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mortality despite optimal treatments [1]. The long-term sur-
vival incidence in GBM, i.e., > 3 years, is between 3% to 
and 5% [2]. Additionally, cognitive impairment is one of 
the major complications of the disease in patients with glio-
mas [1–3]. Differing cognitive functions are significantly 
impaired in long-term survivors suffering from glioblas-
toma which is not only due to tumoral mass effect but also 
due to neuroinflammation [2, 4]. The decline of cognitive 
functioning in glioblastoma patients may also directly relate 
to neurotoxicity.

Indeed, in brain tumors including GBM, coculturing gli-
oma cells and hippocampal neurons with or without direct 
contact causes neuronal death; yet interestingly, the exci-
totoxicity elicited by glioblastoma cells in these cocultures 
was not as high as that by glioblastoma-conditioned medium, 
where extracellular glutamate was allowed to accumulate 
freely by the release from glioblastoma cells [5]. It is not 
well-illuminated how these deadly malignancies induce the 
death of surrounding neurons. Hence, we aimed to determine 
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Abstract
Background  Glioblastoma multiforme, described as glioblastoma, is a malignancy originating from glial progenitors in the 
central nervous system and is the most malignant subtype of brain tumors which attracted researcher’s attention due to their 
high recurrence and mortality despite optimal treatments. In the study, we aimed to research whether glioblastoma-originated 
exosomes play a role in olfactory nerve cell toxicity.
Methods and results  For this aim, exosomes obtained from U373 and T98G cells were applied to olfactory nerve cell culture 
at distinct doses. Then, glutathione (GSH), lactate dehydrogenase (LDH), total antioxidant capacity (TAC), 3-(4,5-Dimeth-
ylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT), total oxidant status (TOS) and Immunofluorescence analyzes were 
performed. We found that both glioblastoma-derived exosomes decreased cell viability in olfactory neurons with increasing 
doses. According to the obtained data, the olfactory neuron vitality rate was 71% in T98G-exosome, but the decrease in 
U373-exosome was more obvious (48%). In particular, the 100 µg/ml dose exacerbated oxidative stress by increasing TOS. 
It also increased cellular apoptosis compared to the control group due to LDH leakage. However, the results of GSH and TAS 
showed that antioxidant levels were significantly reduced.
Conclusion  In the microenvironment of olfactory neurons, GBM-derived exosomes increased oxidative stress-induced tox-
icity by reducing TAC and GSH levels. Therefore, glioblastoma cells by induction of exosome-based stress support malig-
nant growth.

Keywords  Exosome · Glioblastoma · Olfactory · Neurotoxicity

Received: 30 October 2022 / Accepted: 4 January 2023 / Published online: 27 February 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Glioblastoma cell-derived exosomes induce cell death and oxidative 
stress in primary cultures of olfactory neurons. Role of redox stress

Yesim Yeni1 · Ali Taghizadehghalehjoughi2  · Sidika Genc2 · Ahmet Hacimuftuoglu3 · Serkan Yildirim4 · Ismail Bolat4

1 3

http://orcid.org/0000-0002-3506-0324
http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-023-08256-0&domain=pdf&date_stamp=2023-2-14


Molecular Biology Reports (2023) 50:3999–4009

whether exosomes are involved in glioblastoma-induced 
neuronal death which may contribute to versatile patholo-
gies in these tumors including cognitive deterioration, direct 
facilitation of tumor growth, induction of seizures, and even 
peritumoral edema. Previously, microvesicles shed from 
G26/24 oligodendroglioma cells were found to contain pro-
apoptotic proteins Fas-L and TRAIL and to induce apopto-
sis of neurons and benign astrocytes [6]. But, to the best of 
our knowledge, the effects of glioblastoma exosomes were 
not studied by regarding this aspect.

Exosomes are nano-sized (~ 30–150  nm in diameter) 
extracellular vesicles released by cells for cellular homeo-
stasis and intercellular communication. Compared to 
exosomes, microvesicles are bigger (~ 0.1–1.0  μm) and 
released by outward cytoplasmic membrane blebbing. Most 
cell types, including malignant cells, release exosomes that 
carry distinct molecules and cargo with respect to their 
respective benign cells [7]. The majority of the lipids in 
exosomes include cholesterol, sphingomyelin, phospholip-
ids; and triglycerides, indicating that exosomal membranes 
harbor lipid raft-like domains. The cholesterol level in exo-
somes from malignant cells contains much higher levels of 
cholesterol than the benign counterparts which may provide 
higher stability in the extracellular microenvironment [8]. 
As farnesylated ras can induce apoptosis in PC12 pheochro-
mocytoma cells during serum withdrawal, it is conceivable 
to propose that even oncogenic and prosurvival factors of 
glioblastoma cells released in exosomes may trigger cyto-
toxic effects in recipient cells [9]. This is also relevant to 
neurotrophins. Neurotrophins constitute a family of growth 
factors initially defined in the nervous system which support 
the survival of both neurons and cancer cells. Glioblastoma 
cells could release tropomyosin kinase B (TrkB)-containing 
exosomes which transfer the prosurvival resistance to other 
glioblastoma cells [10]. It may be presumed that TrkB-con-
taining glioblastoma exosomes may also increase the resis-
tance of neurons against apoptotic stimuli. Nonetheless, 
this may not be the case, especially in the context of motor 
neuron survival associated with the antioxidant enzyme 
SOD (superoxide dismutase). In vivo deletion of TrkB from 
motor neurons alleviates mutant SOD1-associated toxic-
ity with an accompanying decrease in neuroinflammation 
suggesting a detrimental role of TrkB in neurons in spe-
cial conditions [11]. Therefore, the prosurvival factors of 
glioblastoma cells supporting malignant growth may det-
rimentally affect healthy neurons. Indeed, this is the case 
that we have observed in this study and there exist many 
observations which could support these findings as will be 
discussed below.

Material method

Animals and brain tissue

One-day-old Sprague Dawley rats were purchased from 
the Medical Experimental Application and Research Cen-
ter (Turkey, Erzurum) for primary neuron culture. The body 
weight of the rat pups was 5 ± 1 g. Until experimental treat-
ment, rat pups were reared in standard cages and kept in 
laboratory conditions (12 h light/dark cycle and 22 ± 3  °C 
and 55 ± 5% humidity). Brain tissue was obtained by rap-
idly decapitating the rat pups. A cultural order was then 
established.

Primary neuron culture

This study was conducted in the Department of Medical 
Pharmacology at the Faculty of Medicine at Atatürk Uni-
versity. The rats were rapidly decapitated, the removed 
cortices were transferred to 5 mL of Hanks’ Balanced Salt 
solution, macro fragmentation with the help of a scalpel, 
and then micro lysis with 0.25% Trypsin − 0.02% Ethylene 
diamine tetra acetic acid (EDTA) (Sigma, USA). Subse-
quently, cells were then centrifuged at 1200 rpm for 5 min 
and cell medium ((Neurobasal medium)), 2% B27 (Sigma, 
USA), 10% FBS, 0.1% antibiotic) was added. Cells, whose 
medium was changed every 3 days, were incubated for 10 
days.

Cell culture

U373 and T98G cell lines were obtained from the Depart-
ment of Medical Pharmacology of Ataturk University 
(Erzurum, Turkey). They were cultured in 15% fetal 
bovine serum (FBS) (Sigma, USA), 1% antibiotic (strep-
tomycin, amphotericin B, and penicillin) (Sigma, USA), 
and dulbecco′s modified eagle′s medium - high glucose 
(DMEM-HG) (Sigma, USA) to produce the simultaneously 
differentiated tumor population from cell lines. All cell cul-
tures were incubated at 37 °C containing 5% CO2.

Exosome isolation

Exosomes are isolated from T98G and U373 cells. T98G 
and U373 cells were seeded in a fresh medium for this aim. 
After 80% confluency in 150 cm2 cell culture flasks (Corn-
ing, USA), 25 mL of complete medium was added. Subse-
quently, the Total Exosome Isolation Reagent (Invitrogen™ 
Cat. 4,478,359, MA, USA) protocol for the effective iso-
lation of exosomes was used as previously described [12]. 
Briefly, the conditioned medium and reagent (2:1) were 
mixed and incubated at 2 to 8 °C overnight. After incubation, 
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the samples were centrifuged at 10,000× g for 60  min at 
2 °C to 8 °C to pull down the exosomes at the bottom of the 
tube. The pellet was then resuspended in phosphate-buff-
ered saline (PBS) and prepared for characterization.

Exosome characterization

Scanning electron microscope (SEM) results were obtained 
from Atatürk University DAYTAM center. For SEM imag-
ing, 20 µL of exosome sample was loaded on grids, and then 
lyophilized by the freeze-drying procedure for 1  h. Grids 
were Au-coated and micrographs were taken by an SEM 
system (Zeiss Sigma 300, Germany) at 15 kV.

Application of exosomes

Different exosome concentrations were used to evaluate the 
effect of exosomes from T98G and U373 cell lines on olfac-
tory nerve cells: 1–5–10–50–100 µg/mL. Such concentra-
tions were selected based on similar studies reported in the 
literature [13, 14]. To assess the toxicity of GBM-derived 
exosomes, different concentrations of exosomes were added 
to primary olfactory neuron cells that covered 80% of the 
96-well. It was then incubated for 24 h. After the incuba-
tion period, MTT, TAC, TOS, GSH, and LDH analyses and 
immunohistochemical staining were performed. Untreated 
cells were used as controls for biochemical and immuno-
fluorescence evaluations.

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium bromide (MTT) assay

To determine cell viability, 5,000 cells per well were plated 
into a 96-well plate and these cells were allowed to grow 
for 24  h. Subsequently, cells were treated with different 
concentrations of exosomes except for control cells. Cell 
viability was determined 24 h later with the MTT kit accord-
ing to the manufacturer’s instructions (Sigma, USA). The 
stock MTT solution prepared in sterile PBS was added to 
96 well plates at a concentration of 10%. After incubation 
for 4 h in an environment containing 5% CO2 at 37 °C, 100 
µL of DMSO was added to dissolve the formazan crystals. 
Formazan absorbance was evaluated with an ELISA reader 
(MicroQuant, Reader, BioTek, Winooski, VT, USA) at 
570 nm wavelength.

TAC (total antioxidant capacity)

TAC level was measured by using the Rel Assay Total Anti-
oxidant Capacity (Rel Assay Diagnostics, Gaziantep, Tur-
key) commercial kit. This method is based on the oxidation 
of ABTS (2,2’-Azino-di- [3-aehylbenzthiazolinesulphonate) 

molecule to ABTS + molecule in the presence of hydro-
gen peroxide. ABTS radical loses its blue and green color 
depending on the presence of antioxidants. The antioxidants 
present in the sample accelerate the lightning in propor-
tion to their concentration. The color change was evalu-
ated by measuring at a wavelength of 660 nm. Results were 
expressed per µmol Trolox Equiv/mg protein.

TOS (total oxidant status)

TOS level was measured by using the Rel Assay Total 
Oxidant Status (Rel Assay Diagnostics, Gaziantep, Tur-
key) commercial kit. This method is based on the oxidants 
present in the sample oxidizing the Fe+ 2-o-dianisidine 
complex to the Fe+ 3 ion. Fe+ 3 ion makes a colored com-
plex with xylenol orange in an acidic environment and the 
color change is proportional to the concentration of oxidant 
molecules in the sample and can be measured spectrophoto-
metrically. The color change was evaluated by measuring at 
530 nm wavelength. The measurement was calibrated with 
hydrogen peroxide and results are expressed per µmol H2O2 
Equiv/mg protein.

Lactate dehydrogenase (LDH)

LDH test is a spectrophotometric test performed to deter-
mine the damage to the cell membrane. LDH cytotoxicity 
test was performed by the protocol of the purchased kit 
(Elabscience, USA). 100 µl/well of the standard solutions 
and the supernatant belonging to each group were added to 
the 96-well plate and left to incubate for 90 min at 37 ° C 
in a 5% CO2 incubator. At the end of the incubation period, 
the medium was removed and the agents contained in the kit 
were added to the wells as stated, and the procedures were 
performed. The LDH activity was determined by measuring 
the optical density value colorimetrically in the spectropho-
tometer at 450 nm.

Glutathione (GSH)

The method is based on the spectrophotometric measure-
ment of sulfhydryl groups. 5,5’-dithiobis-2-nitrobenzoic 
acid (DTNB) is reduced with sulfhydryl groups (-SH) to 
give one mole of (-SH) group to one mole of 2-nitro-5 mer-
captobenzoic acid. GSH determination was carried out by 
the protocol of the purchased kit (Elabscience, USA). The 
density of the yellow coloring formed was read in a spectro-
photometer at a wavelength of 450 nm.
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Statistically analysis

The statistical analysis was done by using a one-way analy-
sis of variance (ANOVA) with Tukey’s HSD for post hoc 
comparisons using the SPSS 22.0 software. P < 0.05 was 
considered to be the statistical threshold for each analysis.

Results

Exosome characterization

SEM image showed the size of the exosomes. By using SEM 
imaging, a well-accepted technique for nanoparticle valida-
tion, we observed that the diameters of our particles were in 
the expected range for exosomes (30–150 nm). In addition, 
in the direction of the data obtained from the image, it was 
determined that the exosomes were spherical and circular 
structures. (Fig. 1).

Treatment with glioblastoma-originated Exosomes 
decrease cell viability of olfactory neurons in Vitro

The cure with U373 and T98G-originated exosomes caused 
a dose-dependent and statistically important exhaustion 
of MTT activity in olfactory nerve cells. In particular, 
U373-derived exosomes caused more apparent exhaustion 

Immunohistochemical staining

For immunoperoxidase analysis, all samples in adhesive 
(poly-L-Lysin) plates were passed through xylol and alco-
hol series, deparaffinized, and dehydrated. Then they were 
washed in distilled water for 5  min. After fixing in para-
formaldehyde for 30  min, they were washed in PBS for 
5 min. Endogenous peroxidase was inactivated by keeping 
3% H2O2 for 5 min. Primary antibodies (Cat No: ab16650 
Diluent Ratio: 1/100) were prepared and dropped in appro-
priate dilution, kept at the appropriate temperature and 
time depending on the conditions of use, and washed with 
PBS. 8-OHdG FITC was used as the second marker (Cat 
No: ab6785 Diluent Ratio: 1/1000) and kept in the dark 
for 45 min and washed with distilled water. Subsequently, 
DAPI (Cat no, diluent ratio) with DNA labeling mounting 
medium was dropped and kept in the dark for 5 min, and the 
tissues were washed with distilled water and covered with 
a coverslip. Immunohistochemistry was followed accord-
ing to the kit procedure (AbcamHRP / DAB Detection 
IHC kit). 3–3 ‘Diaminobenzidine (DAB) was used as chro-
mogen. Ground staining was done with hematoxylin. The 
processed cells were examined under a fluorescence attach-
ment microscope (Zeıss Leica DM 1000). Sections were 
evaluated as absent (-), very mild (+), mild (++), moderate 
(+++), severe (++++), and very severe (+++++) according 
to immune positivity.

Figure 1.  SEM image (a) U373 and (b) T98G-originated exosomes.
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pronounced in olfactory nerve cells exposed to U373-orig-
inated exosomes, where a statistical increase of > 5 µg/mL 
(p < 0.01 for entire doses) was observed. In olfactory nerve 
cells exposed to T98G-originated exosomes, TOS levels 
increase statistically at the 10  µg/mL dose (p < 0.05). At 
doses of 50 and 100 µg/mL, it resulted in more significant 
TOS levels (p < 0.01 for all dosages) (Fig. 3).

LDH levels in olfactory neurons after glioblastoma-
originated Exosomes Treatment

U373 and T98G-originated exosomes induced a dose-
dependent and statistically important rising of LDH release 
in the culture medium of olfactory nerve cells. Statistical 
significance was reached at > 5 µg/mL (p < 0.01 for entire 
doses) in olfactory nerve cells exposed to exosomes origi-
nating from both cell lines (Fig.  4). In addition, U373 
exosomes increased the LDH level more significantly com-
pared to T98G-derived exosomes. The raised levels of LDH 
demonstrated that the detrimental potential of glioblastoma-
originated exosomes is able to induce harm in olfactory 
nerve cells and, as a result, nerve cell death.

Replacing of GSH levels in olfactory neurons after 
glioblastoma-originated Exosomes Treatment

The assay of GSH revealed a dose-dependent decrease of 
GSH levels in olfactory nerve cells after exposure to U373 
and T98G-originated exosomes. Particularly, statistical dif-
ferences in GSH levels were observed in olfactory nerve 
cells treated with 50 and 100 µg/mL T98G doses (p < 0.05) 
(Fig.  5). As noted, GSH exhaustion was more evident in 
cells exposed to U373-originated exosomes compared to 
T98G-originated exosomes showing a nearly 50% decrease 
in GSH compared to untreated cells. When compared with 
MTT and LDH findings, a decrease in GSH level occurred 

of MTT activity. The number of exosomes resulting from 
5 µg/mL U373 exhaustion MTT was a statistically signifi-
cant difference (p < 0.05). According to our results, cell 
viability decreased by approximately 53% in the 50  µg/
mL U373 group and 48% in the 100 µg/mL U373. In addi-
tion, doses of 50 and 100 µg/mL more significantly depleted 
MTT (p < 0.01). Olfactory nerve cells exposed to T98G-
originated exosomes showed an important decrease in cell 
viability (p < 0.05) at 10 µg/mL (79%), while a more coher-
ent decrease in viability was observed at 50 and 100  µg/
mL doses (p < 0.01) (Fig.  2). The most effective result 
was obtained at a dose of 100 µg/mL of T98G and a 71% 
decrease in cell viability was detected. These results show 
that GBM-derived exosomes have the potential to damage 
neuronal cells.

TAC and TOS in olfactory neurons treated with U373 
and T98G-Originated exosomes

U373 and T98G-originated exosomes induced dose-depen-
dent and a statistically important decrease in TAC. The rate 
of TAC exhaustion occurred with higher importance when 
olfactory nerve cells were exposed to T98G-originated exo-
somes. TAC depletion occurred at doses > 5 µg/mL of T98G-
originated exosomes, with statistical importance at p < 0.05 
and p < 0.01, respectively. In olfactory nerve cells exposed 
to U373-originated exosomes, the statistical importance of 
TAC exhaustion was p < 0.05 and p < 0.01 for doses of 50 
and 100  µg/mL, respectively. We found the lowest TAC 
level in both 100 ug/ml T98 and 100 µg/mL U373 groups. 
With the decrease in cell viability, the antioxidant activities 
of neurons decreased as well (Fig. 3).

In contrast to TAC levels, the assay of TOS revealed that 
olfactory nerve cells treated with U373 and T98G-origi-
nated exosomes showed a statistical rise in TOS levels with 
a dose-dependent tendency. The rate of TOS rise was more 

Figure 2.  Reduction of olfactory neuron viability (MTT) after treatment with (a) U373- and (b) T98G-originated exosomes. ANOVA One-Way * 
p < 0.05; ** p < 0.01.
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accepted as the most severe (+++). Compared to the control 
group, the derived exosomes dose-dependently increased 
the immune expression of 8-OHdG. In particular, olfac-
tory nerve cells exposed to the U373 exosomes were more 
sensitive. The decrease in the intensity of immunoreactiv-
ity in the dose groups of exosomes derived from both cell 
lines was statistically significant (Fig. 6). According to the 
8-OHdG results, while 28.59 and 33.58 immune activi-
ties were detected in the control groups, respectively. This 
value was found to be 100 0.3 and 108.84 at the highest 
concentration. These results show that there is a significant 
increase in inflammation with the application of exosomes. 

in parallel with the decrease in cellular viability. Due to the 
increase in cellular oxidative damage, olfactory cells were 
driven to death, and therefore GSH level decreased.

Evaluation of immunofluorescence in olfactory 
neurons after glioblastoma-originated Exosomes 
Treatment

Sections were evaluated as absent (-), mild (+), moderate 
(++) and severe (+++) according to their immune positiv-
ity. According to the inflammation score, the control group 
was accepted as absent (-), and 100  µg/mL groups were 

Figure 4.  Significant increment of LDH levels in olfactory neurons treated with (a) U373- and (b) T98G-originated exosomes. ANOVA One-Way 
*p < 0.05; ** p < 0.01.

 

Figure 3.  Reduction of TAC (a) U373- and (b) T98G- originated exosomes. and increment of TOS of olfactory neurons treated with (c) U373- and 
(d) T98G-originated exosomes. ANOVA One-Way  *p < 0.05; ** p < 0.01.
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Figure 6.  8-OHdG and DAPI images of experimental groups. Histopathological images of Control, (a) U373 (1, 5, 10, 50, and 100 µg/ml) and (b) 
T98G (1, 5, 10, 50, and 100 µg/ml).

 

Figure 5.  Significant reduction of GSH levels in olfactory neurons treated with (a) U373- and (b) T98G-originated exosomes. ANOVA One-Way  
*p < 0.05; ** p < 0.01.
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Interplays between inflammation, glycolysis, and 
production of ROS. Relevance for Glioblastoma 
Exosomes

Numerous studies revealed the existence of inflammatory 
cytokines in glial tumors, peri-glioma tissues, and cerebro-
spinal fluid which were significantly increased than that in 
benign cerebral tissues, which expression levels positively 
correlate with the grade of glioma [1]. Hypoxia is an impor-
tant factor, increasing the release of exosomes from malig-
nant cells and there is a reciprocal stimulation of hypoxic and 
inflammatory pathways to produce exosomes. Interestingly, 
hypoxia does not reduce but rather increases the production 
of ROS, which in turn stimulates exosome release. Hypoxia 
also enhances exosomal levels of TNFα and IL-6 synthe-
sized by tumor cells themselves [7]. However, an enhanced 
inflammatory feature of malignant cells is not only limited 
to hypoxic conditions. Glioblastoma cells inherently release 
high levels of TNFα which is linked to tumoral necrosis 
[15]. Sustained activation of inflammasome pathways such 
as NLRP3 also occurs in malignant cells which increases 
ROS production via mitochondrial damage [8]. In glioblas-
tomas too, NLRP is involved in tumor growth and resistance 
to radiation therapy [16]. Moreover, cancer cells including 
glioblastoma act as they are in the death of oxygen even in 
the presence of oxygen and obtain their energy from glycol-
ysis which is known as the Warburg effect [17]. Importantly, 
shikonin inhibition of glycolysis decreases the release of 
exosomes, while TNFα stimulates glycolysis and exosome 
secretion [7]. In parallel, as outlined above, the transcription 
factor NFκB, a downstream molecule in TNFα signaling, 
is involved in exosome biogenesis [18]. NFκB is induced 
in response to versatile stimuli in glioblastoma, which pro-
vides maintenance of cancer stem cells, enhanced invasion, 
mesenchymal phenotype, and radiotherapy resistance [19]. 
Here, it would not be illogical to propose that inflamma-
tion, hypoxia, glycolysis, and exosomes mutually increase 
their extent leading to a vicious cycle for the propagation 
of tumor growth and an increased prooxidant molecule load 
of exosomes.

A scenario regarding a cycle of inflammation, hypoxia, 
and oxidant stress is also relevant for other systemic patho-
logical conditions and diseases. For instance, bronchoal-
veolar fluid-derived exosomes isolated from sarcoidosis 
patients induced dose-dependent increases in the release of 
TNF, IL-6, and IL-1β from monocytes, IFNγ from peripheral 
blood mononuclear cells (PBMC), IL-8 from epithelia and 
ROS both from monocytes and PBMC [20]. Hepatic isch-
emia-reperfusion injury (HIRI) following liver transplanta-
tion causes the release of chemokines, cytokines, and ROS 
and has detrimental effects on the life quality and prognosis 
of patients. It was suggested that pyroptosis and exosomes 

The obtained results show parallelism with cytotoxicity and 
oxidative stress parameters.

Discussion

Mitochondrial damage and increased production of 
reactive oxygen species (ROS) within malignant cells

Cancer cells exert a prooxidant shift induced by: Sustained 
stimulation of versatile metabolic sources of reactive oxy-
gen species (ROS) due to the activity of NADPH oxidases 
(dual oxidases DUOX1/2 and NOXs), changes in energy 
metabolism, oxidative phosphorylation, and mitochondrial 
DNA (mtDNA), accompanied by glycolysis even in the 
presence of oxygen (Warburg effect); and lastly due to an 
insufficient antioxidant defense that continuously scavenges 
ROS produced during oncogenesis. Depending on the intra-
cellular location and the levels, oxidant stress can induce 
mutations in the nuclear and mitochondrial genomes which 
include single or double DNA strand breaks or point muta-
tions. There exist several factors, which contribute to the 
enhanced production of ROS and increased rates of DNA 
damage in the mitochondria of malignant cells. Mitochon-
drial oxidative phosphorylation is a major source of ROS, 
with up to 4–5% of oxygen gaining electrons directly from 
ubiquinol and the flavin dehydrogenases to produce super-
oxide anion. Mitochondrial DNA (mtDNA) is a direct target 
of ROS-induced injury as it is not covered by histone pro-
teins; additionally, as mitochondria have high rates of tran-
scription and its DNA is intronless, the chances of oxidant 
injury-associated mutations damaging the coding region 
are higher. When mtDNA is damaged, this creates further 
abnormalities in oxidative phosphorylation and subse-
quently higher mutations leading to a vicious cycle. On the 
other hand, a certain level of ROS is utilized as cellular sig-
naling cascades; and malignant cells – fairly more resistant 
to ROS – benefit from ROS for proliferation. ROS-induced 
formation of glutathionylated proteins, disulfides, and cys-
teine sulfonic acid derivatives cause functional and confor-
mational changes in proteins involved in cellular signaling. 
Only sustained and very high levels of ROS as induced by 
radiotherapy and chemotherapy can induce cell death and 
eradicate malignant cells [8]. Exosomes harbor molecular 
features of cells that they are released from; hence, it would 
be logical to propose that exosomes containing cytosolic 
cargo rich in ROS and oxidant stress-damaged proteins, 
lipids, and nucleic acids from malignant cells would trig-
ger cell death in recipient healthy cells which uptake these 
exosomes.
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Tetraspanin proteins of Exosomes and their 
Association with apoptosis and ROS

CD9, CD37, CD63, CD81, CD82, and CD151 are tet-
raspanin proteins that are involved in biogenesis and act as 
markers of exosomes [7, 25]. CD9 is an analog of CD82 
and both of these antigens may suppress metastasis and 
induce apoptosis, and CD82 is inducible with the proapop-
totic and tumor suppressor gene p53 [25, 26]. While CD9 
expression is increased in high-grade glial tumors and CD9 
can confer maintenance of glioblastoma cells [27]; the same 
antigen induces apoptosis in fibrosarcoma cells and poten-
tiates bortezomib-induced apoptosis in myeloma cells [28, 
29]. Therefore, dependent on the cellular context and con-
ditions, glioblastoma exosomal proteins may induce both 
cell survival and apoptosis. Peculiarly, even in the same 
cellular context, exosomal tetraspanins can induce simulta-
neous survival and death signals, such as CD37 induction 
of SHP-1-dependent apoptotic and PI3-Kinase-mediated 
prosurvival signals [30]. In the pathogenesis of diabetic 
nephropathy, CD63 acts as a proapoptotic factor [31]. CD81 
is a proapoptotic tumor-suppressive protein in gastric cancer 
[32]. CD81 also stimulates apoptosis via ROS-dependent 
mitochondrial damage in Epstein Barr Virus-transformed B 
lymphocytes [33]. Hence, at least some of the tetraspanins 
accumulated within exosomes may partially be responsible 
for neuronal cell death as observed in our study.

Conclusion

To our information, this is the first work that demonstrates 
the toxic impacts of GBM-originated exosomes in olfactory 
nerve cells. The findings obtained here may explain that at 
least some of the tetraspanins deposited in exosomes are 
partially responsible for neuronal cell death as observed in 
our study. As noted, GSH exhaustion was more evident in 
cells exposed to U373-originated exosomes compared to 
T98G-originated exosomes showing a nearly 50% decrease 
in GSH compared to untreated cells. As noted, the findings 
here obtained are only exploratory purposes as the specific 
glioblastoma exosome factors involved in the neurotoxic 
impacts observed in olfactor nerve cells are yet unknown. 
However, our results will pave the way for new research 
studies aimed at assessing the certain molecular load of 
glioblastoma-originated exosomes. Indeed, more in vivo 
and in vitro functional works are needed to determine the 
major molecules responsible for neurotoxicity and to evalu-
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and production of ROS and malondialdehyde, a major lipid 
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may induce the release of exosomes which would deplete 
SOD levels and trigger oxidative stress and death in primary 
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healthy nerve cells. As a matter of fact, the data we obtained 
in our study, describing the neurotoxic impact of glioblas-
toma exosomes, shows how exosomes can be evaluated 
both as targets and biomarkers.
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