (Invitrogen #AHB0052) or OC (Millipore
#AB2286) conformational antibodies. All primary and secondary antibodies were used at a working concentration
of 1:500. Neurons were washed with PBS before incubation with Alexafluor fluorescent secondary antibodies (Ther-
moFisher #A-21202, ThermoFisher #A-21207). Neurons were imaged on an EVOS® FL Cell Imaging System with
six randomised images taken from each well. The Aβ deposits were analysed using ImageJ (National Institutes of
Health) and the total amount of 4G8 positive Aβ deposits present in each image quantified. To prevent unconscious
bias during the imaging process, the fluorescent channel for βIII tubulin staining was used to locate neuronal pop-
ulations. The channels corresponding to Aβ staining were not observed until after an area was selected for imaging
and the location of the image was not changed once identified.

Statistical analysis
Statistical tests were performed using SPSS (IBM, v23) and GraphPad Prism (GraphPad, v8) and statistical signifi-
cance was set at P<0.05. For comparisons of data with multiple groups a Brown–Forsythe test was used to determine
whether the standard deviations (SDs) of group data were significantly different. As SDs were not significantly differ-
ent a two-tailed ordinary one-way ANOVA test was used with a Dunnett’s post-hoc analysis to compare experimental
groups to control. For comparison of data with only two groups a Welch’s t-test was used to account for unequal SDs
between groups. Information for each analysis and n numbers for each experiment are given in the relevant figure
legend.

Results
A method to measure Aβ degradation was established based on a previously described fluorescence polarization
assay that uses Aβ1-40 tagged at its N-terminus with carboxyfluorescein (FAM) and at its C-terminus with biotin

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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[23] (Figure 1A). Proteases in the experimental sample cleave the tagged Aβ. Streptavidin-coated dynabeads are
then added which bind to the biotin tag and can pull down uncleaved peptide or C-terminal fragments. Cleaved
N-terminal fragments of Aβ remain in the supernatant and their fluorescence can be measured due to the FAM label
at the N-terminus. Addition of the FAM and biotin had no observable impact on the metabolism of the Aβ by NEP
and IDE and the modified peptide had a similar inhibition profile as wild-type Aβ in biological samples [23]. Initially,
the assay was validated using recombinant forms of IDE and NEP. Both recombinant NEP (Figure 1B) and recom-
binant IDE (Figure 1C) degraded the Aβ. To investigate subsequently which of the two proteases was contributing
to Aβ degradation in neurons, selective inhibitors were profiled. The degradation of Aβ by recombinant NEP was
inhibited by 1,10-phenanthroline (a general metalloprotease inhibitor) and by phosphoramidon which inhibits selec-
tively NEP [27] but not by the IDE selective inhibitors 6bk and ML345 [28,29] (Figure 1B). The degradation of Aβ

by recombinant IDE was also inhibited by 1,10-phenanthroline and by 6bK and ML345, but not by phosphoramidon
(Figure 1C). Insulin was used as a competitive inhibitor of IDE as the protease has greater affinity for insulin com-
pared with Aβ (Km 85 nM and 25 μM, respectively) [30]. Insulin also inhibited the degradation of Aβ by IDE (Figure
1C).

The selective protease inhibitors were then used to determine the contribution of NEP and IDE to Aβ degrada-
tion in iPSC-derived human cortical neurons. The OX1-19 iPSC line used in the present study was derived from
an individual without AD and does not have mutations in APP or the presenilins. The OX1-19 iPSCs were differ-
entiated into neurons and matured for 60–80 days following an established protocol [26]. At day 80, iPSC-derived
neurons were positive for the neuronal markers MAP2 and βIII-tubulin (Figure 1D). At both day 60 and day 80,
the neurons depolarized in response to KCl (Figure 1E), demonstrating that functionally active cortical neurons had
been obtained. In neuronal lysates both IDE and NEP activities were detected using selective fluorescent peptide sub-
strates in the absence and presence of ML345 or phosphoramidon, respectively (see Experimental section for details).
From the assays with these selective fluorescent substrates, IDE specific activity was determined as 4.41 +− 0.50 nM
5-FAM/min/mg protein, and NEP specific activity as 0.63 +− 0.26 nM 5-FAM/min/mg protein. Aβ was degraded by
the neuron lysates and this degradation was inhibited by all three of the IDE inhibitors (6bk, ML345 and insulin), as
well as by 1,10-phenanthroline, but not by the NEP inhibitor phosphoramidon (Figure 1F). These data indicate that
although both IDE and NEP activities are present in the iPSC-derived neurons, only inhibition of IDE reduces Aβ

degradation.
To investigate the contribution of IDE and NEP to Aβ degradation in live cells, iPSC-derived neurons were encap-

sulated in Matrigel to enable the formation and detection of Aβ deposits [20]. The encapsulated neurons expressed
the neuronal markers MAP2 and βIII-tubulin and depolarized in response to KCl (Figure 2A,B) similarly to the neu-
rons in 2D (Figure 1D,E), indicating that encapsulation in Matrigel does not adversely affect neuronal differentiation
and function. The encapsulated neurons were then incubated with either the IDE inhibitor ML345 or the NEP in-
hibitor phosphoramidon for 21 days and Aβ deposits detected with the anti-Aβ antibody 4G8. Although some Aβ

deposits were visible in the neurons encapsulated in Matrigel, the number of deposits was significantly increased in
the presence of the IDE inhibitor ML345 (Figure 2C–F). In contrast, no such increase in the number of Aβ deposits
occurred in the presence of the NEP inhibitor phosphoramidon (Figure 2C,E,F). Instead, phosphoramidon treatment
led to a decrease in the number of Aβ deposits. In the absence of inhibitors, the Aβ deposits ranged in size from 1 to
550 μm2 with the majority (84%) of aggregates in the range 1–150 μm2 (mean deposit size 78 μm2, median deposit
size 50 μm2). Inhibition of IDE also increased Aβ deposition in neurons derived from a second, independent iPSC
line, SBAD03-05 [25,31] (Figure 2G).

To characterise the IDE-inhibited Aβ deposits, we utilised the conformation-dependent, anti-amyloid antibodies
A11 and OC [32,33]. The Aβ deposits in the neurons were stained with both antibodies indicating the presence of
both pre-fibrillar (A11 positive) and fibrillar (OC positive) aggregated species (Figure 3A–D). Blocking Aβ formation
with the BACE1 inhibitor βIV prevented the formation of the Aβ deposits even in the presence of the IDE inhibitor
ML345 (Figure 3E,F), confirming that these are deposits of Aβ derived from proteolytic cleavage of APP.

Discussion
In late-onset sporadic AD, deficits in the degradation and clearance of Aβ, rather than enhanced production, underlie
the increase in Aβ [5–7]. The Aβ peptides aggregate, forming a range of oligomeric species that further aggregate into
protofibrils and fibrils, and are deposited in the brain in the form of amyloid plaques [34]. Here, we show that inhibi-
tion of the Aβ-degrading enzyme IDE increases Aβ deposition when iPSC-derived cortical neurons are encapsulated
in a 3D ECM, with the deposited Aβ having immunological characteristics of Aβ plaques found in post-mortem hu-
man brain tissue.

4 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/neuronalsignal/article-pdf/7/4/N
S20230016/950496/ns-2023-0016.pdf by U

niversity of Birm
ingham

 user on 09 N
ovem

ber 2023



Neuronal Signaling (2023) 7 NS20230016
https://doi.org/10.1042/NS20230016

co
nt

ro
l

ph
os

ph
or

am
id
on 6b

K

M
L3

45

in
su

lin

1,
10

-P
he

na
nt

hr
ol
in
e

0

50

100

150

F
A

�
B

D
e
g
ra

d
a
ti
o
n

(%
R

F
U

)

****
****

co
nt

ro
l

ph
os

ph
or

am
id
on 6b

k

M
L3

45

in
su

lin

1,
10

-p
he

na
nt

hr
ol
in
e

0

50

100

150

200

F
A

�
B

D
e
g
ra

d
a
ti
o
n

(%
R

F
U

)

********

**
****

B

Merge

D

A
Aβ

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-K               -NH2

FAM LC-
BIOTIN

rNEP rIDE

MAP2 Merge

C

E

M
e

m
b

ra
n

e
 p

o
te

n
ti
a

l 
(R

F
U

) 250

200

150

100

50

0
0 20 10040 60 80

80

60

KCl

Time (s)

co
nt

ro
l

ph
os

ph
or

am
id
on 6b

K

M
L3

45

in
su

lin

1,
10

-p
he

na
nt

hr
ol
in
e

0

50

100

150

F
A

�
B

D
e
g
ra

d
a
ti
o
n

(%
R

F
U

)

**** ****
**** ****

hiPSC-Ns
F

DAPI β-III MAP2 Merge

(B)

Figure 1. IDE degrades Aβ in iPSC-derived neurons

(A) Schematic diagram of the FAM-Aβ-biotin substrate used in the fluorescence polarisation assay. Incubation of the Aβ substrate

(500 nM) with (B) 25 ng recombinant NEP (rNEP) and (C) 25 ng recombinant IDE (rIDE) in the absence or presence of the general

metalloprotease inhibitor 1,10-phenanthroline (1 mM), the NEP inhibitor phosphoramidon (100 μM) or the IDE inhibitors 6bK (10

μM), ML345 (10 μM) and insulin (100 μM). NEP and IDE were pre-incubated with the inhibitors for 30 min at 37◦C before addition of

the FAM-Aβ-biotin substrate and a further incubation for 4 h at 37◦C. The cleaved substrate was separated and the fluorescence

measured as described in the Experimental section. Data shown as mean +− SEM, n = 3 experimental repeats. (D) OX1-19 iPSCs

were differentiated to cortical neurons and neuronal identity was confirmed at day 80 by identification of neuronal markers using

immunofluorescence microscopy. Representative images demonstrate staining for the neuronal markers MAP2 and β-III tubulin

(β-III). Nuclei were stained with DAPI, scale bar represents 200 μm. (E) Membrane potential was measured in neurons using the

FLIPR® Membrane Potential Assay Kit. Representative traces shown for neurons at day 60 and day 80 of differentiation. Experi-

ments were repeated in three independent cell preparations. (F) Incubation of the Aβ substrate with human OX1-19 iPSC-derived

neurons (hiPSC-Ns) in the absence or presence of the indicated inhibitors. n = 3 neuronal inductions (three technical repeats were

performed per neuronal induction). **P<0.005, ****P<0.0001 using one-way ANOVA with Dunnett’s multiple comparisons test to

compared with control.
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Figure 2. Inhibition of IDE in human neurons increases Aβ deposition in a 3D matrix

(A) OX1-19 iPSC-derived neurons seeded into 3D matrigel cultures were imaged for neuronal markers MAP2 and β-III tubulin,

scale bar = 200 μm. (B) Neuronal membrane potential was measured in neurons using the FLIPR® Membrane Potential Assay

Kit. Representative trace of membrane potential from neurons in 3D matrigel cultures. Day 60 OX1-19 neurons were cultured in a

3D Matrigel matrix for 21 days in the absence or presence of the IDE inhibitor, ML345 (10 μM) or the NEP inhibitor, phosphorami-

don (10 μM). (C) Representative images of OX1-19 neurons following treatment without or with ML345 or phosphoramidon using

immunofluorescence microscopy to determine the number of Aβ deposits; composite images of βIII-tubulin and Aβ are shown

and Aβ staining (with antibody 4G8) is highlighted by the arrowheads, scale bar = 200 μm. (D) Representative images of OX1-19

neurons following ML345 treatment showing only the Aβ deposits stained with antibody 4G8 with (i) being the same field of view

as shown in (C), scale bar = 200 μm and (ii) a larger magnification image from a separate field of view, scale bar = 100 μm. (E)

The number of Aβ deposits in each image was quantified and the spread of data from images for each condition are shown by the

violin plot. Data are shown with median (solid line) and quartiles (dashed line) for 36 data points for control and ML345 and 25 data

points for phosphoramidon. (F) The number of Aβ deposits was then averaged for each neuronal induction for each condition and

statistical analysis performed. Data shown as mean +− SEM, n = 3 neuronal inductions (three technical repeats were performed per

neuronal induction). ****P<0.0001 using an ordinary one-way ANOVA test with Dunnett’s multiple comparisons test to compared

with control. (G) Representative images taken for the analysis of Aβ deposition in day 60 SBAD neurons cultured in a 3D Matrigel

matrix for 21 days in the absence or presence of the IDE inhibitor, ML345 (10 μM) using immunofluorescence microscopy, scale

bar = 200 μm.
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Figure 3. Aβ deposits are composed of oligomeric species and their formation is blocked by a β-secretase inhibitor

Day 60 OX1-19 neurons were cultured in a 3D Matrigel matrix for 21 days in the absence or presence of the IDE inhibitor, ML345.

Representative images taken for the analysis of Aβ species by immunofluorescence microscopy with conformational antibodies to

detect (A) pre-fibrillar Aβ oligomers with the A11 antibody, with a higher magnification image shown in (B,C) fibrillary Aβ oligomers

with the OC antibody, with a higher magnification image shown in (D). (E) Representative images of day 60 OX1-19 neurons

cultured in a 3D Matrigel matrix for 21 days in the presence of the IDE inhibitor, ML345, with or without the BACE1 inhibitor

βIV. (F) Quantification of Aβ deposits in OX1-19 neurons following treatment with either ML345 only or with ML345 and βIV. Scale

bar in A and C = 200 μm, scale bar in B, D and E = 100 μm. Data shown as mean +− SEM, n = 3 independent cell preparations

from the same neuronal differentiation *P<0.05 using a Welch’s t-test.

IDE is a zinc-dependent protease located in the cytosol, peroxisomes, mitochondria and at the cell surface (re-
viewed in [35]). Although IDE lacks a canonical signal peptide sequence, it is secreted from cells and is present in
the extracellular medium [36]. Our study does not allow us to determine whether IDE is acting on the Aβ in the
extracellular milieu or following internalisation of the peptide. The IDE inhibitors 6bk, ML345 and insulin inhibit
IDE through different mechanisms: 6bK is a synthetic macrocycle that engages a binding pocket away from the cat-
alytic site and is remarkably selective for IDE over a number of other zinc metalloproteases including NEP [28], the
benzoisothiazolidone ML345 targets a specific reactive cysteine residue in IDE that is not present in NEP and the
majority of other zinc metalloproteases [29], and insulin, being a substrate for IDE, acts as a competitive inhibitor at
high concentrations [30]. As these three compounds inhibit IDE through separate mechanisms this provides confir-
mation that the Aβ degrading activity observed in the iPSC-derived neurons is due to IDE. The possibility of these
inhibitors having off-target effects cannot be ruled out, and future studies using genetic knockdown approaches could
be used to confirm the results using the selective protease inhibitors. However, this major role for IDE in Aβ degra-
dation in human neurons is consistent with previous reports showing that IDE is the major protease responsible for
Aβ degradation in human hippocampal lysates and cerebrospinal fluid [37,38].

The selectivity of 6bk and ML345 for IDE over the structurally and mechanistically distinct NEP [28,29], together
with the lack of effect of the NEP inhibitor phosphoramidon to increase the number of Aβ deposits, indicates that
NEP does not play a significant role in Aβ degradation in human iPSC-derived cortical neurons. Interestingly, phos-
phoramidon actually decreased the number of Aβ deposits in the neuron culture. IDE is activated by a number of

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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biologically active peptides, including bradykinin, β-endorphin and the dynorphins, and of particular relevance here
is the observation that dynorphin B-9 activated IDE and increased Aβ hydrolysis by 2.5-fold [39]. This modulatory
effect is due to an allosteric mechanism between the subunits in the IDE dimer; binding of the biologically active pep-
tide to the active site of one IDE subunit induces an enhancement of IDE proteolytic activity towards Aβ by the other
subunit [40]. NEP cleaves numerous biologically active peptides including bradykinin and the dynorphins [41]. Thus,
a potential explanation for the observation that phosphoramidon reduces the number of Aβ deposits in the neurons
is that inhibition of NEP increases the levels of bradykinin, dynorphins or other peptides that allosterically activate
IDE resulting in increased hydrolysis of Aβ and reduced deposition of intact peptide. This phenomenon may be exac-
erbated when the neurons are grown in a 3D matrix in which the small biologically active peptides act locally within
the ECM rather than being dispersed into the cell media when the neurons are grown in 2D. ECE1 and ECE2 have
also been implicated in the degradation of Aβ [42], but as these two proteases are also inhibited by phosphoramidon
[43], it is unlikely that either of these proteases have a significant role in Aβ degradation in the human iPSC-derived
cortical neurons. Another metalloprotease that can cleave Aβ in vitro is angiotensin-converting enzyme 1 [44], al-
though it appears to have a limited role in Aβ metabolism in vivo [45]. The possibility of these or other proteases
contributing to Aβ metabolism in the iPSC-derived neurons cannot be completely ruled out, although as the IDE
inhibitors reduced Aβ degradation by >65%, IDE is clearly the predominant Aβ-degrading protease in this system.

Using fluorogenic substrates and selective inhibitors, both IDE and NEP activities were detected in the
iPSC-derived cortical neurons. There was a higher specific activity for IDE compared to NEP, although as differ-
ent substrates had to be used for the two proteases, a direct comparison of activities is difficult. According to the
Human Protein Atlas (www.proteinatlas.org), IDE mRNA levels are higher in the hippocampus (3.4 nTPM (highest
normalized expression)) and cerebral cortex (4.2 nTPM), than NEP mRNA levels (0.1 nTPM and1.9 nTPM, respec-
tively). Whether these differences in transcript levels equate to similar differences in protein levels remains to be
determined, but the potentially higher IDE than NEP activity in human iPSC-derived neurons would be consistent
with the respective brain mRNA levels.

The Aβ deposits observed here when neurons were grown in 3D ECM are similar in size to those observed
by Choi et al. [20] (10–50 μm) in which iPSCs containing FAD mutations were embedded in Matrigel. Various
conformation-specific antibodies that recognize different structural motifs on aggregated forms of Aβ have been
widely used to characterise and classify oligomeric and fibrillar forms of Aβ [46,47]. The Aβ deposits formed on
inhibition of IDE bound the conformation-dependent antibody A11, which recognizes prefibrillar oligomers, and
antibody OC, which recognizes fibrillar oligomers as well as fibrils [32,33]. Aβ species recognized by the A11 and
OC antibodies were present in the AD brain [48], although it was the fibrillar, OC-positive oligomers that correlated
with the onset and severity of AD [49]. Thus, the Aβ deposits observed in the present study have immunological
properties similar to those of Aβ aggregates present in the AD brain.

The inability of IDE inhibition to increase the number of Aβ deposits in the presence of the BACE1 inhibitor
implies that the Aβ in the deposits is derived from ongoing proteolytic cleavage of APP. This is supported by the
observation that IDE preferentially degrades monomeric rather than aggregated oligomeric forms of Aβ [37,50]. This
attests to the dynamic nature of the ECM-encapsulated neuronal system in which Aβ production and degradation
appear to be closely coupled. In the brain during AD, the build up of oligomeric forms of Aβ may diminish the role
of IDE and increase the role of NEP, as NEP has been reported to be capable of cleaving oligomeric forms of Aβ [51].

In contrast with previous studies, where Aβ deposition in a 3D ECM was only observed when iPSC-derived neu-
rons were expressing APP and/or presenilin 1 with familial AD associated mutations [20,52], the two iPSC lines used
in the present study are derived from individuals without AD and were not genetically modified either to overexpress
APP or with mutations in APP or the presenilins associated with familial AD. In contrast to previous studies [20,52]
we did not see reproducible changes in the phosphorylation status of tau (data not shown). This may reflect the use
in other studies of cells incorporating AD associated mutations that increased the Aβ42/40 ratio which tightly cor-
related with pathogenic tau accumulation and aggregation [52]. Although we also used Matrigel as the 3D ECM, it
is possible that batch to batch variations in the Matrigel may also contribute to this difference. The use of alternative
ECMs, such as porous silk protein sponges infused with collagen, may allow for more reproducible recapitulation
of other pathological markers of AD including neuronal loss, reactive gliosis, neuroinflammation and diminished
neural network functionality [53].

Overexpression of IDE in APP transgenic mice reduced brain Aβ levels and prevented Aβ plaque formation [54]
and an IDE gene variant associated with elevated IDE expression was associated with reduced plasma Aβ levels and
decreased risk of late-onset AD [55]. Such observations have led to activation of IDE being proposed as a therapeutic
approach to AD (reviewed in [35]). The data presented here showing that IDE plays a major role in Aβ degradation
in human iPSC-derived cortical neurons would support this approach. As IDE is implicated in the degradation of

8 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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multiple β-forming peptides, including the peptide hormones amylin, atrial natriuretic hormone, glucagon and, of
course, insulin, non-selective activation of IDE may have unwanted side-effects on normal physiological processes.
However, allosteric modulation of the enzymatic activity of IDE towards pathological proteins, including Aβ, without
affecting functional proteins like insulin has been proposed as a potential therapeutic strategy [56,57].

A limitation of our study is the use of neurons in isolation of other cell types present in the brain, particularly glia
which are known to be involved in Aβ degradation and clearance [58]. Inhibition of IDE in co-cultures of neurons
and glia within a 3D ECM would be required to address this point, although it should be noted that IDE is also the
major Aβ-degrading enzyme in glia [36,59]. It would also be interesting to study the effect of IDE manipulation
in co-culture models incorporating endothelial cells, pericytes and astrocytes alongside neurons [60] to determine
the relative contribution of IDE and other Aβ-degrading proteases, together with transport across the blood–brain
barrier, to Aβ degradation and clearance in a reverse-engineered 3D human neuronal model. As age is the largest risk
factor for AD, a further limitation of our study is the use of iPSC-derived neurons which lack age-related changes.
Although, as in the human brain neither IDE nor NEP activities change with age [61], the conclusions of our study
are likely to hold. Our study used Aβ1-40 which is the major Aβ peptide present in the brain, is more soluble and less
aggregation prone under the experimental conditions used here. Future studies should explore whether the longer,
more aggregation prone Aβ1-42, which is also a substrate for both IDE and NEP [13,27], is also predominantly
degraded by IDE in human neurons.

In conclusion, through the use of an Aβ degradation assay, selective protease inhibitors and iPSC-derived neurons,
we have shown that IDE is the major contributor to Aβ degradation in iPSC-derived human neurons. By exploiting
the observation that when cells are grown in a 3D ECM Aβdeposition can be visualised, we have shown that inhibition
of IDE impacts Aβ metabolism in live neurons. This work supports strategies to enhance IDE activity to reduce Aβ

accumulation as a potential therapeutic approach for AD.

Data Availability
The data supporting the findings reported in the study are openly available from the University of Manchester FigShare repository
doi: 10.48420/23998263.

Competing Interests
The authors declare that there are no competing interests associated with this manuscript.

Funding
The authors gratefully acknowledge the financial support of the Dr Donald Dean Fund for Dementia Research, the Medical Re-
search Council [grant numbers MR/N013255/1 and MR/M024997/1]; the Biotechnology and Biological Sciences Research Coun-
cil [grant number BB/S016848/1] and the University of Manchester. The Bioimaging Facility microscopes used in this study were
purchased with grants from BBSRC, Welcome and the University of Manchester Strategic Fund. For the purpose of open access,
the author has applied a Creative Commons Attribution (CC BY) licence to any Author Accepted Manuscript version arising.

Open Access
Open access for this article was enabled by the participation of University of Manchester in an all-inclusive Read & Publish agree-
ment with Portland Press and the Biochemical Society under a transformative agreement with JISC.

CRediT Author Contribution
Helen A. Rowland: Formal analysis, Investigation, Writing—original draft, Writing—review & editing. Samuel R. Moxon: Formal
analysis, Investigation, Writing—review & editing. Nicola J. Corbett: Investigation, Writing—review & editing. Kelsey Hanson:
Investigation, Writing—review & editing. Kate Fisher: Investigation, Writing—review & editing. Katherine A.B. Kellett: Conceptu-
alization, Formal analysis, Supervision, Investigation, Writing—original draft, Writing—review & editing. Nigel M. Hooper: Concep-
tualization, Supervision, Funding acquisition, Writing—original draft, Project administration, Writing—review & editing.

Acknowledgements
The authors thank Anthi Paraskevopoulou for her contribution to preliminary experiments.

Abbreviations
AD, Alzheimer’s disease; APP, amyloid precursor protein; Aβ, amyloid-β; BACE1, β-site APP cleaving enzyme-1; DAPI,
4′,6′-diamidino-2-phenylindole; ECE, endothelin-converting enzyme; ECM, extracellular matrix; IDE, insulin-degrading enzyme;

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

9

D
ow

nloaded from
 http://portlandpress.com

/neuronalsignal/article-pdf/7/4/N
S20230016/950496/ns-2023-0016.pdf by U

niversity of Birm
ingham

 user on 09 N
ovem

ber 2023



Neuronal Signaling (2023) 7 NS20230016
https://doi.org/10.1042/NS20230016

iPSC, induced-pluripotent stem cell; NEP, neprilysin; NMM, neural maintenance medium; NPC, neural progenitor cell; PBS,
phosphate-buffered saline; PFA, paraformaldehyde.

References
1 Andrew, R.J., Kellett, K.A., Thinakaran, G. and Hooper, N.M. (2016) A greek tragedy: the growing complexity of Alzheimer’s amyloid precursor protein

proteolysis. J. Biol. Chem. 291, 19235–19244, https://doi.org/10.1074/jbc.R116.746032
2 Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M., Suzuki, N. et al. (1996) Secreted amyloid β-protein similar to that in the senile plaques of

Alzheimer’s disease is increased in vivo by the presenilin 1 and 2 and APP mutations linked to familial Alzheimer’s disease. Nat. Med. 2, 864–870,
https://doi.org/10.1038/nm0896-864

3 Chavez-Gutierrez, L., Bammens, L., Benilova, I., Vandersteen, A., Benurwar, M., Borgers, M. et al. (2012) The mechanism of gamma-Secretase
dysfunction in familial Alzheimer’s disease. EMBO J. 31, 2261–2274, https://doi.org/10.1038/emboj.2012.79

4 De Strooper, B., Iwatsubo, T. and Wolfe, M.S. (2012) Presenilins and gamma-secretase: structure, function, and role in Alzheimer’s disease. Cold Spring
Harb. Perspect. Med. 2, a006304, https://doi.org/10.1101/cshperspect.a006304

5 Mawuenyega, K.G., Sigurdson, W., Ovod, V., Munsell, L., Kasten, T., Morris, J.C. et al. (2010) Decreased clearance of CNS beta-amyloid in Alzheimer’s
disease. Science 330, 1774, https://doi.org/10.1126/science.1197623

6 Wildsmith, K.R., Holley, M., Savage, J.C., Skerrett, R. and Landreth, G.E. (2013) Evidence for impaired amyloid beta clearance in Alzheimer’s disease.
Alzheimers Res. Ther. 5, 33, https://doi.org/10.1186/alzrt187

7 Miners, J.S., Palmer, J.C., Tayler, H., Palmer, L.E., Ashby, E., Kehoe, P.G. et al. (2014) Abeta degradation or cerebral perfusion? Divergent effects of
multifunctional enzymes. Front. Aging Neurosci. 6, 238, https://doi.org/10.3389/fnagi.2014.00238

8 Saido, T. and Leissring, M.A. (2012) Proteolytic degradation of amyloid beta-protein. Cold Spring Harb. Perspect. Med. 2, a006379,
https://doi.org/10.1101/cshperspect.a006379

9 Tarasoff-Conway, J.M., Carare, R.O., Osorio, R.S., Glodzik, L., Butler, T., Fieremans, E. et al. (2015) Clearance systems in the brain-implications for
Alzheimer’s disease. Nat. Rev. Neurol. 11, 457–470, https://doi.org/10.1038/nrneurol.2015.119

10 Nalivaeva, N.N., Belyaev, N.D., Kerridge, C. and Turner, A.J. (2014) Amyloid-clearing proteins and their epigenetic regulation as a therapeutic target in
Alzheimer’s disease. Front. Aging Neurosci. 6, 235, https://doi.org/10.3389/fnagi.2014.00235

11 Baranello, R.J., Bharani, K.L., Padmaraju, V., Chopra, N., Lahiri, D.K., Greig, N.H. et al. (2015) Amyloid-beta protein clearance and degradation (ABCD)
pathways and their role in Alzheimer’s disease. Curr. Alzheimer Res. 12, 32–46, https://doi.org/10.2174/1567205012666141218140953

12 Sikanyika, N.L., Parkington, H.C., Smith, A.I. and Kuruppu, S. (2019) Powering amyloid beta degrading enzymes: a possible therapy for Alzheimer’s
disease. Neurochem. Res. 44, 1289–1296, https://doi.org/10.1007/s11064-019-02756-x

13 Farris, W., Mansourian, S., Chang, Y., Lindsley, L., Eckman, E.A., Frosch, M.P. et al. (2003) Insulin-degrading enzyme regulates the levels of insulin,
amyloid beta-protein, and the beta-amyloid precursor protein intracellular domain in vivo. Proc. Natl. Acad. Sci. U.S.A. 100, 4162–4167,
https://doi.org/10.1073/pnas.0230450100

14 Miller, B.C., Eckman, E.A., Sambamurti, K., Dobbs, N., Chow, K.M., Eckman, C.B. et al. (2003) Amyloid-beta peptide levels in brain are inversely
correlated with insulysin activity levels in vivo. Proc. Natl. Acad. Sci. U.S.A. 100, 6221–6226, https://doi.org/10.1073/pnas.1031520100

15 Iwata, N., Tsubuki, S., Takaki, Y., Shirotani, K., Lu, B., Gerard, N.P. et al. (2001) Metabolic regulation of brain Abeta by neprilysin. Science 292,
1550–1552, https://doi.org/10.1126/science.1059946

16 Iwata, N., Tsubuki, S., Takaki, Y., Watanabe, K., Sekiguchi, M., Hosoki, E. et al. (2000) Identification of the major Abeta1-42-degrading catabolic
pathway in brain parenchyma: suppression leads to biochemical and pathological deposition. Nat. Med. 6, 143–150, https://doi.org/10.1038/72237

17 Saito, T., Iwata, N., Tsubuki, S., Takaki, Y., Takano, J., Huang, S.M. et al. (2005) Somatostatin regulates brain amyloid beta peptide Abeta42 through
modulation of proteolytic degradation. Nat. Med. 11, 434–439, https://doi.org/10.1038/nm1206

18 Vekrellis, K., Ye, Z., Qiu, W.Q., Walsh, D., Hartley, D., Chesneau, V. et al. (2000) Neurons regulate extracellular levels of amyloid beta-protein via
proteolysis by insulin-degrading enzyme. J. Neurosci. 20, 1657–1665, https://doi.org/10.1523/JNEUROSCI.20-05-01657.2000

19 Farris, W., Mansourian, S., Leissring, M.A., Eckman, E.A., Bertram, L., Eckman, C.B. et al. (2004) Partial loss-of-function mutations in insulin-degrading
enzyme that induce diabetes also impair degradation of amyloid beta-protein. Am. J. Pathol. 164, 1425–1434,
https://doi.org/10.1016/S0002-9440(10)63229-4

20 Choi, S.H., Kim, Y.H., Hebisch, M., Sliwinski, C., Lee, S., D’Avanzo, C. et al. (2014) A three-dimensional human neural cell culture model of Alzheimer’s
disease. Nature 515, 274–278, https://doi.org/10.1038/nature13800

21 Park, J., Wetzel, I., Marriott, I., Dreau, D., D’Avanzo, C., Kim, D.Y. et al. (2018) A 3D human triculture system modeling neurodegeneration and
neuroinflammation in Alzheimer’s disease. Nat. Neurosci. 21, 941–951, https://doi.org/10.1038/s41593-018-0175-4

22 Cenini, G., Hebisch, M., Iefremova, V., Flitsch, L.J., Breitkreuz, Y., Tanzi, R.E. et al. (2021) Dissecting Alzheimer’s disease pathogenesis in human 2D and
3D models. Mol. Cell. Neurosci. 110, 103568, https://doi.org/10.1016/j.mcn.2020.103568

23 Leissring, M.A., Lu, A., Condron, M.M., Teplow, D.B., Stein, R.L., Farris, W. et al. (2003) Kinetics of amyloid beta-protein degradation determined by
novel fluorescence- and fluorescence polarization-based assays. J. Biol. Chem. 278, 37314–37320, https://doi.org/10.1074/jbc.M305627200

24 van Wilgenburg, B., Browne, C., Vowles, J. and Cowley, S.A. (2013) Efficient, long term production of monocyte-derived macrophages from human
pluripotent stem cells under partly-defined and fully-defined conditions. PLoS ONE 8, e71098, https://doi.org/10.1371/journal.pone.0071098

25 Baud, A., Wessely, F., Mazzacuva, F., McCormick, J., Camuzeaux, S., Heywood, W.E. et al. (2017) Multiplex high-throughput targeted proteomic assay to
identify induced pluripotent stem cells. Anal. Chem. 89, 2440–2448, https://doi.org/10.1021/acs.analchem.6b04368

26 Shi, Y., Kirwan, P. and Livesey, F.J. (2012) Directed differentiation of human pluripotent stem cells to cerebral cortex neurons and neural networks. Nat.
Protoc. 7, 1836–1846, https://doi.org/10.1038/nprot.2012.116

10 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/neuronalsignal/article-pdf/7/4/N
S20230016/950496/ns-2023-0016.pdf by U

niversity of Birm
ingham

 user on 09 N
ovem

ber 2023

https://doi.org/10.1074/jbc.R116.746032
https://doi.org/10.1038/nm0896-864
https://doi.org/10.1038/emboj.2012.79
https://doi.org/10.1101/cshperspect.a006304
https://doi.org/10.1126/science.1197623
https://doi.org/10.1186/alzrt187
https://doi.org/10.3389/fnagi.2014.00238
https://doi.org/10.1101/cshperspect.a006379
https://doi.org/10.1038/nrneurol.2015.119
https://doi.org/10.3389/fnagi.2014.00235
https://doi.org/10.2174/1567205012666141218140953
https://doi.org/10.1007/s11064-019-02756-x
https://doi.org/10.1073/pnas.0230450100
https://doi.org/10.1073/pnas.1031520100
https://doi.org/10.1126/science.1059946
https://doi.org/10.1038/72237
https://doi.org/10.1038/nm1206
https://doi.org/10.1523/JNEUROSCI.20-05-01657.2000
https://doi.org/10.1016/S0002-9440(10)63229-4
https://doi.org/10.1038/nature13800
https://doi.org/10.1038/s41593-018-0175-4
https://doi.org/10.1016/j.mcn.2020.103568
https://doi.org/10.1074/jbc.M305627200
https://doi.org/10.1371/journal.pone.0071098
https://doi.org/10.1021/acs.analchem.6b04368
https://doi.org/10.1038/nprot.2012.116


Neuronal Signaling (2023) 7 NS20230016
https://doi.org/10.1042/NS20230016

27 Shirotani, K., Tsubuki, S., Iwata, N., Takaki, Y., Harigaya, W., Maruyama, K. et al. (2001) Neprilysin degrades both amyloid beta peptides 1-40 and 1-42
most rapidly and efficiently among thiorphan- and phosphoramidon-sensitive endopeptidases. J. Biol. Chem. 276, 21895–21901,
https://doi.org/10.1074/jbc.M008511200

28 Maianti, J.P., McFedries, A., Foda, Z.H., Kleiner, R.E., Du, X.Q., Leissring, M.A. et al. (2014) Anti-diabetic activity of insulin-degrading enzyme inhibitors
mediated by multiple hormones. Nature 511, 94–98, https://doi.org/10.1038/nature13297

29 Bannister, T.D., Wang, H., Abdul-Hay, S.O., Masson, A., Madoux, F., Ferguson, J. et al. (2010) ML345, A Small-Molecule Inhibitor of the
Insulin-Degrading Enzyme (IDE), Probe Reports from the NIH Molecular Libraries Program, Bethesda (MD)

30 Malito, E., Hulse, R.E. and Tang, W.J. (2008) Amyloid beta-degrading cryptidases: insulin degrading enzyme, presequence peptidase, and neprilysin.
Cell. Mol. Life Sci. 65, 2574–2585, https://doi.org/10.1007/s00018-008-8112-4

31 Jarosz-Griffiths, H.H., Corbett, N.J., Rowland, H.A., Fisher, K., Jones, A.C., Baron, J. et al. (2019) Proteolytic shedding of the prion protein via activation
of metallopeptidase ADAM10 reduces cellular binding and toxicity of amyloid-beta oligomers. J. Biol. Chem. 294, 7085–7097,
https://doi.org/10.1074/jbc.RA118.005364

32 Kayed, R. and Glabe, C.G. (2006) Conformation-dependent anti-amyloid oligomer antibodies. Methods Enzymol. 413, 326–344,
https://doi.org/10.1016/S0076-6879(06)13017-7

33 Kayed, R., Head, E., Sarsoza, F., Saing, T., Cotman, C.W., Necula, M. et al. (2007) Fibril specific, conformation dependent antibodies recognize a generic
epitope common to amyloid fibrils and fibrillar oligomers that is absent in prefibrillar oligomers. Mol. Neurodegener 2, 18, 1750-1326-2-18 [pii],
https://doi.org/10.1186/1750-1326-2-18

34 Jarosz-Griffiths, H.H., Noble, E., Rushworth, J.V. and Hooper, N.M. (2016) Amyloid-beta receptors: the good, the bad, and the prion protein. J. Biol.
Chem. 291, 3174–3183, https://doi.org/10.1074/jbc.R115.702704

35 Kurochkin, I.V., Guarnera, E. and Berezovsky, I.N. (2018) Insulin-degrading enzyme in the fight against Alzheimer’s disease. Trends Pharmacol. Sci. 39,
49–58, https://doi.org/10.1016/j.tips.2017.10.008

36 Son, S.M., Cha, M.Y., Choi, H., Kang, S., Choi, H., Lee, M.S. et al. (2016) Insulin-degrading enzyme secretion from astrocytes is mediated by an
autophagy-based unconventional secretory pathway in Alzheimer’s disease. Autophagy 12, 784–800,
https://doi.org/10.1080/15548627.2016.1159375

37 Stargardt, A., Gillis, J., Kamphuis, W., Wiemhoefer, A., Kooijman, L., Raspe, M. et al. (2013) Reduced amyloid-beta degradation in early Alzheimer’s
disease but not in the APPswePS1dE9 and 3xTg-AD mouse models. Aging Cell. 12, 499–507, https://doi.org/10.1111/acel.12074

38 Portelius, E., Mattsson, N., Pannee, J., Zetterberg, H., Gisslen, M., Vanderstichele, H. et al. (2017) Ex vivo (18)O-labeling mass spectrometry identifies a
peripheral amyloid beta clearance pathway. Mol. Neurodegener. 12, 18, https://doi.org/10.1186/s13024-017-0152-5

39 Song, E.S., Juliano, M.A., Juliano, L. and Hersh, L.B. (2003) Substrate activation of insulin-degrading enzyme (insulysin). A potential target for drug
development. J. Biol. Chem. 278, 49789–49794, https://doi.org/10.1074/jbc.M308983200

40 Ciaccio, C., Tundo, G.R., Grasso, G., Spoto, G., Marasco, D., Ruvo, M. et al. (2009) Somatostatin: a novel substrate and a modulator of insulin-degrading
enzyme activity. J. Mol. Biol. 385, 1556–1567, https://doi.org/10.1016/j.jmb.2008.11.025

41 Matsas, R., Kenny, A.J. and Turner, A.J. (1984) The metabolism of neuropeptides. The hydrolysis of peptides including enkephalins, tachykinins and
their analogues by endopeptidase-24.11. Biochem. J. 223, 433–440, https://doi.org/10.1042/bj2230433

42 Eckman, E.A., Watson, M., Marlow, L., Sambamurti, K. and Eckman, C.B. (2003) Alzheimer’s disease beta -amyloid peptide is increased in mice
deficient in endothelin-converting enzyme. J. Biol. Chem. 278, 2081–2084, https://doi.org/10.1074/jbc.C200642200

43 Emoto, N. and Yanagisawa, M. (1995) Endothelin-converting enzyme-2 is a membrane-bound, phosphoramidon-sensitive metalloprotease with acidic
pH optimum. J. Biol. Chem. 250, 15262–15268, https://doi.org/10.1074/jbc.270.25.15262

44 Hu, J., Igarashi, A., Kamata, M. and Nakagawa, H. (2001) Angiotensin-converting enzyme degrades Alzheimer’s amyloid beta -peptide (abeta); retards
abeta aggregation, deposition, fibril formation; and inhibits cytotoxicity. J. Biol. Chem. 276, 47863–47868, https://doi.org/10.1074/jbc.M104068200

45 Eckman, E.A., Adams, S.K., Troendle, F.J., Stodola, B.A., Kahn, M.A., Fauq, A.H. et al. (2006) Regulation of steady-state beta-amyloid levels in the brain
by neprilysin and endothelin-converting enzyme but not angiotensin-converting enzyme. J. Biol. Chem. 281, 30471–30478,
https://doi.org/10.1074/jbc.M605827200

46 Glabe, C.G. (2008) Structural classification of toxic amyloid oligomers. J. Biol. Chem. 283, 29639–29643, https://doi.org/10.1074/jbc.R800016200
47 Benilova, I., Karran, E. and De Strooper, B. (2012) The toxic A[beta] oligomer and Alzheimer’s disease: an emperor in need of clothes. Nat. Neurosci.

15, 349–357, https://doi.org/10.1038/nn.3028
48 Kayed, R., Head, E., Thompson, J.L., McIntire, T.M., Milton, S.C., Cotman, C.W. et al. (2003) Common structure of soluble amyloid oligomers implies

common mechanism of pathogenesis. Science 300, 486–489, https://doi.org/10.1126/science.1079469
49 Tomic, J.L., Pensalfini, A., Head, E. and Glabe, C.G. (2009) Soluble fibrillar oligomer levels are elevated in Alzheimer’s disease brain and correlate with

cognitive dysfunction. Neurobiol. Dis. 35, 352–358, S0969-9961(09)00127-2 [pii], https://doi.org/10.1016/j.nbd.2009.05.024
50 Hubin, E., Cioffi, F., Rozenski, J., van Nuland, N.A. and Broersen, K. (2016) Characterization of insulin-degrading enzyme-mediated cleavage of Abeta in

distinct aggregation states. Biochim. Biophys. Acta 1860, 1281–1290, https://doi.org/10.1016/j.bbagen.2016.03.010
51 Grimm, M.O., Mett, J., Stahlmann, C.P., Haupenthal, V.J., Zimmer, V.C. and Hartmann, T. (2013) Neprilysin and Abeta clearance: impact of the APP

intracellular domain in NEP regulation and implications in Alzheimer’s disease. Front. Aging Neurosci. 5, 98, https://doi.org/10.3389/fnagi.2013.00098
52 Kwak, S.S., Washicosky, K.J., Brand, E., von Maydell, D., Aronson, J., Kim, S. et al. (2020) Amyloid-beta42/40 ratio drives tau pathology in 3D human

neural cell culture models of Alzheimer’s disease. Nat. Commun. 11, 1377, https://doi.org/10.1038/s41467-020-15120-3
53 Cairns, D.M., Rouleau, N., Parker, R.N., Walsh, K.G., Gehrke, L. and Kaplan, D.L. (2020) A 3D human brain-like tissue model of herpes-induced

Alzheimer’s disease. Sci. Adv. 6, eaay8828, https://doi.org/10.1126/sciadv.aay8828
54 Leissring, M.A., Farris, W., Chang, A.Y., Walsh, D.M., Wu, X., Sun, X. et al. (2003) Enhanced proteolysis of beta-amyloid in APP transgenic mice prevents

plaque formation, secondary pathology, and premature death. Neuron 40, 1087–1093, https://doi.org/10.1016/S0896-6273(03)00787-6

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

11

D
ow

nloaded from
 http://portlandpress.com

/neuronalsignal/article-pdf/7/4/N
S20230016/950496/ns-2023-0016.pdf by U

niversity of Birm
ingham

 user on 09 N
ovem

ber 2023

https://doi.org/10.1074/jbc.M008511200
https://doi.org/10.1038/nature13297
https://doi.org/10.1007/s00018-008-8112-4
https://doi.org/10.1074/jbc.RA118.005364
https://doi.org/10.1016/S0076-6879(06)13017-7
https://doi.org/10.1186/1750-1326-2-18
https://doi.org/10.1074/jbc.R115.702704
https://doi.org/10.1016/j.tips.2017.10.008
https://doi.org/10.1080/15548627.2016.1159375
https://doi.org/10.1111/acel.12074
https://doi.org/10.1186/s13024-017-0152-5
https://doi.org/10.1074/jbc.M308983200
https://doi.org/10.1016/j.jmb.2008.11.025
https://doi.org/10.1042/bj2230433
https://doi.org/10.1074/jbc.C200642200
https://doi.org/10.1074/jbc.270.25.15262
https://doi.org/10.1074/jbc.M104068200
https://doi.org/10.1074/jbc.M605827200
https://doi.org/10.1074/jbc.R800016200
https://doi.org/10.1038/nn.3028
https://doi.org/10.1126/science.1079469
https://doi.org/10.1016/j.nbd.2009.05.024
https://doi.org/10.1016/j.bbagen.2016.03.010
https://doi.org/10.3389/fnagi.2013.00098
https://doi.org/10.1038/s41467-020-15120-3
https://doi.org/10.1126/sciadv.aay8828
https://doi.org/10.1016/S0896-6273(03)00787-6


Neuronal Signaling (2023) 7 NS20230016
https://doi.org/10.1042/NS20230016

55 Carrasquillo, M.M., Belbin, O., Zou, F., Allen, M., Ertekin-Taner, N., Ansari, M. et al. (2010) Concordant association of insulin degrading enzyme gene
(IDE) variants with IDE mRNA, Abeta, and Alzheimer’s disease. PLoS ONE 5, e8764, https://doi.org/10.1371/journal.pone.0008764

56 Kurochkin, I.V., Guarnera, E., Wong, J.H., Eisenhaber, F. and Berezovsky, I.N. (2017) Toward Allosterically increased catalytic activity of
insulin-degrading enzyme against amyloid peptides. Biochemistry 56, 228–239, https://doi.org/10.1021/acs.biochem.6b00783

57 Sahoo, B.R., Panda, P.K., Liang, W., Tang, W.J., Ahuja, R. and Ramamoorthy, A. (2021) Degradation of Alzheimer’s amyloid-beta by a catalytically
inactive insulin-degrading enzyme. J. Mol. Biol. 433, 166993, https://doi.org/10.1016/j.jmb.2021.166993

58 Ries, M. and Sastre, M. (2016) Mechanisms of Abeta Clearance and degradation by glial cells. Front. Aging Neurosci. 8, 160,
https://doi.org/10.3389/fnagi.2016.00160

59 Dorfman, V.B., Pasquini, L., Riudavets, M., Lopez-Costa, J.J., Villegas, A., Troncoso, J.C. et al. (2010) Differential cerebral deposition of IDE and NEP in
sporadic and familial Alzheimer’s disease. Neurobiol. Aging 31, 1743–1757, https://doi.org/10.1016/j.neurobiolaging.2008.09.016

60 Potjewyd, G., Kellett, K.A.B. and Hooper, N.M. (2021) 3D hydrogel models of the neurovascular unit to investigate blood-brain barrier dysfunction.
Neuronal Signal. 5, NS20210027, https://doi.org/10.1042/NS20210027

61 Miners, J.S., Baig, S., Tayler, H., Kehoe, P.G. and Love, S. (2009) Neprilysin and insulin-degrading enzyme levels are increased in Alzheimer’s disease in
relation to disease severity. J. Neuropathol. Exp. Neurol. 68, 902–914, https://doi.org/10.1097/NEN.0b013e3181afe475

12 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

D
ow

nloaded from
 http://portlandpress.com

/neuronalsignal/article-pdf/7/4/N
S20230016/950496/ns-2023-0016.pdf by U

niversity of Birm
ingham

 user on 09 N
ovem

ber 2023

https://doi.org/10.1371/journal.pone.0008764
https://doi.org/10.1021/acs.biochem.6b00783
https://doi.org/10.1016/j.jmb.2021.166993
https://doi.org/10.3389/fnagi.2016.00160
https://doi.org/10.1016/j.neurobiolaging.2008.09.016
https://doi.org/10.1042/NS20210027
https://doi.org/10.1097/NEN.0b013e3181afe475

