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Abstract Alzheimer’s disease (AD) is a progressive neuro-
degenerative disorder leading to dementia caused by advanced
neuronal dysfunction and death. The most significant symp-
toms of AD are observed at late stages of the disease when
interventions are most likely too late to ameliorate the condi-
tion. Currently, the predominant theory for AD is the
Bamyloid hypothesis,^ which states that abnormally increased
levels of amyloid β (Aβ) peptides result in the production of a
variety of aggregates that are neurotoxic. The specific mech-
anisms for Aβ peptide-induced cytotoxicity have not yet been
completely elucidated. However, since the majority of Aβ is
released into the extracellular milieu, it is reasonable to as-
sume that toxicity begins outside the cells and makes its way
inside where it disrupts the basic cellular process resulting in
cell death. There is increasing evidence that hsp, particularly
Hsp70, are exported into the extracellular milieu by an active
export mechanism independent of cell death. Therefore, both
Aβ peptides and Hsp70 may coexist in a common

environment during pathological conditions.We observed that
Hsp70 affected the Aβ assembling process in vitro preventing
oligomer formation. Moreover, the presence of Hsp70 re-
duced the Aβ peptide-induced toxicity of cultured neurons
(N2A cells). These results suggest a potential mechanism for
the reduction of the detrimental effects of Aβ peptides in AD.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder resulting in dementia due to advanced neuron dys-
function and death. The cost of AD treatment is a major ex-
pense for the healthcare system and is expected to rise in the
future with the upsurge of the aging population (Cummings
et al. 2017). In addition, the development of AD is a major
emotional, social, and economic burden for the patient’s fam-
ily members who provide most of the care (Crews and
Masliah 2010; Lobello et al. 2012). Except for genetic forms,
there are no current early predictors or diagnostics for the
onset of AD. The most perceivable symptoms are observed
when the patient is already in the late stages of the disease,
making any treatment difficult. AD is a multifactorial condi-
tion modulated by several confounding factors, including ge-
netics, ethnicity, sex, environment, physiology, and trauma
(Crews and Masliah 2010; Lobello et al. 2012). Currently,
the predominant theory for the incidence of AD is the
Bamyloid hypothesis,^ that states that abnormal levels of am-
yloid β (Aβ) peptides result in the production of cytotoxic
complexes (Benilova et al. 2012). Aβ peptides are produced
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by cleavage from the membrane-anchored amyloid β precur-
sor protein (APP) by several proteases, but predominantly by
β and γ secretases, leading mostly to Aβ peptides and frag-
ments (Thinakaran and Koo 2008). Once in the external mi-
lieu, Aβ peptides follow a natural aggregation process
resulting in a variety of oligomeric forms that act as active
neurotoxins, causing neuronal dysfunction, loss of synaptic
connections, and cell death. Aβ peptides are also the main
precursor of amyloid plaques that are the hallmark for the
postmortem diagnosis of AD (Haass and Selkoe 2007). The
toxicity of Aβ complexes appears to be mediated by small
oligomers rather than by the higher molecular weight aggre-
gates, protofibrils, and fibers (Bieschke et al. 2011). Aβ pep-
tide cytotoxicity has been associated with increases in intra-
cellular calcium levels, production of oxygen radicals, lipid
peroxidation, mitochondrial dysfunction, and inflammation
(Crews and Masliah 2010; Lobello et al. 2012). In addition,
Aβ peptide oligomers interact with the plasma membranes
forming ion conductance pathways, called the Aβ channels
(Arispe et al. 1993a, b), which appear to be responsible for
cellular toxicity (Simakova and Arispe 2006). Based on these
observations, it is likely that Aβ toxicity begins outside the
cells and makes its way inside to disrupt basic cellular pro-
cesses. Therefore, ideal therapeutic interventions should be
directed at the early stages of the oligomerization process to
prevent extracellular Aβ peptide-induced cytotoxicity.

There is extensive evidence suggesting that the expression
of heat shock proteins (hsp) protects cells from Aβ peptide
toxicity (Kirby et al. 1994; Muchowski and Wacker 2005;
Brown 2007; King et al. 2009; Hoshino et al. 2011; Toth
et al. 2013; Bobkova et al. 2014). Hsp include a large family
of well-conserved proteins that are classified by their molec-
ular mass. The Hsp70 family of hsp is composed of Hsp70
(HSPA1A), the major stress-inducible form, whereas other
Hsp70s such as Hsc70 (HSPA8) andGrp78 (BIP, HSPA5) are
constitutively expressed (Lindquist and Craig 1988; DeMaio
1999; Kampinga et al. 2009). The expression of Hsp70 after
heat shock in the brain is different between neurons in the
cerebellum and hippocampus (Sprang and Brown 1987).
Moreover, glial cells and neurons expressed different levels
of Hsp70 and Hsc70 (Brown 2007; Marini et al. 1990; Chow
et al. 2014). The mechanism for hsp protection from Aβ
peptide toxicity has not been elucidated. Since hsp are mo-
lecular chaperones playing a key role in protein folding and
solubilization of misfolded polypeptides, it has been as-
sumed that theymight modulate Aβ peptide oligomerization.
However, there is a compartmental discrepancy with this as-
sumption. Hsp are present in the cytosol and other subcellular
compartments, such as ER and mitochondria, whereas the
toxic forms of Aβ peptides are located outside cells. This
discrepancy has been solved by evidence demonstrating that
hsp could be detected outside cells (Hightower and Guidon
1989; De Maio 2011), exported by either an active

mechanism or released after necrotic cell death (De Maio
and Vazquez 2013; Gastpar et al. 2005). Extracellular hsp
have been shown to play multiple roles, including stimula-
tion of immune cells, activation of phagocytosis, and inter-
action with extracellular protein complexes, a process that
has been named the stress observation system (De Maio
2011). Consequently, the export of Hsp70 could ameliorate
Aβ peptide toxicity by preventing their oligomerization and/
or interfering with the interaction of Aβ oligomers with cells.
In this investigation, we tested this hypothesis and found that
indeed Hsp70 interferes with Aβ peptide oligomerization
preventing the formation of the cytotoxic complexes.

Methods

Monomerization and oligomerization of Aβ1-42 peptides

Aβ1-42 peptides were monomerized by incubation with
hexafluoroisopropanol (HFIP) as previously described
(Capone et al. 2009). Briefly, 5 mg of Aβ1-42 peptides
(Bachem, cat# H1368) was resuspended in 1.5 mL of HFIP
(Regis, cat# 270702) and gently shaken for over 20 h at room
temperature. Two volumes of water (3 mL) were added and
the solution was immediately aliquoted into glass vials
(125 μg/vial) prestanding on a dry ice/acetone bath until fully
frozen. The frozen aliquots were lyophilized for 72 h at max-
imum vacuum (0.021 mbar), which was terminated by expo-
sure to dry prefiltered argon gas and stored at − 80 °C. Before
use, monomerized Aβ1-42 peptides were thawed in ice and
dissolved in water. The addition of water is counted as time
zero since aggregation starts immediately.

Aβ42 aggregation in the presence of hsp proteins

Monomerized Aβ1-42 peptides (1 μg) were incubated in
the absence or in the presence of increasing concentra-
tions of Hsp70, Hsc70, Grp78, and Hsp40 dissolved in
4.5 mM Tris pH 7.4. Incubations were initially set on
ice followed by incubations at 37 °C for 24 h, after which
reactions were frozen in − 80 °C until analysis. Samples
were thawed on ice and 5 μL of LDS sample buffer 4×
(NuPAGE) was added, mixed, not boiled, and loaded into
4–12% Bis-Tris gradient gels (Novex, 1.5 mm × 10
wells), run at 200 V for 50–53 min in MOPS SDS run-
ning buffer. Gels were transferred to nitrocellulose mem-
branes using Bolt transfer buffer at 30 V for 1 h.
Membranes were blocked with 5% BSA dissolved in
TBS-Tween 0.1% for 2 h and incubated overnight with
mouse anti-Aβ mAb 4G8 (Covance) at a concentration of
1 μg/mL in 5% BSA at 4 °C with moderate shaking,
rinsed 3 times with TBS-T, and incubated for 1 h at RT
with anti-mouse conjugated to HRP (ThermoFisher)
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diluted 1:1000 and rinsed 3 times with TBS-T. Images
were developed using ECL (Pierce, SuperSignal) and ac-
quired using a BioRad detection system under linear con-
ditions of detection. Then, blots were stripped using Re-
Blot Plus Mild (Millipore) for 20 min, treated as above
but incubated with 1:1000 dilutions of rabbit anti-Hsp70
(ADI-SPA-812), rat anti-Hsc70 (ADI-SPA-815), rabbit
anti-Grp78 (StressMarq, SPC-180), and rabbit anti-Hsp40

(Cell Signal # 48685) and secondary antibodies
(ThermoFisher #32460 and Invitrogen #619520).

Cell viability by flow cytometry

N2A neuroblastoma cells were incubated or not with Aβ1-42

peptides in DMEMmedium (1% FBS) at 37 °C for 48 h. Cells
were then harvested and stained with APC-conjugated
annexin V and propidium iodide (PI) for flow cytometry
analysis.

Results

The degree of Aβ1-42 peptide oligomerization induced
different forms of cellular toxicity

Aβ1-42 peptides were monomerized by incubation with
HFIP followed by extensive lyophilization to eliminate
the solvent. Then, the monomeric Aβ1-42 peptides
(4.5 kDa) were incubated at 37, 25, or 4 °C for 20 h.
Samples were electrophoresed and analyzed by Western
blotting using Clone 4G8 antibody. HFIT treatment in-
deed resulted in the monomerization of Aβ1-42 peptides,
as illustrated in Fig. 1 (lane 1). Incubation of the mo-
nomeric peptides at 37 °C resulted in the appearance of
oligomers between 52 and 150 kDa (Fig. 1, lane 2),
whereas incubation at 25 °C decreased the intensity of
the oligomeric signal (Fig. 1, lane 3) and no oligomers
were detected after incubation at 4 °C (Fig. 1, lane 4).
N2A cells (mouse neuroblastoma) were initially
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Fig. 1 Oligomerization of Aβ peptides at different temperatures.
Monomerized Aβ1-42 peptides (1 μg) were kept as a monomer (lane 1)
or were incubated at 37 °C (lane 2), 25 °C (lane 3), or 4 °C (lane 4), for
20 h in 4.5 mM Tris pH 7.4. Samples were electrophoresed, transferred
onto nitrocellulose membranes, and analyzed by Western blotting using
Clone 4G8 antibody followed by an HRP-conjugated secondary antibody

Fig. 2 Aβ peptides induced cell
death of N2A neuroblastoma
cells. N2A cells were incubated in
DMEM medium containing 1%
FBS at 37 °C for 48 h in the
absence or presence of two
concentrations (5 and 10 μM) of
monomerized or pre-
oligomerized Aβ1-42 peptides.
Cell death was evaluated by
annexin Vand propidium iodide
staining and flow cytometry
analysis
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incubated with Aβ1-42 peptides, in the monomeric or
pre-oligomerized forms, at a concentration of 5 or
10 μM, which have been widely used in prior studies
(Simakova and Arispe 2006, 2007), in DMEM medium
containing 1% FBS at 37 °C for 48 h. Cell viability was
monitored by staining with annexin Vand PI and analyzed by
flow cytometry. Cell death, as indicated by the appearance of
annexin V and PI-positive signals, was more prominent at
10 μM (Fig. 2, bottom panel) than at 5 μM (Fig. 2, top
panel). Exposure of cells to the initial monomeric forms,
which form oligomers upon incubation with the cells, showed
a higher level of cell death in comparison with cells incubated
with the pre-oligomerized peptides (Fig. 2). A typical apopto-
tic pattern of cell death was observed after incubation with
Aβ1-42 peptide monomers, as indicated by initial staining with
annexin V followed by membrane permeabilization as indi-
cated by PI uptake (Fig. 2, middle panel). In contrast, cells

incubated with the pre-oligomerized peptides displayed a
sharp increase in the staining of both annexin Vand PI simul-
taneously, suggesting that cells are not dying of apoptosis, but
rather by a necrotic-like process (Fig. 2, right panel).

Hsp70 altered Aβ peptide oligomerization and reduced
cellular toxicity

Aβ1-42 peptides in the monomeric form were incubated
with increasing concentrations of Hsp70 at 37 °C for
20 h in the absence of nucleotides. As controls, Aβ1-42

peptides were maintained either as a monomer or
oligomerized at 37 °C. All samples were analyzed by
Western blotting. The addition of Hsp70 to Aβ monomers
resulted in a reduction of the oligomerization process
(Fig. 3), even when the molecular ratio between Hsp70
and Aβ1-42 peptides was 1:150. Although the addition of
Hsp70 to Aβ1-42 peptides resulted in inhibition of large
molecular weight complexes, it did not apparently affect
the presence of dimer, trimer, and tetramer complexes
(Fig. 3). Then, N2A cells were incubated with Hsp70
(0.2 μM) alone, Aβ1-42 peptide monomers (10 μM), or
a combination of Aβ1-42 peptide monomers and Hsp70
(1:50 ratio) at 37 °C for 48 h. A reduction in 50% of cell
mortality was observed in cells co-incubated with Aβ1-42

peptides and Hsp70 in comparison with cells incubated
with Aβ1-42 peptides alone (Fig. 4). A second addition
of Hsp70 (0.32 μg, 0.4 μM final) after 24 h of co-
incubation with Aβ1-42 peptides and Hsp70 resulted in a
further decrease of cell death (70%) as opposed to cells
incubated with Aβ1-42 peptides alone (Fig. 4). No toxic
effect was observed by incubation of cells with Hsp70
(0.2 μM) alone (Fig. 4). At the end of the incubation
process (48 h), the extracellular medium of cells exposed
to Aβ1-42 peptides and Hsp70 as described above was
collected, and the presence of Aβ1-42 forms was detected
by Western blotting. Oligomerization of Aβ was observed
in samples collected from cells that were initially incubat-
ed with monomeric Aβ1-42 alone (Fig. 5, lane 3), indicat-
ing that the monomers formed oligomers during incuba-
tion conditions with cells at 37 °C. In contrast, the pres-
ence of Aβ1-42 oligomers was significantly reduced in
medium of cells co-incubated with Aβ1-42 peptides and
Hsp70 (Fig. 5, lanes 4 and 5). This observation corrobo-
rates that Hsp70 interferes with Aβ1-42 peptide oligomer-
ization, therefore, resulting in reduced cell toxicity.

The addition of Hsp70 did not affect the toxicity
of pre-oligomerized Aβ peptides

Aβ1-42 peptide monomers (Fig. 6, lane 1) were incubated in
the absence (Fig. 6, lane 2) or presence of Hsp70 (Fig. 6,
lane 2), at a ratio of 1 to 50 between Hsp70 and Aβ1-42

Lane 1 2 3 4 5 6 7 8

Hsp70
(μg) 0 0 0.10 0.26 0.51 0.77 1.03 2.06

Molar ra�o
Aβ42: Hsp70 N/A N/A 150 60 30 22.5 15 7.5

Aβ42
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Fig. 3 Hsp70 interferes with the oligomerization of Aβ peptides.
Monomerized Aβ1-42 peptides (1 μg) were kept as a monomer (lane 1),
or incubated at 37 °C for 20 h (lane 2), or were incubated with various
concentrations of Hsp70 (from 0.1 to 2.06 μg) in 4.5 mM Tris pH 7.4 at
37 °C for 24 h (lanes 3–8). Samples were electrophoresed, transferred
onto nitrocellulose membranes, and analyzed by Western blotting using
Clone 4G8 antibody followed by an HRP-conjugated secondary anti-
body. Membranes were stripped and incubated with 1:1000 dilutions of
rabbit anti-Hsp70 (ADI-SPA-812), followed by an HRP-conjugated sec-
ondary antibody
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peptides, respectively, at 37 °C for 20 h. In addition, pre-
oligomerized Aβ1-42 peptide complexes were incubated
with Hsp70 at 37 °C for 20 h (Fig. 6, lane 4). Samples
were electrophoresed and analyzed by Western blotting.
As previously shown, the addition of Hsp70 interfered
with Aβ1-42 peptide oligomerization. However, the addi-
tion of Hsp70 after Aβ1-42 peptide oligomerization did not
reverse the process. It is important to note that the incu-
bation of Hsp70 and Aβ1-42 peptides was performed in
the absence of nucleotides. Then, N2A cells were exposed
to Aβ1-42 peptides (5 μM) that were oligomerized in the
absence or presence of Hsp70 (0.2 μM), or with Aβ1-42

peptides (5 μM) that were incubated with Hsp70
(0.2 μM) after the oligomerization process, and all incu-
bations were carried out at 37 °C for 48 h. A dramatic
reduction in cell death (90%) was observed when cells were
incubated with medium containing pre-oligomerized Aβ1-42

peptides in the presence of Hsp70 as opposed to cells incubat-
ed with pre-oligomerized Aβ1-42 peptides in the absence of
Hsp70 (Fig. 7). In contrast, the addition of Hsp70 after oligo-
merization of Aβ1-42 peptides displayed the same level of
toxicity as pre-oligomerized Aβ peptides alone (Fig. 7). No
toxic effect was observed after the addition of Hsp70 in the
absence of Aβ peptides (Fig. 7).

Fig. 4 Hsp70 reduces Aβ peptide-induced cellular toxicity. N2A cells
were incubated with Hsp70 (0.2 μM) alone, Aβ1-42 peptide monomers
(10 μM), or a combination of Aβ1-42 peptide monomers and Hsp70 (10
and 0.2 μM, respectively, 1 treatment) at 37 °C for 48 h. In some experi-
ments, a second dose of Hsp70 (0.2 μM, 2 treatments) was added after 24 h

of co-incubation with Aβ1-42 peptides and Hsp70. Cell death was evaluated
by annexin V and propidium iodide staining and flow cytometry analysis.
Upper panels show representative annexin V/PI density plots for each con-
dition, and the lower panel shows histograms representing annexin V-
positive cells
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Fig. 5 Aβ peptides are oligomerized during incubation with cells and
reduced by co-incubation with Hsp70. Cells (N2A) were incubated in
DMEMmedium containing 1% FBS at 37 °C for 48 h in the absence (lane
1) or presence of Hsp70 (0.32 μg) (lane 2). Cells were also incubated with
monomerized Aβ1-42 peptides (10 μM) (lane 3) or co-incubated with Hsp70
(0.32 μg) added on day 1 or added on days 1 (lane 4) and 2 (lane 5). At the
end of the incubation period, the extracellular medium was collected, deplet-
ed of any floating cells by centrifugation and electrophoresed, transferred
onto nitrocellulose membranes, and analyzed by Western blotting using
Clone 4G8 antibody followed by an HRP-conjugated secondary antibody
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Other members of the Hsp70 family also interfered
with Aβ peptide oligomerization

Based on the prior observations indicating that Hsp70 reduced
Aβ1-42 oligomerization in in vitro conditions, it was important
to test whether this effect was specific to other members of the
Hsp70 family. Monomeric Aβ1-42 peptides were incubated
with various concentrations of Hsc70 (HSPA8) or Grp78
(HSPA5) at 37 °C for 20 h. In addition, Aβ peptides were
incubated with Hsp40 (DNAJB1) in the same conditions de-
scribed above. The products of the incubations were analyzed
byWestern blotting. All members of the Hsp70 family (Hsc70
and Grp78) reduced the oligomerization of Aβ1-42 peptides in
a concentration-dependent manner (Fig. 8a, b). In contrast,
Hsp40 did not affect the oligomerization process of Aβ1-42

(Fig. 8c).

Discussion

AD is likely to become the major health problem of the current
century due to the growth of the aging population, the

increasing cost to the healthcare system, and the social and
emotional burden for relatives and caregivers (Crews and
Masliah 2010; Lobello et al. 2012; Cummings et al. 2017).
Therapeutic interventions to ameliorate the incidence of AD
are not envisioned in the near future since the initial causes
andmanifestations of AD are not well understood. The current
theory for the incidence of AD is the Bamyloid hypothesis,^
indicating that increasing levels of Aβ peptides are responsi-
ble for neuronal toxicity (Benilova et al. 2012). Aβ peptides
are prone to aggregate very rapidly, probably due to a confor-
mational change forming β-sheet-rich structures that stabilize
within oligomeric complexes of different sizes that eventually
develop into amyloid-type fibrils that accumulate in the brain
and correspond to the most widely known hallmark of AD
(Bitan et al. 2003; Haass and Selkoe 2007; Roychaudhuri
et al. 2009). Aβ peptide intermediates have been shown to
be transient and heterogeneous with some displaying an an-
nular pore-like structure (Kotler et al. 2014). The major pep-
tides that are released from cells correspond to Aβ1–40 and
Aβ1-42 that displayed differences in their aggregation process
and cytotoxicity (Bitan et al. 2003; Fu et al. 2017). Currently,
it has been proposed that Aβ oligomeric complexes show
differences in their cytotoxicity with the lowmolecular weight
oligomers being the most toxic (Lambert et al. 1998;
Kirkitadze et al. 2002; Dahlgren et al. 2002; Zhao et al. 2012).

In the present study, we compare the cytotoxicity of mono-
meric or pre-oligomerized forms of Aβ1-42 peptides, finding
that both complexes induced N2A cell death after incubation
at 37 °C for 48 h. Moreover, the monomeric forms of Aβ1-42

were observed to oligomerize within the culture medium dur-
ing the incubation period at 37 °C, perhaps resulting in low
molecular weight cytotoxic complexes. Although toxicity was
observed after incubation with both monomers and pre-oligo-
mers, cell death was elevated when cells were initially ex-
posed to Aβ1-42 peptide monomers as opposed to pre-
oligomerized complexes. Moreover, it appears that incubation
with Aβ1-42 monomers induced cell death by apoptosis,
whereas exposure to pre-oligomerized complexes induced a
necrotic-like process. The trigger of apoptosis after exposure
to Aβ1-42 monomers may be related to an increase in intracel-
lular calcium levels, as it has been previously reported (Arispe
et al. 2007; Lin and Arispe 2015). In this regard, extensive
studies have shown that low molecular weight Aβ complexes
get incorporated in both artificial and in natural membranes
opening ion conductance pathways or channels (Arispe et al.
1993a, b, 1996; Kawahara et al. 1997; Capone et al. 2009),
that are selective for calcium (Arispe et al. 1993b, 1996).
Thus, we speculate that incubation of cells with Aβ mono-
mers resulted in a slow production of low molecular weight
complexes that get inserted in the plasma membrane opening
a channel activity, increasing the flow of calcium inside the
cells activating the apoptotic process. The proposed structures
for these Aβ channels are annular oligomeric conformation
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Fig. 6 Hsp70 interferes with the oligomerization of Aβ peptides but does
not affect pre-oligomerized peptides. Monomerized Aβ1-42 peptides
(1 μg) were kept as a monomer (lane 1), or incubated at 37 °C for 20 h
(lane 2), or incubated with Hsp70 (0.32 μg) (lane 3) in 4.5 mM Tris pH
7.4 at 37 °C for 20 h. Oligomerized Aβ1-42 peptides (1 μg) were incu-
bated with Hsp70 (0.32 μg) in 4.5 mM Tris pH 7.4 at 37 °C for 20 h (lane
4). Samples were electrophoresed, transferred onto nitrocellulose mem-
branes, and analyzed by Western blotting using Clone 4G8 antibody
followed by an HRP-conjugated secondary antibody. Membranes were
stripped and incubated with 1:1000 dilutions of rabbit anti-Hsp70 (ADI-
SPA-812), followed by an HRP-conjugated secondary antibody
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formed by intermediate oligomers (Durell et al. 1994; Arispe
et al. 2010; Shafrir et al. 2010a, b; Connelly et al. 2012; Lee
et al. 2016; Jang et al. 2010). High molecular weight Aβ
peptide complexes could also interact with cell membranes
but result in the formation of larger nonselective pores that
induce cell death by necrosis. This idea was previously con-
sidered when comparing the effect of aggregates from freshly
prepared Aβ peptide solutions to larger aggregates from aged
Aβ peptide solutions (Simakova and Arispe 2006). These
aged aggregates produce nonselective increases in membrane
permeability, which permits the passage of molecules greater
than the size cutoff for most ion channels. Other studies sug-
gested that membrane disruption by Aβ peptides occurs by a
two-step process, with the initial formation of ion-selective
pores followed by nonspecific, noncation selective, fragmen-
tation of the lipid membrane during amyloid fiber formation
(Sciacca et al. 2012).

Our studies indicate that the cytotoxicity of Aβ peptides
builds up during the process of oligomerization. Therefore,
interfering with this process may be critical to reducing the
neuron degeneration that is associated with the development
of AD. Prior studies have shown that induction of the stress
response and expression of hsp resulted in protection fromAβ
peptide toxicity (Kirby et al. 1994; Muchowski and Wacker

2005; Brown 2007; King et al. 2009; Hoshino et al. 2011;
Toth et al. 2013; Bobkova et al. 2014). In these investigations,
the assumption was that Hsp70 as a molecular chaperone
could indeed interrupt Aβ peptide oligomerization.
However, hsp are mainly localized in the intracellular com-
partments, separating them from the toxic Aβ peptides that are
present in the extracellular environment. This potential dis-
crepancy is resolved by the increasing evidence that hsp are
present outside cells (Hightower and Guidon 1989; De Maio
2011). Therefore, it is possible that the protective effect of hsp
is related to their export into the extracellular milieu.We tested
this hypothesis and certainly found that Hsp70 could interfere
with Aβ peptide oligomerization in vitro reducing cytotoxic-
ity in culture conditions. The reduction in Aβ peptide oligo-
merization after incubation with Hsp70 echoes prior observa-
tions in vitro (Evans et al. 2006). In contrast, the addition of
Hsp70 to pre-oligomerized Aβ peptides neither disperses the
oligomeric complexes nor decreases cytotoxicity. Other stud-
ies have shown that the release of Hsp70 into the extracellular
milieu by glial cells conferred protection to neighboring neu-
rons (Guzhova et al. 2001). Recent investigations using a
modified Hsp70 containing a secretory signal that allows the
protein to be secreted also showed protection in a Drosophila
model of AD (Fernandez-Funez et al. 2016). In addition,

Fig. 7 Hsp70 improves Aβ peptide-induced cellular toxicity only by
preventing the formation of Aβ peptide oligomers. N2A cells were ex-
posed to Aβ1-42 peptides (5 μM) monomers in the absence (Aβ) or
presence of Hsp70 (0.2 μM, Aβ+Hsp70 pre-I), or with oligomerized
Aβ1-42 peptides (5 μM) incubated with Hsp70 (0.2 μM, Aβ+Hsp70
post-I) after the oligomerization process. All incubations were carried

out at 37 °C for 48 h. Hsp70 toxicity in the absence of Aβ peptides
was also tested by incubating N2A cells with Hsp70 (0.2 μM, Hsp70)
at 37 °C for 48 h. Cell death was evaluated by annexin Vand propidium
iodide staining and flow cytometry analysis. Upper panels show repre-
sentative annexin V/PI density plots for each condition, and the lower
panel shows histograms representing annexin V-positive cells
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exogenous intranasal administration of Hsp70 reached the
brain and ameliorated some symptoms associated with AD
in a mouse model (Bobkova et al. 2014).

A major finding from our studies is that the inhibition of
Aβ1-42 oligomerization could be observed at a molar ratio
1:150 between Hsp70 and Aβ1-42, in the absence of nucleo-
tides. A similar substoichiometric phenomenon was observed
in the inhibition of Aβ fiber formation by Hsp70 in an ATP-
dependent fashion (Evans et al. 2006). Our observations are
not compatible with a chaperone activity for Hsp70 in which

one Hsp70 binds to one Aβ1-42 peptide in a nucleotide-
dependent manner. An alternative is that Hsp70 interferes with
the conversion of small Aβ peptide complexes (dimers, tri-
mers, or tetramers) into larger oligomers in a nonchaperone
mode (Fig. 9). Thus, it is possible that Hsp70 interferes with
an early step in the oligomerization process, which has been
reported to result in a conformational change from a radon coil
structure to aβ-sheet conformation assembling into oligomers
of different sizes (Roche et al. 2016; Seo et al. 2017; Bobo
et al. 2017). Indeed, some amyloid complexes are the product

Lane 1 2 3 4 5 6 7 8

Hsc70
(μg) 0 0 0.10 0.26 0.53 0.79 1.06 2.12

Molar ra�o
Aβ42: Hsc70 N/A N/A 150 60 30 22.5 15 7.5
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Lane 1 2 3 4 5 6 7 8

Grp78
(μg) 0 0 0.1 0.25 0.5 0.75 1 2

Molar ra�o
Aβ42: Grp78 N/A N/A 170 69.3 34.6 26.0 17.3 8.7

321 4 5 6 7 8

18
14
4

53

41

245

70
93

30

22

180
130

Aβ42

Grp78

245

70

93

180
130

Lane 1 2 3 4 5 6 7 8

Hsp40
(μg) 0 0 0.06 0.15 0.30 0.44 0.59 1.18

Molar ra�o
Aβ42: Hsp40 N/A N/A 150 60 30 22.5 15 7.5

Aβ42

321 4 5 6 7 8

18
14
4

53

41

245

70
93

30

22

180
130

Hsp40
53

41

245

70
93

180
130

a b

c

Fig. 8 Hsc70 andGrp78 interfere
with the oligomerization of Aβ
peptides. Monomerized Aβ1-42

peptides (1 μg) were kept as a
monomer (lane 1), or incubated at
37 °C for 20 h (lane 2), or
incubated with various
concentrations of a Hsc70 (from
0.1 to 2.12 μg) (lanes 3–8), b
Grp78 (from 0.1 to 2 μg) (lanes
3–8), or c Hsp40 (from 0.1 to
1.18 μg) (lanes 3–8), in 4.5 mM
Tris pH 7.4 at 37 °C for 24 h.
Samples were electrophoresed,
transferred onto nitrocellulose
membranes, and analyzed by
Western blotting using Clone 4G8
antibody followed by an HRP-
conjugated secondary antibody.
Membranes were stripped and in-
cubated with 1:1000 dilutions of
rat anti-Hsc70 (ADI-SPA-815),
rabbit anti-Grp78 (StressMarq,
SPC-180), or rabbit anti-Hsp40
(Cell Signal # 48685) and the re-
spective secondary HRP-
conjugated secondary antibody
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of stable antiparallel cross-β-sheet complexes (Balbirnie et al.
2001), which have been modulated in silico (Dorosh and
Stepanova 2016). It has been hypothesized that the initial step
in Aβ peptide oligomerization is related to the formation of a
Bseed^ complex that triggers the oligomerization process
(Harper et al. 1997). Thus, Hsp70 may be interfering with this
initial seeding step in a very efficient manner, perhaps acting
as a buffer system. Therefore, the question that emerges is
whether the interaction of Hsp70 with the initial seeding of
Aβ peptide complexes is reversible or whether Hsp70 stabi-
lized this initial complex in a form that is incapable of further
oligomerization. A study on small hsp has shown that this
protein sequestered Aβ oligomers into large aggregates that
are not toxic. In addition, they proposed that the small hsp
underwent a conformational change upon interaction with
Aβ peptides (Ojha et al. 2011). In contrast with these obser-
vations, we did not detect any activity of Hsp70 disrupting
very large peptide aggregates. Similarly, DNAJB6 was report-
ed to reduce the aggregation of Aβ1-42 peptides also in a
nonstoichiometric mode (Mansson et al. 2014), as we de-
scribed herewith for the Hsp70 family. Interestingly, the de-
crease in Aβ1-42 high molecular weight complexes by
DNAJB6 was not observed by other members of the DNAJ
family, including DNAJB1 (Hsp40), in agreement with our
results.

Our findings also indicated that other members of the
Hsp70 family, including Hsc70 and Grp78, are also capable
of preventing Aβ peptide oligomerization. Therefore, it is
possible that the export of any Hsp70 family member during
normal physiological conditions could control the oligomeri-
zation of Aβ peptides. Thus, the presence of Hsp70 in the
extracellular environment might help to maintain Aβ peptides

in the monomeric form that could be cleared from the brain by
a natural process (Fig. 9). Indeed, Aβ peptides are cleared
from the brain very efficiently (Shibata et al. 2000; Bu 2009;
Kanekiyo et al. 2013; Liu et al. 2017). Moreover, the imbal-
ance between production and clearance has been proposed as
a cause of AD (Bu 2009; Selkoe and Hardy 2016). Thus, we
can speculate that altering the balance between extracellular
Hsp70 and Aβ peptides may increase the level of neurotoxic-
ity contributing to the development of AD. A disparity be-
tween Aβ peptides and Hsp70 may occur during aging.
Expression of hsp (Heydari et al. 1995; Pahlavani et al.
1995; Nitta et al. 1994; Faassen et al. 1989) and their circulat-
ing levels (Rea et al. 2001; Njemini et al. 2011a, b) have both
been reported to decay during aging. In contrast, circulating
levels of Aβ peptides increased with age (Shoji et al. 2001).
Consequently, it is possible that the reduction in hsp expres-
sion and the parallel increase in Aβ peptide release during
aging are a cause for the development of advanced neuronal
dysfunction and the progression of AD.
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