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Abstract. Molecular chaperones play essential roles in many processes such as cell differentiation, tissue homeostasis, and
organ remodeling. Recent data indicate that chaperones can act as cytoprotectants for brain cells during the progression of
neurodegenerative diseases, including Alzheimer’s disease (AD). However, very few data on the levels of chaperones in
dementia, including its prodromal phases, have been reported. In this study, we used biological samples and epidemiological
data collected during the Zabut Aging Project (a prospective, community-based, cohort study of normal/pathological aging
conducted in Sicily, Italy, with a follow-up of ten years) to determine if there is an association between plasma levels of
the chaperones Hsp60, Hsp70, and Hsp90 with amnestic mild cognitive impairment (aMCI) and AD. Twenty-six aMCI
individuals, 26 AD and 26 controls, matched for age and sex, were enrolled. After adjustment for education subjects with
AD showed significantly higher levels of Hsp60 than aMCI (OR =1.16, 95% CI 1.04-1.30) and controls (OR=1.12, 95%
CI 1.03-1.22), while Hsp70 was significantly higher only in AD (OR =1.84, 95% CI 1.09-3.10) than controls. In contrast,
circulating levels of Hsp90 were significantly diminished in aMCI (OR=0.69, 95% CI 0.52-0.91) and AD (OR=0.51,
95% CI 0.35-0.75) compared to controls. However, these results were no longer significant after adjustment for multiple
comparisons. Although the results lost significance after adjustment for multiple comparisons, they are encouraging despite
the smallness of the sample and new studies should be carried out with larger populations to determine to what extent
sequential measurement of serum chaperones in aMCI and AD can be trusted as indicators of disease status and progression.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
type of dementia accounting for nearly 60% of all
cases [1]. According to the NIA-AA criteria of 2011
[2], the diagnosis of AD dementia is confirmed when
the symptoms have a gradual onset over months to
years and a clear-cut history of worsening of cog-
nition which interfere with daily living, social and
professional activities.

AD is a proteinopathy whose neuropathology con-
sists of cortical extracellular deposits of amyloid
protein called senile or neuritic plaques, and intra-
neuronal inclusions, called neurofibrillary tangles
formed by accumulation of abnormal filaments of the
tau protein, both found predominately in the brain
regions involved in memory and learning [3, 4].

Given that AD is a proteinopathy, it follows that
molecular chaperones must be involved in some way,
since they are key players in the maintenance of
protein homeostasis. Molecular chaperones, many of
which are heat shock proteins (Hsps), are the main
components of the chaperoning system and play a
variety of roles, in addition to maintaining protein
homeostasis, and thus they ensure correct cell differ-
entiation, tissue homeostasis, and organ remodeling
during the entire lifespan [5]. The chaperones, also
referred to as Hsps, 60—KDa (Hsp60, or HSPD1),
70-KDa Hsp (Hsp70, or HSPA1), and 90-KDa Hsp
(Hsp90, or HSPC1) are among the most important
in brain tissue as indicated by the fact that they are
highly responsive in stressed neurons and-activated
glia [6].

Molecular chaperones overexpression is consid-
ered often a mechanism that protects cells from
stressful events such as heat shock, oxidative stress,
and hypoxia. Anincrease inthe intracellular levels of
chaperones is at times followed by their active secre-
tion, via various pathways, into intercellular fluids
[7]. Secreted chaperones may reach the circulation,
in which they can be detected and measured. During
acute and chronic stress in nervous tissue, molecu-
lar chaperones mediate the refolding or degradation
of stress-damaged proteins, protecting the nervous
cells from potential deleterious effects of unfolded-
damaged proteins that can form aggregates, and in
turn promoting cell resistance and recovery [8]. As a
consequence, the cytoprotective effects of the heat
shock response are seen as an attractive tool for
chaperone-driven therapies, i.e., chaperonotherapy
[9], as supported also by the fact that Hsp60 has
already been shown to efficiently inhibit amyloid-

B (AB) aggregation [10]. Indeed, AD, as other
neurodegenerative diseases, is characterized by the
accumulation of aberrantly folded protein species,
including A3 [11-14] and it is highly probable that
a failure of the chaperoning system could contribute
to the pathogenic mechanism of AD.

Very few data are available regarding the circulat-
ing levels of Hsp60, Hsp70, and Hsp90 in subjects
with dementia, and even less information exists per-
taining to subjects with mild cognitive impairment
(MCI), a clinical syndrome that is today considered
a prodromal phase of AD [15, 16]. Therefore, it is
justified to consider chaperones as disease biomark-
ers because by monitoring their levels with time,
information may be obtained on the progression and
severity of regional brain pathology in subjects with
dementia. Furthermore, the results should provide
tenets forresearch aimed at elucidating the possible
role, cytoprotective and/or pathogenic, of chaperones
in AD.

The aims of this study were to: 1) measure levels of
Hsp60, Hsp70, and Hsp90 in plasma of patients with
cognitive impairment of the AD-type, compared to
controls; 2) establish if there is association between
Hsps levels and clinical conditions (i.e., amnestic
MCI [aMCI] and AD); and 3) determine if there is a
relationship between Hsps levels and other biochem-
ical parameters.

MATERIALS AND METHODS

Subject recruitment and diagnostic criteria

Twenty-six AD individuals, 26 aMCI and 26
CONS (cognitively normal individuals without func-
tional impairment) matched for age and sex, were
enrolled during the 10-year follow-up of the Zabut
Aging Project (ZAP). The latter is a population-based
cohort study conducted in low-educated, rural sub-
jects living in Sambuca di Sicilia, a small Sicilian
town in the province of Agrigento, Italy.

All subjects were evaluated with a comprehensive,
standard protocol, including a detailed anamnesis
with questions concerning housing, lifestyles, life
habits, and physical functioning. Furthermore, par-
ticipants underwent a clinical examination by physi-
cians who assessed past and present health status
including psychiatric and neurological examinations.
Finally, a comprehensive cognitive battery covering
memory, attention/visuo-constructional abilities, lan-
guage, and executive functioning was carried out by
psychologists trained in neuropsychology.
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The diagnosis of dementia was made according
to the DSM-IV-TR criteria [17] and probable AD
was diagnosed according to the criteria established by
the National Institute on Aging and the Alzheimer’s
Association [2]. Exclusion criteria were: dementia
due to other general medical conditions (DSM-IV-TR
code 294.1), such as head trauma, severe metabolic or
endocrine diseases, brain tumor, stroke, normal pres-
sure hydrocephalus, and other neurological disorders
as well as subjects with a history of alcohol or sub-
stance abuse or dependence, with uncertain dementia,
with delirium and with psychiatric disorders preced-
ing the onset of dementia.

aMCI was classified according to modified
Petersen’s criteria [18] as follows: 1) self and/or
informant report of memory problems; 2) impaired
performance in memory test according to age- and
education-adjusted Italian normative data as well
as normality cut-off scores (>95% of the lower
tolerance limit of the normal population distribu-
tion) [19]; 3) preserved general cognitive functions
(Mini-Mental State Examination age- and education-
adjusted scores) [20]; 4) cognitive deterioration,
representing a decline from a previously higher
ability level (Clinical Dementia Rating=0.5) [21];
5) generally preserved basic activities of daily liv-
ing (ADL) [22] with minimal impairment regarding
instrumental ADL (IADL) [23]; 6) no dementia
(DSM-IV TR criteria) [17] or clinical history of
stroke. Subjects with aMCI and AD.underwent.also
routine 1.5T MRI scan to exclude relevant vascular
lesions, which would affect cognition, as previously
detailed [24].

Behavioral symptoms were assessed using the total
composite score (range 0-144) of the Neuropsychi-
atric Inventory (NPI) [25], afully structured caregiver
interview with 12 sub-scales measuring different
behavioral symptoms of dementia, with higher scores
indicating greater behavioral burden. To assess the
risk of malnutrition we used the Mini Nutritional
Assessment (MNA), a validated nutrition screening
and assessment tool for geriatric patients age 65 and
above [26].

All subjects underwent blood screening for demen-
tia, genomic DNA extraction and APOE genotyping
as previously described [27]. All analyses were con-
ducted on E4-carrying (E2/E4, E3/E4, E4/E4) versus
non-E4 carrying genotypes. The study was in agree-
ment with the principles outlined in the Helsinki
declaration and all participants or their caregiver
provided written informed consent. The ZAP study
design was approved by the local ethical committee

ASP-1 (“Azienda Sanitaria Provinciale”, i.e.,
provincial health authority) of Agrigento, Italy, and
general authorization for the genetic data treatment
was provided by the Italian data Protection Authority.

Biochemical parameters and comorbidity

Venous blood samples were obtained in the morn-
ing after an overnight fast. Plasma total cholesterol
(TC), triglycerides (TG), high-density lipoprotein
cholesterol (HDL), and glucose levels were measured
using standard enzymatic methods. Low density
lipoprotein cholesterol (LDL) /was calculated using
Friedewald’s formula: LDL (mg/dL) =TC (mg/dL) —
TG (mg/dL)/5 — HDL (mg/dL). High sensitivity C-
reactive protein was measured by a chemiluminescent
immunoassay (Immulite, Medical Systems, Italy).

The following vascular diseases were assessed:

— hypertension (blood pressure >140/90 mmHg
or current use of antihypertensive medications)
[28];

— dyslipidemia (fasting TC >240mg/dL. and/or
HDL<40mg/dL in men and<50mg/dL in
women, LDL >160mg/dL, and/or TG >150
mg/dL) [29];

— obesity body mass index (BMI) >30 kg/m? [30],

— diabetes mellitus (fasting blood glucose lev-
els>110mg/dL and/or current use of hypo-
glycemic drugs) [29];

— atrial fibrillation and ischemic heart disease
(myocardial infarction, angina, coronary artery
bypass grafting or angioplasty or stenting) had
to be supported by clinical and/or instrumental
records.

Finally, the Cumulative Illness Rating Scale
(CIRS) was used to quantify somatic comorbidity.
It assigns a score to the total burden of illness of 13
body systems ranging from no disease (score=1) to
life-threatening disease (score =35) [31].

Measurement of Hsps

ELISA test was performed as previously described
[32]. A blood sample from each subject was collected
into EDTA-treated tubes. After a centrifugation
for 10min at 2,000xg using a refrigerated cen-
trifuge, plasma was collected, aliquoted, and stored
at —20°C until use. Hsp90a, Hsp70, and Hsp60
were measured using commercial quantitative, sand-
wich, enzyme-linked immunosorbent assay kit (EIA,
Enzo Life Sciences, Vinci, Italy), according to
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the manufacturer’s instructions. The standards were
diluted in standard diluent to generate standard curves
for each protein, ranging from 0.625 ng/ml to 4 ng/ml
for Hsp90a, from 0.20 to 125 ng/ml for Hsp70, and
from 3.125 to 100 ng/ml for Hsp60. Then, 100 .l of
standards and samples were added to the immunoas-
say plates and incubated at 23°C for 1 h. After diluting
the primary and secondary antibodies according to
the manufacturer’s instructions, 100 .l of specific pri-
mary antibody for each protein was added to each
well and incubated at 23°C for 1h. Subsequently,
100 w1 of specific horseradish peroxidase conjugate
secondary antibody was added to the plate and incu-
bated at 23°C for 30min followed by 100l of
3,3’,5,5'—tetramethylbenzidine substrate for 15 min
in the dark.

Finally, 100l of Stop Solution was added,
and absorbance was measured at 450 nm with a
microplate photometric reader (DV990BV4, GDV,
Milan, Italy). Sample concentration was calculated
by interpolating the sample measurement in the stan-
dard curve. The sensitivity of the human Hsp90a ETA
kit has been determined to be 0.05 ng/ml, for human
Hsp70 EIA kit has been reported to be 0.09 ng/ml,
while for human Hsp60 EIA kit was determined to
be 3.125 ng/ml.

Statistical analysis

Normal distribution and homogeneity of vari-
ables were tested with Kolmogorov-Smirnov and
Levene’s test, respectively. Mean or median val-
ues, SDs or interquartile ranges were calculated for
quantitative variables with normal or not normal dis-
tribution. Differences among normal variables were
compared by one-way analysis of variance (ANOVA)

with Scheffe’s post-hoc test, Mann-Whitney test for
not normal variables, and Chi2 test for categori-
cal variables. The variables which were significantly
associated with study outcomes (aMCI and AD) by
univariate analysis (p <0.05) were fitted with back-
ward multiple logistic regression models, calculating
odds ratios (OR) with 95% confidence intervals (95%
CI). Model 1 was adjusted only for education, while
model 2 was further adjusted for.continuous and
dichotomic variables, which were found to be sig-
nificant at univariate analysis. Due to. collinearity
(two variables were collinear if p<0.05 and V-
Cramer >0.5) the following variables were excluded
in Model 2: disease duration, MMSE, ADL lost and
IADL lost. All statistical analyses were carried out
using STATA v14.2-software. For all analyses, sig-
nificance level was set at p <0.05.

RESULTS

Clinical features in subjects with AD, aMCI, and
CONS

Demographic and clinical features of participants
ate shown in Table 1. ANOVA revealed a signifi-
cant education-effect between groups. However, after
Scheffe’s post-hoc analysis only AD showed a sig-
nificantly higher median education than aMCI at
pair comparison (p =0.012). A significant difference
in disease length between groups was found, with
Scheffe’s post-hoc analysis revealing a longer disease
length in AD respect to aMCI (p =0.012). Although
AD showed a higher prevalence of APOE4 allele
than aMCI and CONS, no differences were found in
APOE4 allele distribution between groups. Regard-
ing functional disability, there was a significantly

Table 1
Demographic and clinical characteristics of CONS, aMCI and AD*

Total CONS aMCI AD P Post-hoc

n=78 n=26 n=26 n=26
Age 80.4 (5.5) 80.5 (5.2) 80.0 (5.3) 80.8 (6.1) 0.868 n.s.
Education, median y (range) 4 (3-5) 5 (3-6) 3(2-5) 5 (4-6) 0.040 AD >aMCI
Male, n (%) 53 (68) 18 (69) 17 (65) 18 (69) 0.943 n.s.
Disease length; median y (range) 2 (1-6) n.a. 2 (1-3) 6 (4-8) <0.001 AD >aMCI
APOEA4 allele, n (%) 4(5) 0(0) 14) 3(11) 0.230 n.s.
ADL lost 1.1 (1.8) 0.2 (0.4) 0.4 (0.6) 29 2.1) <0.001 AD >aMCI, CONS
TIADL lost 2.5(3.1) 0.5 (0.6) 1.1 (1.4) 6.3 (2.1) <0.001 AD >aMCI, CONS
MMSE 21.9(7.2) 27.2 (3.3) 24.1(2.9) 14.5 (7.0) <0.001 AD <aMCI, CONS
NPI total score 2924 1.2 (1.3) 2.5(1.6) 5.1(2.3) <0.001 AD >aMCI>CONS
MNA score, median (range) 24 (20-25) 25 (24-26) 24 (23-26) 18 (17-21) 0.031 AD < CONS

*Except were specified data are expressed as mean (SD). CONS, controls; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s
disease; ADL, Activities of Daily Living; IADL, Instrumental Activities of Daily Living; MMSE, Mini-Mental State Examination; NPI,
Neuropsychiatric Inventory; MNA, Mini Nutritional Assessment; n.s., not significant.
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higher number of ADL and IADL lost within groups.
In particular, after Scheffe’s post-hoc analysis AD
showed a significant ADL impairment compared with
aMCI and CONS (p <0.001 for both comparisons),
while no significant difference was found between
aMCI and CONS (p =0.76). Furthermore, Scheffe’s
post-hoc analysis revealed a significant IADL impair-
ment only in AD with respect to aMCI and CONS
(» <0.001 for both comparisons).

Concerning global cognition, ANOVA revealed
significant differences in MMSE score within groups,
with AD showing the lowest performance compared
with aMCI and CONS (p <0.001 for both compar-
isons). Regarding behavioral symptoms, there were
significant differences between groups; in particular,
after Scheffe’s post-hoc analysis AD showed a higher
NPI score than aMCI and CONS (p < 0.001 for both
comparisons), and aMCI had a significant higher NPI
score than CONS (p =0.038). Finally, there were sig-
nificant differences in MNA scores between groups;
in particular, after Scheffe’s post-hoc analysis AD
showed lower MNA score than CONS (p =0.022).

Biochemical parameters and comorbidity in
subjects with AD, aMCI and CONS

Results of biochemical parameters and comorbid-
ity are presented in Table 2. There were not significant

differences after ANOVAs concerning glycemia, CT,
HDL, LDL, TG, and hs-CRP between groups.

The mean plasma levels were 15.4ng/ml
(SD=9.7) for Hsp60, 4.3ng/ml (SD=1.5) for
Hsp70, and 15.1ng/ml (SD=2.9) for Hsp90. The
most common comorbidity was hypertension (73%,
n=57), followed by dyslipidemia (56%, n=44),
and obesity (41%, n=32). Furthermore, a mean
CIRS total score of 20.8 (SD=3.0) was revealed.
AD patients showed significantly higher Hsp60
levels compared to aMCI and CONS (21.9 versus
11.9 and 12.3 ng/ml, respectively; p < 0.001); higher
Hsp70 levels than CONS (4.9 versus 3.8 ng/ml;
p=0.017); and lower Hsp90 levels than aMCI
(13.2 versus 15.0ng/ml; p=0.032) and aMCI lower
Hsp90 values than CONS (15.0 versus 17.0 ng/ml;
p <0.001). Comorbidity: "AD showed a lower
frequency of hypertension than aMCI (54% versus
88%; p=0.006). Moreover, compared to CONS, AD
showed a higher prevalence of dyslipidemia (65%
versus 50%; p=0.037) and a higher CIRS total score
(22.1 versus 19.2; p=0.001).

Logistic regression models adjusted for educa-
tion (Model 1) revealed significantly higher Hsp60
values in AD versus aMCI (OR=1.16, 95%CI
1.04-1.30) and AD versus CONS (OR =1.12,95%CI
1.03-1.22); and higher Hsp70 values in AD versus
CONS (OR =1.84, 95%CI 1.09-3.10) (see Table 3).

Table 2

Biochemical parameters and comorbidity in CONS, aMCI and AD
Biochemical Total CONS aMCI AD )4 Post-hoc
variables, mean (SD) n=178 n=26 n=26 n=26
Glycemia, mg/dL 97.2.(449) 89.5(25.3) 96.4(19.5) 105.8(71.0) 0.426 n.s.
CT mg/dL 193.6 (37.1) 200.6 (33.0) 188.1(34.8) 192.1(43.2) 0.361 n.s.
HDL mg/dL 569 (15.6) 57.2(134) 56.2(14.5) 57.3(19.00 0.960 n.s.
LDL mg/dL 116.1 (32.4) 122.1(28.4) 110.8(27.5) 115.2(40.5) 0.452 n.s.
TG mg/dL 101.9(38.2) 106.0 (33.5) 101.4(47.5) 98.1(32.8) 0.764 n.s.
hs:CRP mg/L 0.4 (0.4) 0.3 (0.3) 0.4 (0.3) 0.5(0.5) 0.565 n.s.
HSP 60 (ng/ml) 15.4 (9.7) 12.3 (6.5) 11.9(43) 21.9(129) <0.001 AD>aMCI, CONS
HSP 70 (ng/ml) 4.3 (L5) 3.8(1.2) 42 (1.1) 4.9 (1.9) 0.018 AD>CONS
HSP 90 (ng/ml) 15.1 (2.9) 17.0 2.4) 15.0 (2.1) 13.2(2.7) <0.001 AD<aMCI<CONS
Comorbidity, n (%)
Hypertension 57 (73) 20 (77) 23 (88) 14 (54) 0.016 AD <aMCI
Dyslipidemia 44 (56) 13 (50) 14 (54) 17 (65) 0.508 AD>CONS
Diabetes 13 (17) 3(11) 6 (23) 4 (15) 0.524 n.s.
Obesity 32 (41) 12 (46) 12 (46) 8(31) 0.454 n.s.
AF 1(1) 0(0) 0(0) 1(4) 0.363 n.s.
CHD 509 0(0) 5(19) 0(0) 0.005 AD, CONS <aMCI
CVD 1(1) 0(0) 0(0) 1(4) 0.363 n.s.
CIRS total score, mean (SD)  20.8 (3.0) 19.2 (2.8) 21.1 (2.5) 22.1(3.0) 0.002 AD>CONS

CONS, controls; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; CT, total cholesterol, HDL, high
density lipoprotein; LDL, low density lipoprotein; TG, triglycerides; hs-CRP, high sensitivity C-reactive protein; HSP,
heat shock protein; AF, atrial fibrillation; CHD, coronary heart disease; CVD, cardiovascular disease; CIRS, Cumulative

Tllness Rating Scale; n.s., not significant.
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Table 3
Multivariate logistic regression analysis: association of Hsp levels (continuous variables) in subjects with aMCI
and AD
Model aMCI versus CONS AD versus aMCI AD versus CONS
OR (IC95%) OR (IC95%) OR (IC95%)
Hsp60 (per unit 1 0.99 (0.89-1.10) 1.16%* (1.04-1.30) 1.12%* (1.03-1.22)
increase) 2 0.93 (0.81-1.06) 1.20 (0.99-1.44) 1.11 (0.95-1.30)
Hsp70 (per unit 1 1.30 (0.76-2.21) 1.52 (0.94-2.45) 1.84* (1.09-3.10)
increase) 2 1.23 (0.68-2.25) 1.85(0.81-4.21) 1.24 (0.45-3.41)
Hsp90 (per unit 1 0.69* (0.52-0.91) 0.73* (0.55-0.96) 0.51** (0.35-0.75)
increase) 2 0.76 (0.57-1.03) 0.76 (0.47-1.24) 0.57 (0.30-1.05)

#*p<0.05; **p <0.01; ***p <0.001. Model 1 corrected for education. Model 2 corrected for education, NPI, MNA, CIRS.

Contrarily, lower levels of Hsp90 were found in aMCI
versus CONS (OR=0.69, 95%CI 0.52-0.91), AD
versus aMCI (OR =0.73, 95%CI 0.55-0.96) and AD
versus CONS (OR =0.51, 95%CI 0.35-0.75). How-
ever, results between aMCI and AD versus CONS
were no longer significant after adjustment for mul-
tiple comparisons (Model 2: adjusted for education,
NPI, MNA, and CIRS) (see Table 3).

DISCUSSION

In this study, we investigated the relationship
between plasma levels of Hsp60, Hsp70, and Hsp90
and either clinical features or other biochemical
parameters in three samples, aMCI, AD, and con-
trols. The results regarding clinical features showed
a significantly higher median education and longer
disease length in AD than in aMCI."AD subjects
showed a significant ADL and IADL impairment as
compared with aMCI and CONS; and aMCI showed
a significant ADL impairment compared to controls.
We also evaluated global cognitive performance and
AD patients showed lower performance than aMCI
and controls.

Concerning behavioral symptoms, AD showed
lower MNA score than CONS and higher NPI score
than aMCI and CONS; and aMCI had a significant
higher NPI score than controls. These data coincide
with the well-known, typical indicators of AD.

The biochemical analyses revealed that all the
groups examined were similar, namely no significant
difference among them were detected for glycemia,
CT, HDL, LDL, TG, and hs-CRP levels. However, a
significant prevalence of dyslipidemia was registered
in AD subjects compared to controls. In addition,
AD patients showed a higher CIRS total score than
controls. Several studies that explored the associa-
tion between lipids and/or lipid-lowering treatment
and AD indicate a harmful effect of dyslipidemia
on AD risk and progression, although this asso-

ciation still remains controversial [33]. Functional
cell biology studies support a critical involvement
of lipid raft cholesterol in the modulation of A3
precursor protein processing by 3-secretase and y-
secretase resulting in altered A production [34].
On the contrary, it has been demonstrated that the
presence of high-cholesterol results in increasing
generation of plasmin, an AR-degrading enzyme
[35]. Inflammation and oxidative stress may provoke
dyslipidemia [36] with consequences on brain choles-
terol homeostasis, neuroinflammation, production
of neurofibrillary tangles and, thereby, aggravating
excitotoxicity [37]. The influence of ROS may be
detrimental to lipids, proteins, and nucleic acids,
which results in structural and functional changes
such as protein misfolding and, eventually, in necrotic
or apoptotic cell death [38, 39]. An accumulation of
misfolded proteins in the aging brain results in oxida-
tive and inflammatory damage, which in turn leads to
energy failure and synaptic dysfunction, pathological
features found in AD [38, 40].

Our study showed that circulating Hsp60 levels
were significantly higher in AD compared to aMCI
and CONS, and the chaperonin plasma levels were
associated with AD even after adjusting for edu-
cation. However, the statistical significance of this
association disappeared after adjustment for con-
founding factors. Hsp60 is classically described as a
mitochondrial protein that assists the correct folding
of other mitochondrial proteins [41]. The regula-
tion of mitochondrial turnover and function becomes
impaired as a consequence of age and this has a pre-
ponderant role in AD, in which it has been shown
that mitochondrial dysfunction (e.g., reduced mem-
brane potential, increased permeability, increased
ROS production as a consequence of both amyloid-
B protein precursor and A3 overexpression) does
occur [42, 43]. We found Hsp60 to be increased in
AD and this could be part of a mechanism to restore
mitochondrial homeostasis in which the chaperonin
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would be neuroprotective. There is evidence sup-
porting this assumption. For example, it has been
demonstrated that in a human neuroblastoma cell
line, induced expression of the chaperonin prevented
intracellular-amyloid-induced inhibition of complex
IV, reducing apoptosis [44]. Recently, in vivo exper-
iments demonstrated that Hsp60 has the capacity
to drive mitochondrial biogenesis through activa-
tion of the peroxisome proliferator-activated receptor
v coactivator—la [45], while decreased Hsp60 lev-
els were found in hippocampus of mice fed with
high fat diet and the decrease was associated with
AD pathogenesis [46]. In another study, it has been
shown that treatment of rats with Oxotremorine-
M, a non-selective muscarinic acetylcholine receptor
agonist, significantly increased the levels of Hsp60,
Hsp70, and Hsp90 in hippocampus [47]. Moreover,
a loss of function of the chaperonin via oxidation
by AB1—42 caused an increase in protein misfolding
whereas higher Hsp60 expression in the cerebel-
lum of AD rats reversed the deficiency of Purkinje
cells [48, 49]. This multiplicity of roles in vari-
ous anatomical-histological locations is in agreement
with the demonstration that Hsp60 not only occurs in
the mitochondria, but also in the cytosol, the plasma-
cell membrane, the cell surface, the extracellular
space, and the peripheral blood with roles in various
physiological and pathological processes pertaining
to protein homeostasis and other unrelated phenom-
ena [50].

To our knowledge, this is the first report on the
association between plasma Hsp60 and AD. Hsp60
upregulation in brain of AD patients was paralleled by
a significant increase of the protein in AD lympho-
cytes [51]. The increased levels of the chaperonin
were associated with a cytoprotective role against
nitrosative stress [51].

Hsp60 ' overexpression may be followed by its
secretion from stressed cells into the extracellular
space and circulation [7], which makes the chaper-
onin a strong candidate as biomarker of cell stress.
Accordingly, blood levels of Hsp60 might reflect the
pathological status of nervous system cells, thus rep-
resenting putative biomarker of neurodegeneration.

Of all Hsps, Hsp70 is the most strongly induced
after oxidative stress, anticancer drugs, or protein
damage-misfolding caused by stress [52]. Hsp70
molecules are found in various cellular compartments
(nucleus, mitochondria, cytosol), extracellularly, and
in circulation [6]. Hsp70 has the ability to inhibit
apoptosis and to trigger the activation of the immune
response by stimulating both innate and adaptive

immunities [53]. Increased Hsp70 expression levels
have been found in the brain of patients affected by
AD, suggesting an association between this chap-
erone, AD pathophysiology, and neuroprotective
response [54]. For instance, Hsp70 was identified
as a protector against AP accumulation and its
overexpression rescued neurons from Af-mediated
neurotoxicity [54, 55]. In the present study, we
investigated Hsp70 plasma levels in.AD, aMCI, and
controls. Our results showed higher Hsp70 levels in
AD patients compared to controls.<Logistic regres-
sion analysis demonstrated that this increase was
associated with AD after correction for education,
but this result was not confirmed after multiple com-
parisons. To our knowledge, our paper is the first to
report the association between Hsp70 plasma lev-
els and AD. Other studies reported an association
between HSP70-2 (HSPA1B) gene expression with
non-cognitive symptoms in late-onset AD or a corre-
lation between Hsp70 mRNA in mononuclear blood
cells with dementia of the AD type [56, 57]. Increased
plasma Hsp70 levels were associated with cognitive
decline in language and executive functions in MCI
due to AD and vascular aetiology and, probably, this
increase was a way to protect neurons and glial cells
[58, 59]. Moreover, similarly to Hsp60, Hsp70 has
been found to be elevated in AD lymphocytes com-
pared to controls, probably to counteract nitrosative
stress [51].

We observed a significant decrease of Hsp90 lev-
els in AD and aMCI compared to CONS, and in
AD compared to aMCI. The Hsp90 reduction was
associated with aMCI and AD after controlling for
education, but also in this case, results were no
longer significant after multiple comparisons. Hsp90
is the most abundant protein in eukaryotic cells under
unstressed conditions, and shares the same charac-
teristics with other molecular chaperones as it plays
an important role in the folding of many proteins
pertaining for instance to essential signaling path-
ways, and in the refolding of denatured proteins
after stress [60, 61]. In AD brains, levels of Hsp90
were increased in both the cytosolic and membra-
nous fractions, and Hsp90 was co-localized with
amyloid plaques [55]. These observations suggest
that Hsp-induced microglial activation might play
a neuroprotective role by facilitating A clearance
and cytokine production [62]. Hsp90 can tightly bind
and down-regulate the activity of HSF1 but in the
presence of cellular stress HSF1 dissociates from
Hsp90, inducing heat shock response genes, such as
those encoding the proteins Hsp27, Hsp40, Hsp70,
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and Hsp90. The expression of these chaperone genes
expands the buffering capacity of the cell and restores
protein homeostasis under stressful conditions [63].
In agreement with our results, a significant decrease
of Hsp90 serum levels has been demonstrated in AD
and aMClI patients [64]. Our data suggest that Hsp90
decrease in blood is a sign of increasing protein aggre-
gation in AD in agreement with existent literature
data [64] and, probably also unveils weak defense
mechanisms against oxidative stress. Further studies
should investigate if Hsp90 diminution is due, to post-
translational modifications, and if miRNA is involved
in translation regulation.

The strength of our work is the case-control study
design, the adjustment for multiple potential con-
founders, and the inclusion of subjects drawn from
a population-based study, with inherent reduction
of selection bias. However, some limitations of the
present study should be pointed out. First, the rela-
tively small sample size of the groups might increase
the likelihood of spurious associations and lack of sig-
nificance (e.g., the negative associations between Hsp
levels and aMCI/AD obtained after multiple compar-

isons). Second, aMCI and dementia were diagnosed
according to clinical criteria, with inevitably some
uncertainty about the rate of misclassification.

Without postmortem confirmation and without the
use of cerebrospinal fluid biomarkers of the AD-type
neuropathological process, a comprehensive clinical
protocol was used including complete neuropsycho-
logical assessment and the clinical classification of
AD and aMCI was supported by brain imaging. Third,
although analyses were adjusted for major potential
confounders, it should be noted that the observed
interrelationships might not be adirect cause-effect
relationship due to complex interactive factors (the
presence of age-related inflammation for example),
and Hsps levels might reflect a nonspecific disease
state, with a subsequent peripheral increase. How-
ever, aMCI and AD did not differ from CONS in
hs-CRP levels, a marker of acute inflammation, as
well as in lipids fractions and the majority of comor-
bid disorders evaluated. Lastly, the cross-sectional
study design precludes making causal inferences
about the relationship between Hsps levels and the
study outcome.
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Fig. 1. Stress, heat shock proteins (molecular chaperones), and neurons: normal versus Alzheimer’s disease (AD) brains. The figure summa-
rizes our working hypothesis derived from our results and based on literature data. Under normal conditions, Hsp60, Hsp70, and Hsp90 are
ubiquitously expressed at their physiological levels and they can be released into the extracellular environment to serve, for example, as cell to
cell communicators. As reported in the text, in AD, Hsp60 and Hsp70 are overexpressed in stressed neurons and/or activated glia. The degree
of Hsp60, Hsp70 and Hsp90 expression may reflect the neuropathological abnormalities present in AD brain. We hypothesize that Hsp60
and Hsp70 are upregulated in response to cellular stress to protect brain cells against stress, and counteract misfolded proteins aggregation
and deposition. On the contrary, Hsp90 downregulation could be related to the failure of the instauration of defense mechanisms against
proteotoxic stress, which would facilitate the progression of neurodegeneration. The three chaperones, following extracellular accumulation,
can cross the blood-brain barrier by a mechanism yet to be elucidated and, thus, be present in the circulation, making them easily accessible
as biomarkers providing information on what is going on in the cells of origin, e.g., stressed AD neurons.
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In conclusion, from the data discussed above
we can hypothesize that Hsp60 and Hsp70 are
up-regulated in response to cellular stress likely
to protect brain cells against stress, in particular
against misfolded proteins aggregation and depo-
sition. On the other hand, Hsp90 downregulation
could be related to the failure of the instauration
of defense mechanisms against proteotoxic stress,
which could facilitate the progression of neurodegen-
eration. Therefore, we can build a working hypothesis
assuming that the measurement of these Hsps as cell
stress biomarkers in blood will reflect the degree and
extent of brain damage, thus providing a useful tool
for the diagnosis, prognosis, and early treatment of
AD (see Fig. 1).

Future perspectives

The results obtained suggest that we are at the dawn
of a new research era that will produce data crucial
to understand the molecular mechanisms responsi-
ble for the involvement of molecular chaperones,
such as Hsp60, Hsp70, and Hsp90, in the pathogenic
deviations observed in cell differentiation, tissue
homeostasis, and organ remodeling in some anatom-
ical areas of the nervous system, preceding the onset
of dementia symptoms. Problems still to be solved the
following: Is the increase/decrease of Hsps in plasma
always a reliable indication of an analogous change
in intracellular concentration? If Hsp secretion and its
deviations from the physiological patterns tutn out to
be crucial for pathogenesis, which are the cells and
the secretory pathways involved? Which is the mech-
anism underpinning the crossing of the blood-brain
barrier by chaperones? Could chaperonotherapy tar-
geting the Hsps studied reduce histopathological
signs and clinical symptoms of early dementia, at
least in pre-clinical models?

The last interesting point will be the measurement
of chaperone levels in the cerebrospinal fluid and the
determination of the distribution of the chaperones in
brain cells and tissues, which will give the possibility
to check the relationships that may occur between
the AD-related neurodegenerative process and Hsp
quantities and distribution.

These questions illustrate the complexity of the
pathogenic picture to investigate in the near future and
emphasize the pressing need to continue this research
topic. Similarly, Hsps should be investigated in other
dementia types and neurodegenerative conditions in
which molecular chaperones surely play key roles,
either defensive or pathogenic. To make advances

in this area of medical research, large population-
based prospective studies are required to evaluate the
diagnostic and prognostic value of Hsp60, Hsp70,
and Hsp90, as well as to gather the basic informa-
tion required to develop specific chaperonotherapy
for each condition. These possibilities are currently
under intense scrutiny in our laboratories and in those
of many others, ensuring a bright future for research
on this serious and widespread neurodegenerative
conditions.
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