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Abstract. Microglia (MG)-induced neurotoxicity, a major 
determinant of Alzheimer's disease, is closely related to the 
survival of neural stem cells (NSCs). Heat shock protein 75 
(Hsp75) has been reported to exert protective effects against 
environmental stresses; however, whether or not it protects 
NSCs against MG-derived soluble factor-induced neurotox-
icity remains unclear. In the present study, we constructed 
NSCs that overexpressed human Hsp75 protein and estab-
lished a co-culture system in order to elucidate the role of 
Hsp75 in NSC-MG interactions. The results obtained indi-
cated that Hsp75 expression increased after 12 h of soluble 
factor induction and continued to increase for up to 36 h of 
treatment. The overexpression of Hsp75 decreased NSC 
apoptosis and preserved mitochondrial membrane potential. 
Further experiments revealed that the overexpression of Hsp75 
inhibited the formation of cyclophilin D (CypD)-dependent 
mitochondrial permeability transition pore (mPTP) involve-
ment in neurotoxicity-mediated mitochondrial dysfunction 
and suppressed the activation of the mitochondrial apoptotic 
cascade, as demonstrated by the inhibition of the release of 
cytochrome c  (Cytc) and the activation of caspase-3. The 
findings of this study demonstrate that Hsp75 overexpression 
prevents the impairment of NSCs induced by MG-derived 
soluble factors by regulating the opening of mPTP. Thus, 

Hsp75 warrants further investigation as a potential candidate 
for protection against neurotoxicity.

Introduction

Alzheimer's disease (AD) is a chronic neurodegenerative disease 
that is characterized by progressive learning and memory loss, 
the incidences of which increase with age. The classical patho-
logical hallmarks of AD are an intracellular accumulation of 
amyloid plaques and neurofibrillary tangles (NFTs) along with 
the loss of neurons (1,2). The β-amyloid peptide (Aβ) is the 
main component of amyloid plaques, and it plays a vital role 
in the formation of both amyloid plaques and NFTs. In addi-
tion, Aβ interactions with receptors (e.g., ryanodine receptors, 
the N-methyl-D-aspartate receptor, N-formyl peptide receptor 
like-1, CD36 receptor and α7 nicotinic acetylcholine receptor) 
which are expressed in brain cells [e.g., neuronal cells, endo-
thelial cells and microglia (MG)/microglial (MG) cells] induce 
neurotoxicity (3). MG cells are the resident antigen-presenting 
cells in the central nervous system (CNS). They can be acti-
vated in response to environmental toxins and are known to 
display diverse reactions that are associated with both protec-
tive and deleterious effects. It is widely accepted that Aβ can 
accelerate neurodegeneration by activating MG cells  (4,5) 
and that MG cell activation results in the release of soluble 
factors, including reactive oxygen species, various inflamma-
tory mediators and chemokines. When neurons are exposed 
to an excess of soluble factors, neuronal apoptosis increases. 
Although neural stem cells (NSCs) are capable of self-renewal 
and are multipotent cells that can differentiate into the main 
cell phenotypes of the CNS in order to maintain CNS homeo-
stasis (6,7), the proliferation and differentiation of NSCs are 
also suppressed due to the release of numerous soluble factors. 
Therefore, one possible treatment strategy for AD would be to 
protect NSCs against MG-derived soluble factors. The murine 
MG cell line, BV-2, has been used previously as a substitute 
for primary MG cells, as it exhibits very similar behavior (8). 
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In addition, the C17.2 NSC line is capable of self-renewal and 
differentiation (9) and has been used as a model system for 
neurodegenerative diseases (10). Thus, in the present study, we 
used BV-2 cells and C17.2 cells as replacements for primary 
MG cells and primary NSCs, respectively.

Previous studies have confirmed that the mitochondrial 
permeability transition pore (mPTP) plays an important role 
in cell apoptosis. The opening of the mPTP results in potential 
dissipation of the membrane, mitochondrial swelling, rupture 
of the outer membrane, the release of pro-apoptotic proteins, 
such as cytochrome c (Cytc) and the induction of caspase‑3-
like activity, which eventually initiates apoptosis  (11-13). 
Indeed, irreversible mitochondrial impairment caused by 
mPTP opening is a key step in apoptosis under Aβ-induced 
neurotoxic, and other, conditions. These findings suggest that 
mPTP activation is a key player in cell death and is a potential 
target for cytoprotective intervention.

Heat shock protein 75 (Hsp75) is a member of the Hsp70 
chaperone family and is expressed predominantly in mito-
chondria (14) as a marker of stress. Hsp75 is not heat-inducible, 
but it has been reported to respond to other forms of stress, 
including glucose deprivation, oxidative injury, focal ischemia 
and certain drugs (15-20). However, it remains unclear as to 
whether Hsp75 can respond to MG-derived soluble factors. 
Thus, in this study, we examined Hsp75 expression in NSCs 
in response to MG-derived soluble factors. Recent studies have 
revealed that Hsp75 expression plays a vital role in maintaining 
mitochondrial function and cell survival under various patho-
logical conditions, including AD (21-23). However, further 
details of the neuroprotective mechanisms associated with 
Hsp75 remain to be elucidated, particularly its anti-apoptotic 
effects on NSCs. We hypothesized that the overexpression of 
Hsp75 would inhibit the formation of cyclophilin D (CypD)-
dependent mPTP opening and reduce the release of Cytc into 
the cytosol following treatment with Aβ1-42 in an NSC-MG cell 
co-culture system. To examine this hypothesis, NSCs overex-
pressing Hsp75 protein were constructed and then subjected to 
the above-mentioned treatment. Apoptosis was evaluated by 
flow cytometry. In addition, changes in the protein expression 
of related proteins were assessed by western blot analysis.

The purpose of this study was to investigate changes in 
Hsp75 expression following treatment with soluble factors and 
to observe whether Hsp75 overexpression provides protection 
against MG-derived soluble factor-induced neurotoxicity by 
regulating mPTP opening.

Materials and methods

Cell culture and the NSC-MG cell co-culture system. In the 
present study, we used BV-2 cells and C17.2 cells as replacements 
for primary MG cells and primary NSCs, respectively. The 
immortalized murine NSC line, C17.2, was generously provided 
by Professor Wei Lin Jin (Shanghai Jiao Tong University, 
Shanghai, China). The C17.2 cells were cultured in high glucose 
Dulbecco's modified Eagle's medium  (DMEM) containing 
10% fetal bovine serum (FBS), 5% horse serum, and 2 mM gluta-
mine. The murine MG cell line, BV-2, was a gift from Professor 
Ai Min Ji (Southern Medical University, Guangzhou, China). 
The BV-2 cells were propagated in flasks containing DMEM 
supplemented with 10% FBS, at 37˚C with 5% CO2. Cells in the 

exponential growth phase were used for the experiments. The 
morphology of C17.2 cells was observed under a microscope.

The MG cells were cultured in a Transwell system (3450; 
Corning Corp., Corning, NY, USA) that was placed above the 
NSC layer. The NSCs and MG cells shared the same medium, 
but had no direct cell-cell interactions, as the cells were physi-
cally separated with a polyester membrane. The pore size of 
the Transwell (0.4 µm) does not permit cell migration through 
the membrane. The MG cells were then stimulated with Aβ1-42 
(10 µM). In the presence of inserts containing MG cells, on 
top of the NSC layer, we observed the response of the NSCs 
to the diffusible factors secreted by the stimulated MG cells. 
C17.2  cells in the control group were placed in the lower 
chamber and the upper chamber was left empty. C17.2 cells 
were placed in the lower chamber in a final concentration of 
10 µM Aβ1-42 (group of C17.2 cells directly exposed to Aβ1-42).

Preparation of Aβ1-42. Aβ1-42 (US Biological, Salem, MA, 
USA) was dissolved in 35%  acetonitrile and then further 
diluted to 10 mM with phosphate-buffered saline (PBS). The 
peptide solution was subsequently incubated at 37˚C for 72 h 
to promote aggregation and fibrillization, followed by freezing 
and storage at -20˚C. The final working concentration was 
10 µM Aβ1-42 diluted in culture medium.

Recombinant adenoviral vector for Hsp75 overexpression. 
A recombinant adenoviral vector overexpressing Hsp75 
(Ad-Hsp75-GFP) and a negative control adenoviral vector 
(Ad-GFP) were produced by HanBio (Shanghai, China). The 
vectors encoded the green fluorescent protein (GFP) sequence, 
which served as a marker gene. When the C17.2 cells reached 
60% confluence, recombinant adenovirus was added at a multi-
plicity of infection of 100 for 36 h. The cells were observed 
under a fluorescence microscope (Olympus, Tokyo, Japan) to 
detect the presence of fluorescent protein. All the recombinant 
adenoviruses were tested for Hsp75 protein expression in the 
C17.2 cells by western blot analysis.

Isolation of mitochondria. Mitochondria were isolated from 
the NSCs (C17.2 cells) using the Mitochondria Isolation kit 
for cultured cells (Thermo Fisher Scientific, Waltham, MA, 
USA) according to the manufacturer's instructions. Briefly, the 
samples were harvested, and this was followed by the addition 
of 800 µl mitochondria isolation reagent A, 10 µl mitochondria 
isolation reagent B and 500 µl mitochondrial isolation reagent C 
(from Mitochondria Isolation kit for cultured cells; Thermo 
Fisher Scientific, Waltham, MA, USA). Cytosolic and mitochon-
drial proteins were harvested according to the manufacturer's 
instructions and then concentrated using an Amicon® Ultra-0.5 
Centrifugal Filter device (Millipore, Billerica, MA, USA).

Cell viability assays. The apoptotic rates of the NSCs (C17.2 
cells) were examined using an Annexin V-APC/7-AAD apop-
tosis detection kit (BD Pharmingen, San Diego, CA, USA) in 
accordance with the manufacturer's instructions. Following 
treatment with Aβ1-42 for 36 h, the cells were harvested and resus-
pended in binding buffer at a density of 1x106 cells/ml. The cells 
were mixed with 5 µl Annexin V-APC and 5 µl 7-AAD and then 
incubated for 15 min at room temperature in the dark. Finally, the 
cells were analyzed using a flow cytometer (BD Pharmingen).
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Western blot analysis and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR). Following treatment, 
the C17.2 cells were collected and lysed for protein expres-
sion analysis. The protein concentration was determined using 
the BCA protein assay kit (Thermo Fisher Scientific) with 
bovine serum albumin as a standard. Total protein equivalents 
were denatured and separated on a 10-15% sodium dodecyl 
sulfate (SDS)-polyacrylamide gel, and the proteins were then 
transferred onto Immobilon-P Transfer membranes (Millipore). 
The membranes were blocked with 5% non-fat dry milk for 1 h at 
room temperature and then incubated with primary antibodies. 
The primary antibodies were as follows: Hsp75 (ab151239; 
Abcam, Cambridge, MA, USA), CypD (A3208; ABclonal, 
Cambridge, MA, USA), Cytc (ab133504; Abcam), caspase-3 
(WL0146; Wanleibio, Shenyang, China), COX IV (internal 
control for mitochondrial protein; ab140643; Abcam), glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH; KC-5G5) 
and β-actin (KC-5A08; both from KangChen  Bio-tech, 
Shanghai, China) and α-tubulin (AT819; Beyotime Institute 
of Biotechnology, Haimen, China). The secondary antibodies 
were either goat anti-rabbit (BA1054; Boster Biotech Co., Ltd., 
Wuhan, China) or mouse (bs-0296G-HRP; Bioss Co., Beijing, 
China) immunoglobulin G  (IgG). Horseradish-conjugated 
secondary antibody labeling was detected using enhanced 
chemiluminescence (Thermo Fisher Scientific) according to 
the manufacturer's instructions. The optical density of the 
bands was analyzed with ImageJ software.

For RT-qPCR, total RNA was extracted from the C17.2 cells 
using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA). The 
RNA (2 µg) was reverse transcribed into cDNA using ReverTra 
Ace®  qPCR  RT Master Mix with the gDNA Remover kit 
(Toyobo, Osaka, Japan). Real-time monitoring of the PCR 
amplification of cDNA was detected using a real-time PCR 
detection system (ABI  PRISM®  7500 sequence detection 
system). PCR amplification was conducted as follows: 40 cycles 
at 95˚C for 15 sec and an extension at 60˚C for 32 sec. The data 
were quantified using the 2-ΔΔCt method. The following primers 
were used: mouse CypD, 5'-AACTTCAGAGCCCTATGCA-3' 
(forward) and 5'-TCCTGTGCCATTGTGGTT-3' (reverse); 
mouse caspase-3, 5'-GTTCATCCAGTCCCTTTGC-3' 
(forward) and 5'-TGTTAACGCGAGTGAGAATG-3' (reverse); 
mouse β-actin, 5'-GCTTCTAGGCGGACTGTTAC-3' (forward) 
and 5'-CCATGCCAATGTTGTCTCTT-3' (reverse). β-actin (a 
housekeeping gene) was used as an internal reference.

Immunocytochemistry. Cell cultures in 96-well plates were 
examined by fluorescence immunocytochemistry. The cells were 
washed twice in PBS and then fixed in 4% paraformaldehyde for 
30 min at room temperature. The cells were then washed twice 
with PBS and permeabilized with 0.3% Triton X-100 for 20 min. 
Non-specific binding sites were blocked via incubation with 
3% goat serum for 40 min. The cells were then incubated with a 
mouse monoclonal primary antibody against nestin (a marker of 
NSCs) (ab6142; Abcam) at a dilution of 1:200 in 1% BSA over-
night at 4˚C. On the following day, the cells were washed 3 times 
for 5 min each time and incubated with rhodamine-conjugated 
goat anti-mouse secondary antibody (SA00006‑1; Proteintech, 
Chicago, IL, USA) at room temperature for 1.5 h in the dark; this 
was followed by 2 washes in PBS. Subsequently, the nuclei were 
counterstained with 4',6-diamidino-2-phenylindole (DAPI), and 

the stained cells were observed under a fluorescence microscope 
(Olympus AX80; Olympus).

Mitochondrial membrane potential. The mitochondrial 
membrane potential was monitored using the fluorescent dye, 
tetramethylrhodamine ethyl ester (TMRE; Molecular Probes, 
Eugene, OR, USA). Following treatment, the cells were washed 
with PBS and incubated in the dark with 100 nM TMRE at 
37˚C for 15 min. The cells were then washed 3 times with 
PBS and observed under a fluorescence microscope (Olympus 
AX80; Olympus).

Statistical analysis. Data are expressed as the means ± stan-
dard error of the mean (SEM). Differences among groups were 
analyzed by one-way ANOVA followed by the least significant 
difference (LSD) or Dunnett’s T3 post-hoc test. A p-value <0.05 
was considered to indicate a statistically significant difference.

Results

The stimulation of MG cells with Aβ1-42 increases Hsp75 expres-
sion in C17.2 cells. Western blot analysis was used to measured 
the Hsp75 expression levels following treatment with Aβ1-42 in 
the NSC-MG co-culture system. The level of Hsp75 increased in 
the C17.2 cells following direct exposure to Aβ1-42 (+Aβ group). 
Although Hsp75 expression was low in the control group, the 
levels of Hsp75 in the C17.2 cells gradually increased from 12 
to 36 h following treatment of the MG cells with Aβ1-42 in the 
co-culture system (Fig. 1). Based on this result, 36 h was used as 
the optimal treatment time in subsequent experiments.

Verification of Ad-GFP and Ad-Hsp75 transfection. We 
constructed a recombinant adenoviral vector for transfection 
using a GFP tag. Following 36 h of infection, the infection effi-
ciency was visualized by measuring GFP expression (Fig. 2A). 
At 36 h following transfection, C17.2 cells were shuttle-like or 
irregular shaped and no obvious changes in the morphology of 
the C17.2 cells were observed among these groups (Fig. 2B). In 
addition, we detected the expression of nestin (a NSC marker) in 
3 groups (control group, Ad-GFP group and Ad-Hsp75 group). 
As shown in Fig. 2C, C17.2 NSCs were all nestin-positive. 
Additionally, Hsp75 expression increased significantly in the 
C17.2 cells that were infected with Ad-Hsp75 compared to those 
that were infected with the negative control vector (Ad-GFP), 
and to the endogenous Hsp75 levels in the control cells, as indi-
cated by the results of the western blot analysis (Fig. 3).

Hsp75 overexpression protects C17.2 cells against soluble 
factor-induced neurotoxicity. As Hsp75 expression in the NSCs 
increased following treatment with soluble factors (Aβ1‑42), we 
thus performed experiments to determine whether this increase 
in Hsp75 expression exerts a protective effect against the neuro-
toxicity induced by diffusible soluble factors. To investigate the 
effects of Hsp75 overexpression on neurotoxicity, a C17.2 cell 
line overexpressing human Hsp75 was established. We then 
investigated the effects of Hsp75 overexpression on soluble 
factor-induced apoptosis in the C17.2 cells. Apoptotic-like cell 
death was assayed by flow cytometry using Annexin V-APC 
and 7-AAD (Fig. 4). Following treatment of the C17.2 cells 
with Aβ1-42, the percentage of apoptotic cells increased to 
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approximately 12% compared with only 4% in the control 
group (p<0.05), which demonstrated that Aβ1-42 at a concentra-
tion of 10 µM induced cell apoptosis. In the co-culture system, 
the proportion of apoptotic NSCs was approximately  4% 

in the NSC-MG cell co-culture system without Aβ1-42 
treatment  (-MG  group), and there was no apparent differ-
ence (p>0.05) between the cells in the NSC-MG co-culture 
system without treatment with Aβ1-42 and the control group. 

Figure 2. Photomicrographs showing C17.2 cells transfected with adenovirus. (A) C17.2 cells were infected with adenovirus green fluorescent protein (Ad‑GFP) 
or adenovirus heat shock protein 75 (Ad-Hsp75) for 36 h and observed under a fluorescence microscope to determine the infection efficiency by visualizing the 
expression of GFP. Magnification, x100. (B) Representative phase contrast micrographs showing the morphology of C17.2 cells. C17.2 cells were transfected with 
Ad-GFP or Ad-Hsp75 for 36 h. The morphology of C17.2 cells was observed using a phase contrast microscope. Magnification, x200. (C) Detection of nestin 
protein expression in C17.2 cells following infection. Magnification, x400.

Figure 1. Effects of microglial (MG)-derived soluble factors on the level of heat shock protein 75 (Hsp75) in neural stem cells (NSCs). (A) Western blot analysis 
showing Hsp75 levels in the co-culture system. (B) Hsp75 levels were normalized to GAPDH in the co-culture system. Data are the means ± SEM. *p<0.05 
compared to the control group. The experiment was repeated 3 times. Aβ, β-amyloid peptide.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  36:  1487-1496,  2015 1491

When the MG cells were treated with Aβ1-42 for 36 h in the 
co-culture system, the percentage of early and late apoptotic 
cells markedly increased, and also increased in the Ad-GFP 
group, compared with the control group (p<0.05) (Fig. 4B). 
By contrast, Hsp75 overexpression markedly prevented 
MG-derived soluble factor-induced apoptosis. These results 
indicate that Hsp75 overexpression provides protection against 
MG-derived soluble factor-induced neurotoxicity in NSCs.

Hsp75 overexpression attenuates soluble factor-induced 
mitochondrial dysfunction. As mitochondrial membrane 
potential is a key indicator of cell apoptosis, we speculated 
that soluble factor-induced neurotoxicity correlates with 
mitochondrial dysfunction. To examine the effects of Hsp75 
overexpression on mitochondrial dysfunction, mitochondrial 
membrane potential was monitored using the fluorescent dye, 
TMRE. As shown in Fig. 5, compared with the control group, 
mitochondrial membrane potential significantly decreased in 
the C17.2 cells that were exposed directly to Aβ1-42. However, 
there was no apparent difference between the NSC-MG cell 
group (in the co-culture system) without treatment with Aβ1-42 

and the control group. Additionally, in the co-culture system, 
mitochondrial membrane potential in the presence of Hsp75 
overexpression was protected against diffusible soluble factor-
mediated neurotoxicity. By contrast, the TMRE signal was 
reduced in the NSC-MG cells treated with Aβ1-42 and in the 
adenoviral vector-infected C17.2 cells (Ad-GFP group). The 
above-mentioned results indicate that Hsp75 overexpression 
can effectively prevent soluble factor-induced mitochondrial 
dysfunction.

Hsp75 overexpression reduces soluble factor-induced CypD-
dependent mPTP opening. Previous studies have confirmed 
that mitochondrial membrane potential dissipation is 
accompanied by an increase in mPTP opening and indirectly 
reflects the state of mPTP opening  (24-26). Additionally, 
it has been demonstrated that CypD is an important regula-
tory component of mPTP and plays a vital role in regulating 
mPTP opening (27-29). Increasing evidence suggests that an 
increased abundance of CypD directly reflects the state of 
mPTP opening and that CypD-mediated mPTP opening is 
closely related to cell viability (30-32). Thus, in order to deter-

Figure 3. Hsp75 expression levels following infection. (A) Western blot analysis of Hsp75 protein expression in the uninfected control (endogenous) and in adenovirus 
green fluorescent protein (Ad-GFP)-infected and adenovirus heat shock protein 75 (Ad-Hsp75)-infected C17.2 cells. (B) Hsp75 levels were normalized with β-actin. 
*p<0.05 compared with the control group and Ad-GFP group. Data represent the means ± SEM. Representative results of 3 independent experiments are shown.

Figure 4. Effect of Hsp75 overexpression on soluble factor-induced apoptosis. (A) Neural stem cells (NSCs) were double-stained with Annexin V-APC and 
7-AAD and then analyzed by flow cytometry. (B) Representative histogram of the NSC apoptotic rate in different groups. Early and late apoptotic cell propor-
tionslevels were calculated. Data represent the means ± SEM. *p<0.05 compared to the control group; #p<0.05 compared to the NSC-microglial (NSC‑MG) cells 
treated with β-amyloid peptide (Aβ)1-42 and the adenovirus green fluorescent protein (Ad-GFP) group. Three independent experiments were performed.
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mine whether Hsp75 overexpression protects NSCs against 
MG-derived soluble factor-induced neurotoxicity by regu-
lating mPTP opening, we estimated the relative abundance 
of CypD (Fig. 6). Briefly, compared with the control group, 
the CypD expression levels were upregulated in the C17.2 
cells following direct exposure to Aβ1-42, which is consistent 
with the results of a previous study (33). According to the 

results of western blot analysis, the CypD levels in the soluble 
factor-stimulated group in our co-culture system (NSC-MG 
cell group with Aβ1-42 treatment and the Ad-GFP group) 
were significantly increased as compared to the non‑soluble 
factor group (control group). By contrast, the CypD levels 
were downregulated in response to Hsp75 overexpression. We 
observed similar results at the mRNA level.

Figure 5. Detection of mitochondrial membrane potential. (A) Following treatment, the NSCs were stained with TMRE and detected using a fluorescence 
microscope. Magnification, x200. (B) Average fluorescence intensity. *p<0.05 compared to the control group; #p<0.05 compared to the neural stem cell-microg-
lial (NSC‑MG) cells treated with β-amyloid peptide (Aβ)1-42 and the adenovirus green fluorescent protein (Ad-GFP) group. Ad-Hsp, adenovirus heat shock protein.

Figure 6. The expression of cyclophilin D (CypD) was analyzed by western blot analysis and RT-qPCR. (A) Western blot analysis of CypD and α-tubulin protein 
expression in NSCs following treatment. (B) Quantitative analysis of CypD protein expression. The expression of the targeted protein was determined relative to 
the expression of α-tubulin protein. (C) RT-qPCR analysis of CypD mRNA levels expressed in NSCs following treatment. The RT-qPCR experiment was done 
performed in triplicate, and CypD mRNA expression was normalized to the expression of β-actin. Data represent the means ± SEM. *p<0.05 compared to the 
control group; #p<0.05 compared to the neural stem cell-microglial (NSC-MG) cells treated with β-amyloid peptide (Aβ)1-42 and the adenovirus green fluorescent 
protein (Ad-GFP) group. Three independent experiments were performed. Ad-Hsp75, adenovirus heat shock protein 75.
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Hsp75 overexpression prevents the soluble factor-induced 
release of Cytc. The opening of the mPTP ultimately results in 
mitochondrial membrane potential dissipation, mitochondrial 
swelling, rupture of the outer membrane and the release of the 
pro-apoptotic factor, Cytc, from the mitochondrial matrix into 
the cytoplasm (13,34). We hypothesized that Hsp75 overex-
pression may reduce the soluble factor-induced release of Cytc.

The total amount of Cytc expression was measured by 
western blot analysis using NSCs (C17.2 cells) transfected with 
adenovirus. In the cytosolic fraction, no signal was observed 
in the NSCs (Fig. 7A), which is proof of the successful separa-
tion of the cytosolic fraction. In the mitochondrial fraction, 
there were no significant differences among the groups, and 
a strong signal was detected (Fig. 7B and C). These results 
indicated that the mitochondria were successfully separated, 
and that the total amount of Cytc protein expression was not 
altered following transfection with adenovirus.

To further determine whether Hsp75 overexpression 
reduces the soluble factor-induced release of Cytc, the 
release of mitochondrial Cytc into the cytosol was assessed 
by western blot analysis. Indeed, compared with the control 
group, the levels of Cytc increased significantly in the C17.2 
cells that were directly exposed to Aβ1-42. However, there 
was no clear difference between the NSC-MG cells (in our 
co-culture system; MG  group) without Aβ1-42 treatment 
and the control group. In addition, in the co-culture system, 
soluble factors significantly increased the release of Cytc in 
the NSC-MG cells treated with Aβ1-42 [MG(Aβ) group] and 
in the vector‑infected C17.2 cells (Ad-GFP group) compared 
to the control group, whereas cells overexpressing Hsp75 
exhibited a marked decrease in the release of Cytc. These data 
demonstrate that Hsp75 overexpression prevents the release of 
Cytc induced by soluble factors (Fig. 8).

Hsp75 overexpression prevents the soluble factor-induced 
activation of caspase-3. It has previously been demonstrated 
that mitochondrial Cytc release promotes apoptotic signaling 
and the activation of caspase-dependent apoptotic path-
ways (13,35). Caspase-3 activation results in DNA breakage, 
nuclear chromatin condensation and ultimately leads to apop-
tosis. In the present study, the results obtained for caspase-3 
activation were similar to the above-mentioned results 
obtained for Cytc release (Fig. 9). Thus, Hsp75 overexpression 
also led to a significant attenuation of soluble factor-induced 
caspase-3 activation, indicating that Hsp75 overexpression 
protects C17.2 cells against soluble factor-induced neuro-
toxicity by inhibiting the mitochondrial caspase-dependent 
apoptosis pathway.

Discussion

In the present study, we verified that C17.2 cells were 
nestin‑positive and had relatively high transfection rates with 
the recombinant adenoviral vector. In addition, we found that 
the morphology of the C17.2 cells was not altered following 
transfection. Therefore, the use of a recombinant adenoviral 
vector is a suitable approach for determining whether Hsp75 
provides protection against MG-derived soluble factor-induced 
neurotoxicity. Moreover, we demonstrated that treatment with 
Aβ1-42 in a co-culture system induced a time-dependent increase 
in the protein levels of Hsp75. Thus, MG-derived soluble 
factors induce an increase in the levels of Hsp75. Our data also 
indicate that the overproduction of Hsp75 inhibits soluble factor-
induced depolarization of mitochondrial membrane potential 
and cell death, reducing the abundance of mPTP, regulating 
CypD protein and inhibiting mitochondrial Cytc release and 
caspase-3 activity. In short, MG-derived soluble factors induce 

Figure 7. Lack of cytochrome c (Cytc) protein expression in the cytosolic fraction. (A) The Cytc in the cytosolic fraction was analyzed by western blot analysis. 
α-tubulin was used as an internal control for cytosolic protein. (B) Cytc in the mitochondria was analyzed by western blot analysis. COX IV protein served as 
an internal control for mitochondrial protein. (C) Quantitative analysis of Cytc protein expression in mitochondria. Data represent the means ± SEM. Three 
independent experiments were performed. Ad-GFP, adenovirus green fluorescent protein; Ad-Hsp75, adenovirus heat shock protein 75.
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mPTP opening, and concurrently, the pore opening results in 
the loss of mitochondrial membrane potential, the release of 
Cytc into the cytosol and, finally, the activation of a caspase 
cascade, leading to apoptosis. These results suggest that Hsp75 
overexpression protects against soluble factor-induced apop-
tosis by blocking the consequent apoptotic cascade which is 
mediated by mitochondria, as shown by the inhibition of CypD-
dependent mPTP opening, reduced mitochondrial Cytc release 
and decreased caspase-3 activity. Collectively, to the best of our 
knowledge, these results constitute the first evidence (relating 
to AD) that the protective effects of Hsp75 overexpression on 

soluble factor-induced neurotoxicity are attributable to the role 
which Hsp75 plays in maintaining mitochondrial function.

Hsp75 is a heat shock protein, and like other Hsp70 
members, it has been shown to be upregulated by diverse 
damaging stimuli: a previous study demonstrated that hypoxic 
injury increases Hsp75 levels in a time-dependent manner in 
cardiomyocytes (21). Moreover, deferoxamine, an iron chelator, 
has been shown to markedly decrease Hsp75 levels in a time‑ 
and dose-dependent manner in a normal human hepatocyte cell 
line (36). However, the changes in Hsp75 expression in NSCs 
following exposure to MG-derived soluble factors remain 

Figure 9. The level of caspase-3 was analyzed by western blot analysis and RT-qPCR. (A) Western blot analysis of caspase-3 and α-tubulin protein expression in 
neural stem cells (NSCs) following treatment. (B) Quantitative analysis of caspase-3 protein expression. The expression of the targeted protein was determined 
relative to the expression of α-tubulin protein. (C) RT-qPCR analysis of caspase-3 mRNA levels expressed in NSCs following treatment. The RT-qPCR experi-
ments were performed in triplicate, and caspase-3 mRNA expression was normalized to the expression of β-actin. Data represent the means ± SEM. *p<0.05 
compared to the control group; #p<0.05 compared to the NSC-microglial cells (NSC-MG cells; co-culture system) treated with β-amyloid peptide (Aβ)1-42 and 
the adenovirus green fluorescent protein (Ad-GFP) group. Three independent experiments were performed. Ad-Hsp75, adenovirus heat shock protein 75.

Figure 8. Determination of cytochrome c (Cytc) release from mitochondria. (A) The release of Cytc into the cytosol was analyzed by western blot analysis. 
α-tubulin was used as an internal control for cytosolic protein. (B) Quantitative analysis of Cytc protein release. Release of the targeted protein was relative to 
the expression of α-tubulin protein. Data represent the means ± SEM. *p<0.05, compared to the control group; #p<0.05 compared to the neural stem cell-microg-
lial (NSC-MG) cells treated with β-amyloid peptide (Aβ)1-42 and the adenovirus green fluorescent protein (Ad-GFP) group. Three independent experiments were 
performed. Ad-Hsp75, adenovirus heat shock protein 75.
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unclear. Based on the results of the present study, we concluded 
that soluble factors induce a time-dependent increase in Hsp75 
levels in NSCs.

Although we verified that soluble factors induce increased 
levels of Hsp75, the effect of the increase in Hsp75 remains to 
be explored. Therefore, we constructed NSCs overexpressing 
human Hsp75 protein in order to determine whether the increase 
in Hsp75 is a protective reaction in NSCs. Previous studies have 
demonstrated that Hsp75 is a mitochondrial molecular chap-
erone and anti-apoptotic protein; Hsp75 overexpression can 
suppress apoptosis induced by hypoxia in cardiomyocytes (21), 
ischemic injury in primary astrocytes (37), glucose deprivation 
in PC12 cells (16) and CHL cells (38), mercury exposure in 
renal cells (39), arsenite exposure in lung epithelial cells (40), 
iron chelation in a human hepatocyte cell line  (36) and 
Aβ1-42‑induced neurotoxicity in the SH-SY5Y cell line (22). 
We also demonstrated in the present study that Hsp75 overex-
pression exerts a protective effect against MG-derived soluble 
factor-induced neurotoxicity in an NSC cell line (C17.2 cells).

Previous biochemical studies have indicated that diverse 
damaging stimuli induce mPTP formation and that mPTP 
formation is closely related to AD (41,42). The mPTP consists 
of the voltage-dependent anion channel (VDAC), the adenine 
nucleotide translocator (ANT) and CypD. Although its exact 
structure remains controversial, CypD is generally accepted as 
a key regulatory component of the mPTP. Increasing evidence 
indicates that CypD contributes to the formation of mPTP and 
that mPTP formation results in severe mitochondrial membrane 
potential dissipation and the release of pro-apoptotic factors, 
which eventually leads to cell damage. In addition, it should 
be noted that Hsp75 is a mitochondrial molecular chaperone 
that maintains mitochondrial functions and is associated with 
the mPTP. As previously shown by Qu et al (23), Hsp75 over-
expression improves cell viability and decreases apoptosis by 
regulating mPTP opening. Similarly, Hsp75 overexpression 
also protects cells against hypoxic injury by reducing mPTP 
opening (21). Therefore, we hypothesized that Hsp75 overex-
pression may also exert a protective effect during exposure to 
MG-derived soluble factors by regulating CypD-dependent 
mPTP opening in NSCs. In the present study, we verified 
that the increase in CypD expression was prevented by Hsp75 
overexpression, and thus mPTP opening was decreased and the 
apoptotic pathways were subsequently inhibited.

In conclusion, to the best of our knowledge, our results 
provide the first evidence that Hsp75 is an effective protective 
protein against soluble factor‑induced neurotoxicity and that 
the protective effects are related to the elimination of mito-
chondrial dysfunction. However, our experiments were limited 
to the assessment of Hsp75 overexpression and a cellular 
model of AD, and therefore, further studies are required to 
determine whether Hsp75 overexpression provides significant 
protection against AD in animal models. In addition, the 
silencing of Hsp75 expression in vivo and in vitro needs be 
assessed in future studies. Finally, further investigations are 
warranted to examine whether soluble factors promote CypD 
translocation to the inner membrane to trigger mPTP opening 
and whether Hsp75 overexpression prevents CypD transloca-
tion. It may thus be possible to develop a novel therapeutic 
target for the treatment of AD based on the manipulation of 
Hsp75 expression.
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