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Abstract
Heat shock protein 70 (HSP70) is activated under stress response. Its involvement in cell protection, including energy 
metabolism and quality control makes it a promising pharmacological target. A strategy to increase HSP70 levels inside the 
cells is the application of recombinant HSP70. However, cell permeability and functionality of these exogenously applied 
proteins inside the cells is still disputable. Here, using fluorescence- labeled HSP70, we have studied permeability and dis-
tribution of HSP70 inside primary neurons and astrocytes, and how exogenous HSP70 changes mitochondrial metabolism 
and mitophagy. We have found that exogenous recombinant HSP70 can penetrate the neurons and astrocytes and distributes 
in mitochondria, lysosomes and in lesser degree in the endoplasmic reticulum. HSP70 increases mitochondrial membrane 
potential in control neurons and astrocytes, and in fibroblasts of patients with familial Parkinson´s disease (PD) with PINK1 
and LRRK2 mutations. Increased mitochondrial membrane potential was associated with higher mitochondrial ROS pro-
duction and activation of mitophagy. Importantly, preincubation of the cells with HSP70 protected neurons and astrocytes 
against cell death in a toxic model of PD induced by rotenone, and in the PINK1 and LRRK2 PD human fibroblasts. Thus, 
exogenous recombinant HSP70 is cell permeable, and acts as endogenous HSP70 protecting cells in the case of toxic model 
and familial forms of Parkinson’s Disease.
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Introduction

Heat shock proteins form a group of highly conserved mol-
ecules providing the cellular response to stress, and therefore 
are considered as markers of changes in cells as a result of 
aging, as well as the development of various pathologies, 
including neurodegenerative diseases [1–4]. However, an 
increase in the expression level of these proteins also plays 
an important role in cell protection [5].

One of the most important groups of heat shock proteins 
includes several isoform proteins with a molecular weight 
of 66 to 78 kDa. Some of them are constitutive (HSC70), 
while the expression of others (HSP70) can be greatly acti-
vated under stress [6]. Proteins of this group consist of an 
N-domain (40 kDa) with nucleotide-binding ability and a 
C-domain (25 kDa) which binds different substrates. Correct 
function of HSP70 needs binding to co-chaperones from a 
family of proteins with a J-domain. One of them, HSP40, is 
highly expressed in neurons and glial cells [7].
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Brain cells and, in particular, neurons with a significant 
level of metabolism are characterized by a high content of 
HSC70 and a low level HSP70 [8, 9]. Increase of HSP70 
was shown as a result of peripheral nerve cells damage after 
the axotomy of the facial nerve [6], brain stem death under 
mevinphos influence [10], high expression of beta-amyloid 
in primary neuronal cultures [11], and in a model of focal 
cerebral ischemia [12].

Different methods to induce HSP70 gene expression are 
known as a way for increasing cell survival after stress condi-
tions. Thus, heat exposure resulted in an increase in HSP70 
and a decrease in serotonergic neuronal damage due to the 
toxic effect of 3,4-methylenedioxymethamphetamine [13].

The protective effect of HSPs can be localized in the cells 
where they are synthesized as well as directed to surround-
ing cells and tissues [14]. The ability of HSP70 to cross the 
blood–brain barrier as it is, or as a part of special constructs 
[15–18], makes it possible to use exogenous HSP (eHSP) 
and, in particular, HSP70, for neuroprotection [19].

However, to date, the aspects of translocation, intracel-
lular localization, and the mechanism of eHSP70 influence 
on the CNS cell metabolism remain a subject of intense 
research. The penetration ability of eHSP70 depends on the 
way of administration. It was shown [20] that intraperito-
neally injected recombinant human HSP70 was detected 
in skeletal muscle but not in the brain or spinal cord. But 
the use of fluorescent or radioactive labeled eHSP70 made 
it possible to demonstrate the localization of intranasally 
injected eHSP70 in the hippocampus, cortex, cerebellum 
and deep brain structures [18, 21, 22].

Here, we have studied trafficking and localization of 
exogenous fluorescent labeled HSP70 in primary cortical 
neurons and astrocytes and found a time-dependent distribu-
tion of this protein in cellular organelles. HSP70 activated 
mitochondrial metabolism and mitophagy that protected 
rotenone-treated neurons and Parkinson’s disease PINK1 
and LRRK2 fibroblasts from cell death.

Materials and Methods

Cell Cultures

Primary co-culture of cortical neurons and glial cells were 
prepared from pups 1–3 days postpartum as described [23]. 
After decapitation, the cortex was removed into ice-cold 
Versene solution (Gibco, UK), the tissue was minced and 
trypsinized (Gibco, Canada) (0.25% for 15 min at 37 °C) 
and plated on polyethylenimine-coated coverslips, and cul-
tured in Neurobasal A medium (Gibco, USA) supplemented 
with B-27 (Gibco, USA) and 2 mM GlutaMax Supplement 
(Gibco, USA). Cultures were maintained at 37  °C in a 
humidified atmosphere of 5% CO2 and 95% air, fed twice 

a week, and maintained for a minimum of 12 days before 
experimental use.

Neurons were easily distinguishable from glia: they appeared 
phase bright, had smooth rounded somata and distinct pro-
cesses, and laid just above the focal plane of the glial layer.

Control human skin fibroblasts and patient’s fibroblasts 
with the familial Parkinson’s disease-associated mutations 
PINK1(see more information in [24]) and LRRK2 (see more 
information in [25]) were used as a research object. The 
number of passages did not exceed p20.

DMEM (Biological Industries, Kibbutz Beit-Haemek, 
Israel), 10% FBS (Biological Industries, Kibbutz Beit-Hae-
mek, Israel) with 1% GlutaMAX (Gibco, New York, USA) 
were applied for cultivation of skin fibroblasts. Cell cultures 
were maintained at 37 °C in a humidified atmosphere of 5% 
CO2 and 95% air. The confluence of cells during the studies 
was 40–50%.

Exogenous Recombinant HSP70

Recombinant human HSP70 was obtained and purified in the 
Engelhardt Institute of Molecular Biology of Russian Acad-
emy of Sciences. Recombinant human HSP70 included five 
substitutions in potential glycosylation sites (N35D, S153A, 
S362A, T419A and T489A), that were created experimen-
tally to reduce protein aggregation and facilitate protein puri-
fication from milk of transgenic animals [26]. The coding 
sequence of HSP70 was cloned into a plasmid obtained from 
PET-14b to add an N-terminal polyhistidine label (MGSSH-
HHHHHSSGLVPRGSH). Recombinant HSP70 was 
expressed in E. coli strain BL21. The cells were transfected 
with a plasmid encoding mutant HSP70, and one colony of 
the transformed strain was transferred to an LB medium with 
150 mcg/ml of ampicillin. Protein expression was induced 
by the addition of IPTG; after growth for 3 h, cells were 
collected by centrifugation at 3000 × g for 5 min, the pre-
cipitate was stored at -70 °C. The protein was purified in the 
native state on ice. The cells were treated with ultrasound in 
20 ml of buffer A (20 mM NaH2PO4, 500 mM NaCl, 25 mM 
imidazole, 0.01% NP-40, pH 7.4) with lysozyme (1 mg/ml). 
The recombinant protein was dialyzed at 4 °C against 1000 
times the volume of PBS with 1 mM EDTA to remove traces 
of Ni2+, and then dialyzed again against 10,000 times the 
volume of PBS. After dialysis, the resulting protein was puri-
fied from LPS on polymyxin-agarose (Sigma-Aldrich, USA).

Fluorescence Labeling of Recombinant Hsp70

In order to estimate the ability of exogenous Hsp70 to enter 
neurons and to study its intracellular distribution, recom-
binant Hsp70 was labeled with the Cy5™ monofunctional 
reactive dye (GE Healthcare). For this purpose, we incu-
bated 1 mg of recombinant Hsp70 with Cy5 in PBS for 
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30 min in the dark at room temperature. Unbound dye was 
removed via centrifugation of SigmaSpin columns (S0185-
8EA) loaded with 200 μL of labeled protein samples for 
4 min at 4000 rpm.

Live Cell Imaging  Fluorescence measurements were per-
formed using a Zeiss LSM 900 (Carl Zeiss Microscopy 
GmbH, Jena, Germany) and a 20 × or 63 × oil immersion 
objective. Illumination intensity was kept to a minimum 
(0.1–0.2% of laser output) to avoid phototoxicity.

Assessment of the Intracellular Distribution of HSP70  Exog-
enous recombinant HSP70 labeled by Cy5™ dye (Amer-
sham) was introduced to primary co-cultures of neurons and 
astrocytes. To determine the permeabilization of HSP70 
through the living cell membrane, the primary co-culture 
was loaded with 5 µM Fluo-4 AM (Invitrogen by Thermo 
Fisher Scientific, USA). Intracellular distribution of HSP70 
was evaluated after labeling mitochondria, lysosomes, 
and endoplasmic reticulum with the fluorescent probes 
MitoTracker Green FM (200 nM), LysoTracker Green DND-
26 (50 nM) and ER-Tracker Green (1 μM) respectively (all 
Invitrogen by Thermo Fisher Scientific, USA). Colocaliza-
tion coefficients for HSP70 and the respective probes were 
measured using Zen Blue software (Zeiss), which indicates 
the relative number of colocalized pixels in channel 1 in 
relation to the total number of pixels above the threshold 
value.

Measurement of the Mitochondrial Membrane Potential  The 
mitochondrial membrane potential (ΔΨm) was measured by 
loading of cells with 25 nM tetramethylrhodamine methyl 
ester (TMRM) (Invitrogen by Thermo Fisher Scientific, 
USA) in a HEPES-buffered HBSS for 45 min at a room 
temperature. Z-stack images were obtained by confocal 
microscopy, and the maximum fluorescence intensity was 
used as a measure of ΔΨm.

Mitochondrial ROS production was measured with 1 μM 
MitoTracker Red CM-H2-XRos (Invitrogen, Oregon, USA) 
using a previously described protocol [27]. Cells were 
loaded with the probe for 10 min which was kept in the 
solution during the experiments to avoid the intracellular 
accumulation of the oxidized probe.

Measurement of Mitophagy  Mitophagy level was calcu-
lated as the degree of colocalization of mitochondria and 
lysosomes [28]. Cells were loaded with 200 nM MitoTracker 
Green FM and 50 nM LysoTracker Red DND-99 in HBSS 
for 30 min before the experiments. Colocalization coeffi-
cients for mitochondria and lysosomes were measured using 
Zen Blue software (Zeiss), which indicates the relative num-
ber of colocalized pixels in channel 1 in relation to the total 
number of pixels above the threshold value.

Cell Death. Necrosis  The measurement of necrotic cells 
death was carried out using Hoechst 33,342 and Propidium 
Iodide. Cells were incubated with 5 μM Hoechst 33,342 
(Invitrogen, Oregon, USA) and 20 μM Propidium iodide 
(PI) (Invitrogen, Oregon, USA) for 30 min at 37℃. While 
Hoechst is a blue fluorescent dye that stains chromatin DNA, 
PI is only permeable to dead cells and shows red fluores-
cence, so it is possible to calculate the percentage of dead 
cells (showing red fluorescence) versus total number of cells 
(showing blue fluorescence). Apoptosis was detected among 
dead cells based on morphological features: the presence of 
a fragmented nucleus, karyopyknosis, karyorexis, apoptotic 
bodies.

Apoptosis

NucView™ 488 Caspase-3 Substrate (Biotium) (excitation/
emission maxima ~ 488/515 nm) was applied for detection 
of caspase-3/7 activity and visualization of morphological 
changes in the nucleus during apoptosis. Cells were incu-
bated with 5  µM NucView™ 488 Caspase-3 Substrate 
30 min at room temperature (Bryanskaya et al., 2024).

Statistical Analysis

OriginPro 2019 (Microcal Software Inc., Northampton, MA) 
was used for graphs generation and statistical analysis. The 
Mann–Whitney U test was used to estimate the statistical 
significance between experimental groups, if not stated oth-
erwise. One-way ANOVA was used for experiments of dead 
cells. Sample sizes for experiments were selected to cap-
ture adequate technical variation (number of cells; number 
of fields of view; number of coverslips). Significance was 
accepted at a 95% confidence level (p < 0.05). Data are given 
as mean ± SEM.

Results

Exogenous Recombinant Human HSP70 Can 
Penetrate the Cell Membrane

Short incubation of the primary neurons and astrocytes 
with exogenous recombinant HSP70 labeled with Cy5 led 
to the penetration of this peptide through the cell membrane 
inside the primary cortical neurons and astrocytes. How-
ever, HSP70 was not equally distributed inside the cells 
with peaks of intensity of fluorescence which was hundred 
times higher than in cytosol (Fig. 1A-B). Fluorescence inten-
sity in neurons and astrocytes progressively increases after 
2 and 3 h of incubation (Fig. 1A, C). However, after 12 h 
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incubation with HSP70, Cy5 fluorescence was lower, and 
decreased to a minimum after 24 h (Fig. 1C). It should be 
noted that we have found no difference in HSP70 penetration 

between neurons and astrocytes. Thus, recombinant human 
HSP70 is able to penetrate the cells with a maximal content 
after 3 h of incubation.

Fig. 1   Exogenous HSP70 
accumulates in live brain cells 
during the first 24 h of incuba-
tion. Time-dependent penetra-
tion of HSP70 conjugated with 
Cy5 into the cells of primary 
neuroglial co-culture (shown 
astrocytes), labeled with Fluo-4 
AM (A) and corresponding flu-
orescence intensity profiles (B) 
in different time after HSP70-
Cy5 application. C- Changes 
in HSP70-Cy5 fluorescence in 
neurons and astrocytes during 
24 h after applications taken as 
a maximal values of fluores-
cence in Z-stack images for the 
red channel. Scalebar 10 μm. 
Data presented as mean ± SEM
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Exogenous HSP70 Distributes Unevenly Inside 
Different Cellular Compartments of Primary 
Neurons and Astrocytes

In order to identify the subcellular localization of the high 
content of exogenous HSP70 internalized by the cells, we 
have studied the co-localization of HSP70-Cy5 with three 
major cellular organelles: lysosomes, mitochondria, and 
endoplasmic reticulum in primary co-cultures of cortical 
neurons and astrocytes. Application of the recombinant fluo-
rescent labeled peptide led to the colocalization of HSP70-
Cy5 and LysoTracker Green DND-26 (Fig. 2A). The per-
centage of colocalization did not significantly change after 
1, 2, and 3 h of incubation. Thus, colocalization coefficient 
for HSP70 and lysosomes was 58.3 ± 7.5%, N = 3 experi-
ments; n = 19 neurons and astrocytes (10 min incubation), 
63.3 ± 8.2%, N = 3 experiments, n = 16 cells (1 h incubation), 
62.7 ± 10.9%, N = 3 experiments, n = 12 cells (2 h of incuba-
tion), 59.9 ± 10.9%, N = 3 experiments, n = 12 cells (3 h of 
incubation; Fig. 2A).

The accumulation of HSP70-Cy5 in the endoplas-
mic reticulum (ER-Tracker Green) was lower compared 
to lysosomes and was dependent on the time of incuba-
tion. Thus, colocalization coefficient for 1 h of incubation 

was 12.3 ± 2.3%, N = 3 experiments, n = 17 cells, for 2 h 
increased to 23.1 ± 3.6%, N = 3 experiments, n = 20 cells, 
and for 3 h of incubation rose to 35.2 ± 5.2%, N = 3 experi-
ments, n = 19 cells (Fig. 2B).

Incubation of primary neurons and astrocytes with 
HSP70-Cy5 also induced colocalization with mitochondria 
(MitoTracker Green), and its accumulation in this organelle 
was also time-dependent, reaching its maximum after 3 h 
of incubation (colocalization coefficient 9.9 ± 4.0%, N = 3 
experiments, n = 11 cells, 15.6 ± 4.9%, N = 3 experiments, 
n = 13 cells, 26.4 ± 4.3%, N = 3 experiments, n = 14 cells 
from 1 to 3 h, respectively (Fig. 2C).

Exogenous HSP70 Increases ΔΨm

Mitochondrial membrane potential (ΔΨm) is vitally impor-
tant to sustain its function, and considering this, Δψm can 
be used as an indicator of mitochondrial health. We used 
TMRM as a fluorescent indicator for ΔΨm in primary co-
culture neurons and astrocytes and in fibroblasts, as pre-
viously described [29]. Primary cortical co-cultures were 
incubated with the C-terminal fragment of HSP70 (C_
HSP70) obtained with a construction based on the pET28 
vector encoding a fragment of HSP70 (385–641 amino acid 

Fig. 2   Exogenous HSP70 distributes inside intracellular compart-
ments in primary neurons and astrocytes. HSP70 conjugated with 
Cy5 strongly colocalizes with lysosomes (A). A lower but statisti-
cally significant degree of colocalization was detected for HSP70 
with endoplasmic reticulum (B), and mitochondria (C) using Z-stack 
images with red and green channels. Ai, Bi, Ci are summaries colo-

calization coefficients (which indicates the relative number of colo-
calized pixels in channel 1 in relation to the total number of pixels 
above the threshold value) of HSP70-Cy5 with lysosomes, endoplas-
mic reticulum and mitochondria of cortical neurons and astrocytes. 
Scalebar 10 μm. Data presented as mean ± SEM
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residues). 1 h of incubation cells with C_HSP70 induced a 
significant increase in ΔΨm compared to untreated control 
cells in the primary cortical co-culture, and similar data were 
obtained after 12 and 24 h of incubation (N = 3 experiments, 
n = 40–60 cells for each group (Fig. 3A). Treatment of con-
trol fibroblasts with full HSP70 induced a mirror decrease in 
ΔΨm in the in first 2 h of incubation followed by recovery of 
Δψm after 4 h of incubation with this peptide (N = 5 exper-
iments; Fig. 3B). In contrast, fibroblasts with Parkinson’s 
mutations in PINK1 and LRRK2 demonstrated a significant 
increase in ΔΨm after 24 h of incubation (N = 5 experiments 
for PINK1, N = 4 experiments for LRRK2) (Fig. 3C). Thus, 
exogenous HSP70 could activate mitochondrial membrane 
potential which results in an increase of Δψm.

HSP70 Modifies Mitochondrial ROS Production

Mitochondrial ROS production in neurons and astrocytes 
depends on a number of metabolic parameters including 
ΔΨm [30]. Incubation of the primary neuroglial co-culture 
with C_HSP70 (1 h) increased the mitochondrial ROS pro-
duction measured with the fluorescent indicator MitoTracker 
Red CM-H2-XRos (N = 3 experiments; Fig. 4A, B).

It should be noted that application of the full HSP70 to 
control fibroblasts induced an increase in the rate of mito-
chondrial ROS production in the same way as C_HSP70 
in a co-culture of neurons and astrocytes (N = 5 experi-
ments; Fig. 4C). Prolonged incubation (up to 24 h) of the 
full HSP70 with fibroblasts with LRRK2 mutation also 
induced elevation of the mitochondrial ROS production 
(N = 4 experiments; Fig. 4D, F). However, in contrast to con-
trol and LRRK2 mutation, incubation of the fibroblast with 
PINK1 mutation with exogenous HSP70 induced decrease 
in mitochondrial ROS production (Fig. 4E-F). Thus, both—
C_HSP70 and full HSP70 activate mitochondrial ROS 
production in fibroblasts and in co-culture of neurons and 
astrocytes.

Exogenous HSP70 Induces Mitophagy in Neurons 
and Astrocytes and Fibroblasts with PINK1 Mutation

Mitophagy is a cellular physiological process in which 
mitochondria are selectively degraded by autophagy. It 
is essential for mitochondrial renewal and prevention of 
different pathological conditions, such as hypoxia and oxi-
dative damage. After 24 h of incubation with C_HSP70, 

Fig. 3   HSP70 changes ΔΨm in primary neurons and astrocytes and 
Parkinson’s disease fibroblasts. Effect of C-terminal fragment of 
HSP70 (C_HSP70) on mitochondrial membrane potential (ΔΨm 
-TMRM fluorescence intensity taken as a maximal values of fluores-
cence in Z-stack images) in primary cortical co-cultures of neurons 
and astrocytes (A and Ai). Effect of C_HSP70 on TMRM inten-

sity in control fibroblasts (B, control taken as 100%) and fibroblasts 
with PINK1 (C, untreated PINK1 taken as 100%) and LRKK2 (D, 
untreated LRRK2 taken as 100%) mutations associated with familial 
Parkinson’s disease. Scalebar 10 μm. Data presented as mean ± SEM. 
Significance was accepted at a 95% confidence level (p < 0.05)
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we detected a significantly higher mitophagy level in the 
primary co-culture of neurons and astrocytes, as deter-
mined by colocalization of MitoTracker Green FM and 
LysoTracker Red DND-99 as described (Fig.  5A-C). 
The colocalization coefficients of mitochondria and lys-
osomes were 9.6 ± 0.8% and 13.2 ± 1.1% for control cells 
and after 24 h of incubation with C_HSP70, respectively 
(N = 3 experiments, n = 69 cells after C_HSP70 incuba-
tion, n = 50 control cells).

It should be noted that C_HSP70 induced mitophagy 
not only in neurons and astrocytes but also in fibro-
blasts. Thus, 24 h of incubation of control fibroblasts 
with C_HSP70 increased colocolisation of mitochondria 
and lysosomes from 34 ± 4% to 56 ± 7%, N = 5 experi-
ments; Fig. 5D, E, F). Importantly, C_HSP70 induced 
mitophagy even in fibroblasts of patients with PINK1 
mutation (Fig. 5G, H, J).

Exogenous HSP70 Protects Neurons and Glia 
Against Rotenone‑Induced Neurotoxicity

Rotenone, a nonselective inhibitor of the mitochon-
drial complex I, is widely used to induce a toxic 

cellular model of Parkinson's disease [31]. We there-
fore, employed this method to mimic PD in our cells and 
test the protective capacity of HSP70 against necrotic 
and apoptotic cell death in the pathology. 24 h incuba-
tion of the primary cortical neuroglial co-culture with 
5 μM rotenone increased (up to 55 ± 1.8%) the number 
of PI-labeled cells, indicating necrotic cells (Fig. 6A-B). 
Pre-incubation of the cells with C_HSP70 significantly 
decreased the percentage of necrotic cells, although it 
did not reach the level of the necrotic cells in the control 
culture (24.7 ± 1.5%, in the rotenone-induced neurotox-
icity model and 41.4 ± 8% of cells incubated with rote-
none and C_HSP70, n = 3 experiments for each group; 
p < 0.0001; Fig. 6A, B).

Apoptosis was detected based on the morphologi-
cal features described previously [32]. In control cultures 
11.3 ± 0.5% of the dead cells had fragmented nuclei, sug-
gesting apoptosis in these cells. In the rotenone-induced 
neurotoxicity model, the percentage of apoptotic cells was 
significantly higher – 12.9 ± 0.6%. Pre-incubation with C_
HSP70, reduced the number of cells undergoing apoptosis 
to 6.1 ± 0.4%, which was significantly lower in compari-
son with the rotenone group and the control culture (N = 3 

Fig. 4   HSP70 increases mitochondrial ROS production in primary 
neurons, astrocytes and Parkinson’s disease fibroblasts. Average 
traces of MitoTracker Red CM-XRos fluorescence, which indicates 
mitochondrial ROS production in control cells and cells after 1  h 
incubation with C_HSP70 in primary cortical co-culture (A). B- The 
rates of mitochondrial ROS production in primary neurons and astro-
cytes (normalized to control). C- the rate of the mitochondrial ROS 
production in control fibroblasts depending on the time of incuba-

tion with HSP70 (normalized to untreated control). Average traces 
of MitoTracker Red CM-H2 X ROS fluorescence in fibroblasts with 
LRRK2 mutation (D) or PINK1 mutation (E) with and without 24 h 
incubation with HSP70. The rate of mitochondrial ROS production in 
control, PINK1 mutation and LRRK2 mutation fibroblasts (untreated 
control was taken as 100%) treated and untreated with HSP70 for 
24 h. Data presented as mean ± SEM. **p < 0.01
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experiments, p < 0.0001) (Fig. 6C). In order to prove the 
protective effect of exogenous HSP70 against rotenone-
induced apoptosis we used fluorescent substrate for cas-
pase-3, NucView 488, which becomes fluorescent and 
binds to nuclear DNA upon activation of the key apoptotic 
enzyme caspase-3 (Bryanskaya et al. 2023). Incubation of 
the primary neurons and astrocytes with 5 μM rotenone for 
6 h induced appearance of the NucView 488 signal in the 
nuclei of 40.4 ± 5% of cells (Fig. 6D, E). Pre-incubation of 
the neurons and astrocytes with HSP70 significantly reduced 
percentage of NucView 488 positive cells (to 21.6 ± 1.4%, 
N = 3 experiments, p < 0.001; Fig. 6D, E) that confirmed pre-
viously shown anti-apoptotic effect of HSP70 in glial cells 
(DOI: https://​doi.​org/​10.​3390/​cells​11010​093).

Exogenous HSP70 Protects Fibroblasts with PINK1 
or LRRK2 Mutations

In the case of the human fibroblasts, incubation of the cells 
with full peptide HSP70 did not change the percentage of 

PI-labeled cells in control fibroblasts (6.1 ± 0.8% versus 
6.5 ± 0.7% after 24 h of HSP70 incubation, N = 14 experi-
ments, Fig. 6F). However, HSP70 significantly decreased the 
percentage of necrotic cells in the fibroblasts with PINK1 
mutation (from 12.1 ± 0.8% to 7.8 ± 0.6% after 24 h of 
HSP70 incubation, N = 3 experiments) and LRRK2 muta-
tions (14.5 ± 0.9% versus 6.8 ± 0.7% after 24 h of HSP70 
incubation) (p < 0.01) Fig. 6F), indicating that HSP70 pro-
tects against cell death also in the familial model of PD.

Discussion

Here we have shown that recombinant HSP70 is able to pass 
plasma membrane and distribute in the cytosol and cellu-
lar organelles. It should be noted that the concentration of 
HSP70 is not stable and starts to reduce after 3 h of incu-
bation. Considering high colocalization of the fluorescent 
HSP70 with lysosomes, we can suggest it induces the acti-
vation of the autophagic removal of unwanted exogenous 

Fig. 5   Exogenous HSP70 
induces mitophagy in neurons, 
astrocytes and fibroblasts. Colo-
calization of MitoTracker Green 
and LysoTracker Red in control 
primary neuroglial culture (A) 
and after 24 h of incubation 
with C_HSP70 (B), percentage 
of colocalization in C. Colo-
calization of MitoTracker Green 
and LysoTracker Red in control 
fibroblasts (D) and after 24 h 
of incubation with C_HSP70 
(E), increase percentage of 
colocalization (F). Colocaliza-
tion of MitoTracker Green and 
LysoTracker Red in PINK1-
mutated fibroblasts (G) and 
after 24 h of incubation with C_
HSP70 (H), increase percentage 
of colocalization (J) scalebar 
10 μm. Data presented as 
mean ± SEM. Significance was 
accepted at a 95% confidence 
level (p < 0.05)

https://doi.org/10.3390/cells11010093
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proteins including recHSP70 [33]. However, physiological 
activity of HSP70 after 3 h, with maximal values in 24 h of 
incubation, when the level of HSP70 is relatively low, sug-
gests that for activation of HSP70-dependent processes the 
concentration of this peptide should not be very high. Previ-
ous studies suggested that exogenous HSP70 diffusion into 
the cells depends on the cell type [21] and the most available 
data indicates the perinuclear zone localization of eHSP70 
in brain cells under stress conditions [21, 22], similar to the 
localization of the endogenous HSP70 [34].

It should be noted that we have not found any differences 
in the action of full peptide and of C-terminal fragment of 
HSP70 (C_HSP70) obtained with a construction based on 
the pET28 vector encoding a fragment of HSP70 (385–641 
amino acid residues). Both peptides increased mitochondrial 
membrane potential, activated mitochondrial ROS produc-
tion in neurons and fibroblasts and demonstrated the ability 
to protect cell against toxic (rotenone) or familial forms of 
Parkison’s disease.

Although intracellular localization of the endogenous 
HSP70 is disputable on the basis of the functional activity, 
we suggest that exogenous HSP70 is mostly localized in the 

same organelles as endogenous HSP70 and exercises simi-
lar functions as lysosomal membrane stabilizer, activator of 
mitophagy [35] and as a protector against ER stress [36].

Exogenous HSP70 is able to increase ΔΨm in neurons, 
astrocytes and fibroblasts in a similar way as the endog-
enous protein improves energy metabolism [37]. It should 
be noted, that the more pronounced effect of HSP70 on 
ΔΨm with fibroblasts with PD could be explained by 
the restoration of the potential in these cells, since basal 
mitochondrial membrane potential in PINK1 and LRRK2 
mutated fibroblasts is lower compared to control cells 
[25, 38, 39].

Mitochondrial ROS production depends on mitochondrial 
membrane potential and very often increases with hyperpo-
larization, which plays a signaling role and may be a trigger 
of pathology [30, 40]. Considering this, the increase of ΔΨm 
induced by HSP70 in primary cortical co-cultures and in 
fibroblasts could be a trigger for mitochondrial ROS produc-
tion. The decrease in the rate of mitochondrial ROS produc-
tion observed in fibroblasts with the PINK1 mutation could 
be due to the restoration of normal mitochondrial function 
in these cells [41].

Fig. 6   Exogenous HSP70 indices cell protection against rotenone-
induced neurotoxicity and in familial Parkinson’s’ disease fibroblast 
models. Primary neuroglial co-culture labeled with Hoechst 33,342 
(blue, labelling all nuclei) and PI (red, labelling nuclei of necrotic 
cells): control culture, after 5 μM rotenone incubation and after rote-
none and C_HSP70 24 h incubation (A). The arrows indicates frag-
mented nuclei. Percentage of necrotic cells in the primary neuroglial 
co-culture (B), cells with apoptotic features in the primary neuroglial 
co-culture (C). Images of the Hoechst 33,342 (blue, labelling all 

nuclei) and NucView488 (green) of primary co-cultures of neurons 
and astrocytes treated with 5 μM rotenone for 6 h and with preincu-
bation with HCP70. D- percentage of NucView 488 positive neurons 
and astrocytes. The number of dead cells (PI positive necrotic cells) 
in control, PINK1-, and LRRK2-mutated fibroblasts before and after 
incubation with HSP70 (F). One-way ANOVA was used for statis-
tics. Scalebar 100 μm. Significance was accepted at a 95% confidence 
level (p < 0.05)
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Protection of the cells from toxic (rotenone) or familial 
forms of Parkinsons’ disease models could be due to activa-
tion of autophagy, mitophagy and mitochondrial metabo-
lism in these cells. It t is not surprising that this cytopro-
tection was higher in the cells with pathology, where all 
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