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Introduction
It was shown by epidemiological studies that gliomas are the 

most common primary brain tumors in adults; among which the 
astrocytic glioma represents the largest subgroup [1,2]. Gliomas have 
a high tendency to invade rapidly into the surrounding brain tissue; 
to damage the blood-brain barrier; and to promote the formation of 
new blood vessels which is called neoangiogenesis and representing 
a major proportion of the tumor-stroma interactions during tumor 
progression [3-8]. According to the World Health Organization 
(WHO) classification; gliomas are classified spanning a spectrum 
from low to high grade and are graded pathologically on a scale 
of one to four [9]. High grade gliomas (grade III; IV) carry a poor 
prognosis; have a rather low median survival rate; and are known 
as anaplastic astrocytoma (grade III); oligoastrocytoma (grade III); 
oligodendroglioma (grade III); and glioblastoma (grade IV). Grade 
III and IV gliomas are rich in blood vessels (i.e. highly vascular) and 
in proteins such as extracellular matrix metalloproteinase inducer 
(EMMPRIN) and vascular endothelial growth factor (VEGF); both 
promoting neovascularization and invasion. The protein EMMPRIN; 
also known as CD147 or basigin; belongs to the immunoglobulin family 
of adhesion molecules and is a type I transmembrane glycoprotein [10]. 
Epidemiological studies show that EMMPRIN is overexpressed in about 
67 to 86% of anaplastic astrocytoma and glioblastoma; therefore often 
used as negative prognostic factor for patients with astrocytic gliomas 
[11-13]. In addition to its occurrrence on the surface and as secreted 
form of tumor cells [14-16]; EMMPRIN expression was also described 
for endothelial cells [17-19] and was shown to have a broad range of 
functions. It is involved in induction and secretion of some types of 
matrix metalloproteinases (MMPs) [20,21]; controls glycolysis by 
regulating lactate export through the monocarboxylate carriers MCT1 
and MCT4 [22,23]; and accelerates neovascularization by enhancing 
the level of VEGF; a critical stimulator of tumor angiogenesis; in 
cancer cells [24-26]. Traditional options to attack cancer cells comprise 
surgical procedure; radio- and/or chemotherapy; but often resulting 

in harmful effects on normal (healthy) cells and holding the risk of 
secondary cancers. Among the most effective antineoplastic agents 
are the anthracyclines such as doxorubicin; epirubicin and others; 
which are used for treatment of non-solid and solid tumors [27,28]. 
Among the severe side effects alopecia; vomiting; nausea; mucositis 
and cardiotoxicity are described; to name but a few. Furthermore; the 
occurrence of drug resistance is problematic as well [28]. Currently; 
the therapeutic options against gliomas mainly depend on different 
factors such as the tumor grade; the localization of the tumor mass; the 
Karnofyky performance status (KPS score); neurological deficits; and 
age of the patient [29] and primarily comprise the surgical effort of a 
“total” tumor resection followed by radiotherapy and/or chemotherapy 
[30,31]. As the high graded gliomas are characterized by fast 
proliferation and high invasiveness into the surrounding brain tissue; a 
complete resection is almost impossible. In many cases; a combination 
of radiotherapy and the use of chemotherapeutical drugs such as 
temozolomide [32-34] and/or bevacizumab [25,34-36] is the method 
of choice as postoperative procedure. In addition; the nanomedicine; 
reflecting the medical use of nanomaterials; shows some promising 
therapeutic approaches which are already in clinical trials [37,38]. In 
that context; nanoparticles (NPs) are mainly used as carrier to transport 
antitumor drugs to specific targets in the human body (nanocarriers). 
Currently; the development of actively targeted NPs having a positive 
impact on the physical interactions between the nanoparticles and the 
blood-brain barrier (BBB) cells and; thereby; facilitating the transit 
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research studies as a replacement for primary human endothelial cells 
[48]. These immortalized endothelial cells were used at passages 3 to 30.

Cell viability

The cytotoxicity of cerium oxide nanoparticles (CNPs) 
was measured by MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. The activity of mitochondrial 
dehydrogenases results in the formation of a purple formazan dye 
which serves as an indicator of cellular viability. After reaching the 
subconfluence (70-80% confluence); HMEC-1; MOG-G-CCM; and 
HUVEC cells were treated with different concentrations of CNP up to 
72 h in serum-free DMEM and endothelial basal medium; respectively. 
After CNP treatment the medium was removed; cells were washed with 
PBS and the MTT solution (0.5 mg/ml MTT in DMEM) was added to 
the cells. Thereafter; cells were lysed with dimethyl sulfoxide (DMSO) 
and the formazan formation was measured at 570 nm. The results were 
shown as a percentage of mock-treated control which was set at 100%.

Preparation of conditioned medium

The conditioned medium (CM)  was obtained from MOG-G-CCM 
tumor cells (CMMOG). Briefly; MOG-G-CCM cells were seeded in Ø 6 
cm culture dishes and grown to subconfluence (70-80% confluence). 
The serum-containing medium was removed and after washing in 
phosphate-buffered saline (PBS) the cells were treated for 48h either 
with 300 µM CNP or without CNP (mock-treated control) in a serum-
free high glucose DMEM. Afterwards this medium was removed and the 
cells were washed with PBS. To obtain conditioned medium containing 
the soluble factors released by the tumor cells; a further incubation for 
48 h with 1.75 ml serum-free high glucose DMEM was performed. 
Following this; conditioned medium of untreated (CMMOG(-)) or CNP-
treated (CMMOG(+)) tumor cells was collected and freshly used or stored 
at -20°C. Same treatment was subjected to HMEC-1 cells to obtain 
CMHMEC(-) or CMHMEC(+).

Cell migration assay

HMEC-1 were seeded in cell culture dishes and cultured until a 
confluence of 90-95% was reached. A 200 µl filter tip was scratched 
across the bottom of the dish to produce a cell free area (“wound area”) 
[49]. The detached cells were eliminated by washing the dishes twice 
with PBS. The attached cells were incubated with 300 µM CNP or mock-
treated in DMEM containing 0.1% FCS or in the CM of untreated or 
CNP-treated MOG-G-CCM tumour cells. The “wound areas” were 
observed at 0; 24 and 48 h and photographed under a microscope. Cell 
movement of HMEC-1 was determined by counting the cells which 
migrated into the cell free area. Each sample was analysed in triplicate 
and a total of three independent experiments was performed (n=3).

Invasion assay
HMEC-1 were seeded at a density of 5 × 104 in serum-free DMEM 

in the upper transwell culture chambers (8 µm pore size) coated 
with Matrigel (BD Biosciences). CMMOG(-) or CMMOG(+) was used as 
chemoattractant. DMEM supplemented with 10% FCS was used as 
positive control. After 48 h incubation; the invaded cells on the lower 
membrane surface were fixed with methanol; stained with Coomassie 
Blue solution (0.05% Coomassie Blue; 20% MeOH; 7.5% acetic acid) 
and counted under a microscope. Triplicates were conducted for 
each experiment and a total of three independent experiments was 
performed (n=3).

Tube formation assay

Formation of capillary-like tubes of HMEC-1 was measured after 

across the BBB is a novel strategy against malignant gliomas [3,39,40]. 
Nevertheless; prior to a routine clinical use of these nanocarriers; there 
are still some unanswered questions which must be addressed. On the 
other hand; direct pharmacologically active nanoparticles are used in 
different medical approaches. In that context and due to their oxygen 
vacancies on the surface; cerium oxide (CeO2/Ce2O3) nanoparticles 
(CNP; nanoceria) switching autocatalytically between the oxidation 
states IV (Ce4+) and III (Ce3+) function as pro- and antioxidants on the 
basis of the impact of the redox couple Ce4+/Ce3+ [41-44]. In this study; 
the question was addressed of whether cerium oxide nanoparticles 
have a similar bifunctional effect (pro- and antioxidant) on the human 
astrocytoma cell line (MOG-G-CCM); established from a grade III 
glioma; and on the microvascular endothelial cell line HMEC-1; 
representing a model of stromal (healthy) cells. HMEC-1 cells are 
often used as standard cell culture model for studies on tumor-stroma 
interactions as a replacement for primary human endothelial cells 
[45,46]. In this in vitro glioma-endothelial cell model; we demonstrate 
that cerium oxide nanoparticles kill anaplastic astrocytoma (grade III 
glioma) cells while the same concentration shows no cytotoxicity on 
endothelial cells; rather protecting these cells against tumor-supporting 
effects such as migration; invasion; and tube formation representing a 
simple model of neoangiogenesis.

Materials and Methods
The cell culture medium Dulbecco's modified Eagle medium 

(DMEM) was purchased from Invitrogen and the fetal calf serum 
from Pan Biotech. All chemicals were purchased from Sigma or Merck 
Biosciences; unless otherwise stated. The cerium oxide nanoparticles 
(water based suspension; 1.5 mg/ml (8.7 mM); 1-10 nm diameter) were 
purchased by Sciventions and are stabilized in sodium polyacrylate 
(1.27 mg/ml). The human cytokine array kit was from R&D Systems. 
Matrigel and polycarbonate cell culture inserts (8 μm pore size) were 
purchased from BD Biosciences. The protein assay kit (Bio-Rad DC; 
detergent compatible) was delivered by BioRad Laboratories as well 
as the enhanced chemiluminescence system (Clarity Western ECL 
Substrate). The monoclonal mouse antibody raised against human 
EMMPRIN was supplied by Merck. Polyclonal rabbit antibody raised 
against human VEGF was supplied by US Biological. The following 
secondary antibodies were used: polyclonal horseradish peroxidase 
(HRP)-conjugated goat anti-mouse IgG antibody (DAKO) and anti-
rabbit igG antibody (Dianova).

Cell culture

The human astrocytoma cell line (MOG-G-CCM) was established 
from an anaplastic astrocytoma (grade III glioma) of normal adult 
brain. MOG-G-CCM were purchased from the European Collection 
of Authenticated Cell Cultures (ECACC; No. 86022702) and the 
cells were used at passages 6 to 38. Cryopreserved human umbilical 
vein endothelial cells (HUVEC); a widespread model for primary 
human endothelial cells (ECs) in the literature; were purchased 
from PromoCell (No. C-12200) and thawed as recommended by the 
manufacturer. They were cultivated in endothelial cell growth medium 
consisting of basal medium and supplements (PromoCell) on cell 
culture dishes. The cells were passaged according to the manufacturer’s 
instructions having around 80-90% confluence and used at passages 
3-6. The large T antigen carrying human microvascular endothelial 
cell line-1 (HMEC-1); retaining the morphologic; phenotypic; and 
functional characteristics of normal human microvascular endothelial 
cells [47] was purchased from American Type Culture Collection 
(ATCC ; CRL-3243). These immortalized cells are often used for many 
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48 h treatment with CNP. A 96-well plate was coated with 60 µl growth 
factor-reduced Matrigel (BD Biosciences) per well and solidified for 
45 minutes at 37°C. HMEC-1 were seeded at a density of 3 × 104 cells/
well in 100 µl serum-free DMEM or in 100 µl CM of untreated and 
CNP-treated MOG-G-CCM tumor cells. Plates were incubated at 
37°C and 5% CO2 for 7 h; which was sufficient time for the formation 
of an intact network in the untreated control group; as was tested 
up-front to the experiments for this cell line. The formed network of 
tubes was recorded at a 5× magnification by the microscope and tubes 
forming intact networks were counted as described elsewhere [50]. 
Triplicates were conducted for each single experiment and a total of 
three experiments was performed (n=3). 100 µM Thalidomide (Sigma-
Aldrich) served as negative control.

Detection of EMMPRIN and VEGF levels in supernatant and 
cell lysates

The conditioned medium (CM) of mock-treated MOG-G-CCM 
(CMMOG(-)) and HMEC-1 (CMHMEC(-)) cells and CNP-treated tumor 
(CMMOG(+)) or endothelial cells (CMHMEC(+)) were prepared and collected 
as described. The CNP-induced modulations of various cytokines also 
involved in neoangiogenesis were determined in 500 µl of CM using 
the Human XL Cytokine Array Kit from R&D systems. The array 
was performed according to the manufacturer’s protocol. Briefly; the 
nitrocellulose membranes spotted with the capture antibodies were 
incubated with CM overnight followed by incubation with a cocktail of 
biotinylated detection antibodies. Subsequently; a signal is generated 
at each capture spot corresponding to the amount of protein bound by 
applying streptavidin-HRP and chemiluminescent detection reagents.

SDS-PAGE was conducted according to the standard protocols 
published elsewhere [50] with minor modifications. After incubation; 
the cells were lysed in 1% SDS with 1:1000 protease inhibitor cocktail 
(Sigma). After sonication; the protein concentration was measured by 
using a modified Lowry method (Bio-Rad DC). SDS-PAGE sample 
buffer (1.5M Tris-HCl pH 6.8; 6 mL 20% SDS; 30 mL glycerol; 15 mL 
β-mercaptoethanol; and 1.8 mg bromophenol blue) was added and after 
heating; the samples (20 µg total protein/lane) were applied to 10% (w/v) 
SDS-polyacrylamide gels. After electroblotting; immunodetection was 
performed (1:1000 dilution of primary antibodies; 1:15000 dilution of 
secondary antibodies). Antigen–antibody complexes were visualized 
by an enhanced chemiluminescence system. GAPDH was used as 
internal control for equal loading.

Statistical analysis

Means were calculated from at least three independent experiments; 
unless otherwise stated and error bars represent the standard error of 
the mean (SEM). Analysis of statistical significance was performed by 
Student t test or ANOVA with *p ≤ 0.05; **p ≤ 0.01 and ***p ≤ 0.001 as 
levels of significance.

Results
Cytotoxicity of cerium oxide nanoparticles on astrocytoma 
cells and endothelial cells

The toxicity of conventional chemotherapeutics is not restricted to 
cancer cells; stromal cells are affected as well. Thus; a chemotherapeutic 
therapy is always associated with adverse side effects [51]. CNPs were 
shown to kill skin cancer cells; while being nontoxic to healthy cells; 
like fibroblasts [52,53]. In this study; the impact of CNP on human 
astrocytoma cells (MOG-G-CCM) and also healthy endothelial cells 
(HMEC-1 and HUVEC) was evaluated by using the MTT assay (Figure 

1). CNP was shown to exert dose- and time-dependent cytotoxic effects 
on MOG-G-CCM cells (Figure 1A). After 72 h of incubation with 300 
µM CNP the viability was decreased by 25% compared to the untreated 
control tumor cells which were set at 100%. In contrast to the toxic 
impact of CNP on astrocytoma cells; the viability of healthy endothelial 
cells was even increased after treatment with the same concentrations. 
HMEC-1 showed an increase in viability after 24; 48 and 72 h treatment 
compared to the untreated control; which may be reflected by ongoing 
proliferation (Figure 1B). There was no toxicity observed even after 96 

Figure 1: Cytotoxicity of CNP on tumor cells of the anaplastic astrozytoma 
MOG-G-CCM and healthy endothelial cells (HMEC-1 and HUVEC) Effects on 
cell viability were assessed by MTT assay. Tumor cells (MOG-G-CCM) (A) and 
human ECs (HMEC-1) (B) were incubated with 150 and 300 µM CNP for 24, 48 
and 72 h. In (C) the effects on cell viability of the immortalized endothelial cell 
line HMEC-1 and primary ECs (HUVEC) are compared after 72 h of incubation 
with 150 and 300 µM CNP. The viability is shown as a percentage of untreated 
control (ct), which was set at 100%. Data are presented as means ± SEM of 
three independent experiments (n=3). ***p<0.001, **p<0.01, *p<0.05 versus ct 
(Student’s t-test).
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h of incubation with 500 µM CNP (data not shown). In comparison 
to the immortalized endothelial cell line HMEC-1; the effects of CNP 
on cell viability were also tested in primary endothelial cells (HUVEC) 
after 72 h treatment (Figure 1C). Also in these primary ECs no cytotoxic 
effects of CNP were observed. These data indicate that CNP exhibit a 
specific toxicity on tumor cells without harming healthy endothelial 
cells.

Effect of cerium oxide nanoparticles on migration of 
endothelial cells

Tumor cells exert an migratory effect on surrounding stromal cells. 
To determine whether CNP affect the migration of ECs; a “wound 
healing” scratch assay was performed (Figure 2). Therefore; 90% 
confluent HMEC-1 were incubated in CM of CNP-treated (CMMOG(+)) 
or untreated (CMMOG(-)) tumor cells after scratching. The migration 
of endothelial cells incubated in the CM of CNP-treated tumor cells 
was significantly lowered by 40% after 48 h compared to the control in 
CM of untreated tumor cells. A CNP-pretreatment of endothelial cells 
before scratching did not lead to a stronger effect on EC migration.

Effect of cerium oxide nanoparticles on invasion of 
endothelial cells

Invasion of ECs into the tumor tissue; a crucial step in tumor 
angiogenesis; is mediated by the release of chemoattractive and matrix 
degrading proteins by the tumor cells. Therefore; the influence of CNP 
on EC invasion was investigated using transwell culture chambers 
(Figure 3). The CM of untreated (CMMOG(-)) and CNP-treated tumor 

cells (CMMOG(+)) served as chemoattractant. FCS-free culture media 
were used as negative control and culture media containing 10% FCS 
served as positive control. The number of invaded ECs was significantly 
increased; when CMMOG(-) was used as chemoattractant containing 
proinvasive factors released by astrocytoma cells. When CM of CNP-
treated tumor cells (CMMOG(+)) was used as chemoattractant; the number 
of invaded HMEC-1 was significantly decreased by 61% compared to 
use of CM of untreated tumor cells; indicating an inhibitory effect of 
CNP on the release of pro-invasive signals in tumor cells. The anti-
invasive effect was further enhanced by 87% after CNP-pretreatment 
of ECs before use in the assay (Figure 3). Finally these data showed that 
CNP exert anti-invasive effects on the interaction of astrocytoma and 
endothelial cells.

Impact of cerium oxide nanoparticles on tube formation of 
ECs

Angiogenesis includes the invasion of ECs into the tumor tissue 
but also the arrangement of new capillaries. To examine the impact of 
CNP on the ability to develop new capillaries; an in vitro tube formation 
assay was performed (Figure 4). Thalidomide served as negative 
control significantly decreasing the formation of tubular structures 
by 69% (A) compared to the untreated control (B). The data indicate 
an anti-angiogenic influence of CNP. Tube formation of ECs was 
slightly lowered by 25% when ECs were pretreated with 300 µM CNP 
for 48 h (C) compared to the untreated control (B). When ECs were 
seeded in CM of tumor cells (CMMOG(-)) (D); the formation of tubular 
structures increased compared to ECs; which were seeded in normal 
culture medium (B). Interestingly; this effect was reversed; when CM 
of CNP-treated tumor cells (CMMOG(+)) was used (E). The strongest 
decline in tube formation was observed; when (CMMOG(+)) was used and; 
additionally; ECs were treated with 300 µM CNP before (F). Together; 
these data show an inhibitory effect of CNP on tube formation.

Effect of cerium oxide nanoparticles on the expression and 
release of EMMPRIN and VEGF

EMMPRIN is one of key player in neoangiogenesis and can be 
released by tumor cells and endothelial cells. Furthermore; during 

Figure 2: Effect of CNP on endothelial cell migration. The migration of ECs 
was assessed by performing a scratch assay. ECs were treated with 300 µM 
CNP or incubated in conditioned medium of untreated (CMMOG(-)) or CNP-treated 
(CMMOG(+)) tumor cells. After 24 and 48 h the amount of migrated ECs into a cell 
free area (“wound area”) was counted. Three independent experiments were 
performed (n=3). Pictures of one representative experiment are presented (A) 
and means ± SEM of three independent experiments are shown (B). *p<0.05 
versus ct (Student’s t-test).

Figure 3: Effect of CNP on endothelial cell invasion. The invasive capacity of 
untreated and CNP-treated ECs (HMEC-1) was assessed using an invasion 
assay. Conditioned medium of untreated (CMMOG(-)) or CNP-treated tumor 
cells (CMMOG(+)) was used as chemoattractant. Cell culture medium containing 
10% FCS served as positive control and serum-free culture medium served 
as negative control. After 48 h the invaded ECs were stained with Coomassie 
Blue and counted. Data are presented as means ± SEM of three independent 
experiments. ***p<0.001, **p<0.01, *p<0.05 (ANOVA, Dunnett’s test). 
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tumor progression; the vascular epidermal growth factor VEGF 
is released by tumor cells to recruit ECs for neoangiogenesis [24]. 
To investigate; if EMMPRIN and VEGF might be responsible for 
the lowered migration; invasion and tube formation ability of ECs; 

EMMPRIN and VEGF levels were determined in supernatant media 
(Figure 5) and in cell lysates (Figure 6).

In the supernatant of ECs and astrocytoma cells less EMMPRIN 
was detected; when cells were treated with 300 µM for 48 h (Figure 
5). Same effect was observed in cell lysates; here a CNP-mediated and 
time-dependent decrease of EMMPRIN levels was detected in ECs and 
tumor cells (Figure 6A and 6B). In addition; CNP treatment resulted 
in a decreased expression levels of VEGF in MOG-G-CCM tumor cells 
(Figure 6C).

Figure 4: Effect of CNP on tube formation of endothelial cells. Tube formation 
HMEC-1 was assessed using an in vitro tube formation assay. ECs were 
pretreated with 300 µM CNP for 48 h (C) or mock-treated (B) and placed in a 
96-well plate containing 60 µl of Matrigel/well. Thalidomide at a concentration 
of 100 µM served as negative control (A). ECs were also seeded in conditioned 
medium of untreated (CMMOG(-)) (D) or CNP-treated astrocytoma cells (CMMOG(+)) 
(E). F shows the combined treatment, ECs were pretreated with CNP and 
seeded in CM of CNP-treated tumor cells (CMMOG(+)). Seven h after seeding, 
the amount of tubular structures was counted. Data are presented as means ± 
SEM of three independent experiments. *p<0.05 versus untreated control (B) 
(ANOVA).

Figure 5: Effect of CNP on extracellular matrix metalloproteinase inducer 
(EMMPRIN) of tumor cells and endothelial cells. ECs (HMEC-1) and 
astrocytoma cells (MOG-G-CCM) were treated for 48 h with 300 µM CNP (CM(+)) 
or mock-treated (CM(-)). At the end of incubation, the medium was changed and 
after 48 h the conditioned medium of untreated (CM(-)) and CNP-treated cells 
(CM(+)) was collected. The amount of cytokines in the CM was assessed using 
a cytokine array. Data of tumor cells are presented as means ± SEM of three 
independent experiments. Two independent experiments were performed with 
CM of HMEC. Data are shown as means ± SEM versus mock-treated controls 
(CMMOG(-), CMHMEC(-)).

Figure 6: Effect of CNP on EMMPRIN and VEGF levels. HMEC-1 (A) and 
MOG-G-CCM (B, C) and were either mock-treated or incubated for 4, 24 and 48 
h with 300 µM CNP. Protein levels in cell lysates were evaluated by western blot 
analysis. GAPDH levels served as loading control. Data are presented as means 
± SEM of (n=3) independent experiments for (A) and (B) and (n=2) independent 
experiments for (C) *p<0.05 versus mock-treated control (ct) (Student’s t-test).
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Discussion
The successful chemotherapeutic treatment of malignant brain 

tumors such as gliomas represents one of the major challenges in 
oncology not least because of the blood-brain barrier (BBB); which 
limits or cancels passage of cytotoxic drugs (≥600 kDa) to the site of 
the tumor [54]. However and in many cases; chemotherapy of those 
tumors is problematic; as the anticancer drugs are often hydrophobic 
molecules leading to restricted access to brain tissues [55]. Even 
though accompanied by severe side effects; a combination of surgery; 
radiotherapy and the use of chemotherapeutical drugs [31,32,56] remain 
the main options in treatment of those tumors [57]. In that context; 
the alkylating prodrug temozolomide crosses the blood-brain barrier 
(BBB) and disintegrates spontanously (non-enzymatic) in methyl 
hydrazine which alkylates DNA bases finally resulting in inhibition 
of DNA replication and in triggering of cell death. The monoclonal 
antibody bevacizumab selectively binds to VEGF to prevent docking 
to its receptor and to inhibit angiogenic signals [58,59]. Nonetheless; 
longterm treatment with these drugs is often accompanied by hair 
loss; hematological and gastroenterological toxicities; and cholestatic 
hepatitis [60,61]. Dealing with the fact that resistances against these 
therapeutical compounds due to different molecular reasons have also 
been described over the years [58,62,63]; it seems reasonable to develop 
alternative or complementary therapies which are as effective as the 
traditional approaches but with less side effects. This is especially true 
considering that anaplastic astrocytoma and glioblastomas are among 
the most vascularized tumors and show a diffuse infiltrative growth 
resulting in an incomplete resection of the tumor mass and leading 
to recurrence [64]. For several years; nano-sized materials are in the 
focus as a promising therapeutical tool and offer ideal opportunities 
for targeted drug delivery [65,66]. Nanoparticles (ranging from 1-1000 
nm in size) are intensively investigated particularly with regard to their 
carrier capacity and to drive them across the BBB to the tumor site. 
In addition to gold (Au); lipids and proteins are main materials for 
many types of nanocarriers [39]. In that context; lipid nanoparticles 
or nanocapsules loaded with drugs like paclitaxel; are extensively 
investigated in the last few years [67]. In an interesting approach 
using a rat glioma model; the acidic tumor microenvironment caused 
by lactate efflux was exploited to transport pH-sensitive doxorubicin 
(Dox)-loaded PEGylated-Au nanoparticles; where Dox is conjugated 
to Au-nanoparticles through an acid-labile hydrazone linker; to the 
tumor site resulting in rapid release of Dox at low pH [68]. However; 
prior to a clinical application of these nanocarriers; there are still 
some unanswered questions regarding the effectiveness in clinical 
studies; passive or active targeting; the optimal size; hydrophobicity 
and surface charge of the nanoparticles to efficiently cross the BBB; 
and potential side effects [3]. One of the rather novel approaches is the 
use of nanoparticles; which themselves exhibit an anti-cancer activity. 
In studies focusing on the putative use of cerium oxide nanoparticles 
(CNP; nanoceria) in therapies against neurodegenerative diseases it was 
found; that CNP (lower than 10 nm in size) were able to pass the BBB 
of rodents; where they prevented neuronal decay via an antioxidant 
activity based on their ability to switch between the two redox-states III 
and IV [69-71]. Based on that; we investigated in a simple in vitro tumor-
stroma model whether redox-active cerium oxide nanoparticles (CNP; 
nanoceria) with a mean size of about 4.7 nm diameter modulate cell 
toxicity and the invasive capacity of malignant glioma and endothelial 
cells (ECs). Finally; it was addressed whether CNP might be a suitable 
therapeutical tool to prevent neoangiogenesis in brain tumors. In 
the last years; an increasing number of articles deals with nanoceria 
being an antioxidant to detoxify reactive oxygen species (ROS) in 

different cells and tissues in vitro [72]. For example; nanoceria protect 
human dermal fibroblasts against a paraquat-initiated increase of the 
intracellular ROS level [73]. In other in vitro and in-vivo approaches; 
a bifunctional role of CNP in tumor-stroma interactions was shown; 
namely a prooxidative and cell killing function on squamous skin 
carcinoma and melanoma cells and with the same concentration an 
antioxidative and rather protecting function on stromal (healthy) 
fibroblasts and endothelial cells [43,52]. In addition; no adverse effects 
of nanoceria in healthy mice were observed [74]. Furthermore; recent 
studies with animal models show that cerium oxide nanoparticles 
cross the blood-brain barrier which opens a new therapeutical window 
in context of fighting brain diseases [71,75]. In our study; CNP was 
found to significantly induce cytotoxicity in astrocytoma cells in 
vitro; whereas the cell viability of endothelial HUVEC and HMEC-1 
cells reflecting a stromal cell model was not decreased using identical 
concentrations. Furthermore; the migrative and invasive capacity 
of ECs was lowered after incubation in conditioned medium of 
CNP-treated astrocytoma cells as opposed to mock-treated tumor 
cells. Treatment with CNP of both cell types showed the maximum 
inhibitory effect on invasion of ECs. Furthermore; the effect of CNP on 
the ability of ECs to form capillary-like structures (=tube formation) 
being a crucial event in neovascularization; was assessed. When ECs 
were incubated in conditioned medium of astrocytoma cells; the 
amount of tubes increased; indicating the pro-angiogenic influence of 
astrocytoma cells on ECs in tumor-stroma interactions. This effect was 
reverted; when conditioned medium of CNP-treated astrocytoma was 
used in the assay. That data go in line with the in-vivo results of a former 
study; in which it was shown that CNP inhibit neovascularization in a 
melanoma xenograft model. Here the expression of CD31; which is one 
most widely used endothelial cell marker for studying angiogenesis and 
neovascularization; was significantly reduced (up to 60%) in tumors of 
CNP treated mice compared to the control group [43]. In addition; an 
anti-angiogenic effect of CNP was described for ovarian cancer and age-
related macular degeneration by other research groups as well [76,77]; 
but to our knowledge nothing was described for glioma-endothelial 
cell interactions so far. As CNP impede migration; invasion and tube 
formation of ECs; our findings suggest an inhibition or decrease of 
the release of soluble (pro-invasive) factors by the studied cells. In our 
study; we focussed on the cell adhesion molecule EMMPRIN (CD147; 
Basigin) known to play a leading role in proliferation; invasion; and 
angiogenesis in brain tumors such as gliomas [11,13]. Indeed; further 
experiments showed that the amount of EMMPRIN in the conditioned 
medium of CNP-treated cells was significantly lowered compared to 
the mock-treated controls. In that context; it was shown earlier that 
EMMPRIN can be a target in anticancer therapies against gliomas. 
For example; the flavonoid icaritin from the herb Epimedium genus 
inhibited the invasion of the glioblastoma cell line U87MG by targeting 
EMMPRIN via the PTEN/Akt/HIF-1alpha pathway [78]. Furthermore; 
the invasion of the glioblastoma cell line U251 was inhibited by 
antisense RNA of EMMPRIN [79]. In malignant melanomas; 
EMMPRIN repression resulted in decreased VEGF production and 
lowered invasive capacity of the tumor cells [20]. VEGF expression 
was also lowered in our study. Albeit our data are a first indication 
that EMMPRIN is a potential target for cerium oxide nanoparticles in 
anticancer therapies; further studies have to be done to substantiate 
that hypothesis.

Together; our study shows an anti-invasive and anti-angiogenic 
effect of CNP in an in vitro astrocytoma-endothelial cell model; which is 
mediated by lowering the capacity of ECs to migrate; invade and to form 
new capillaries accompanied by inhibition of the release of EMMPRIN. 
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Additionally; CNP were found to kill a portion of astrocytoma cells; 
while being not toxic on ECs. An ideal cancer therapy should aim to 
destroy cancer cells and to prevent pro-tumoral processes like invasion 
and neoangiogenesis; while not harming healthy stromal cells. In 
that context; CNP may be a good candidate for an effective therapy 
with less side effects; due to their selective cytotoxicity on tumor 
cells. An advantage of the use of CNP over a pure anti-angiogenic 
therapeutic approach is that CNP not only targets neoangiogenesis 
but also kills tumor cells via pro-oxidative mechanisms leading to 
apoptosis [43,52]. In conclusion; this study shows promising effects 
of CNP for a potential use as therapeutical tool in the treatment of 
malignant glioma. It was already shown that CNP being effective in 
treatment of neurodegenerative diseases [69,71]. Also; a combinational 
approach of CNP with; for example; other anti-angiogenic compounds 
is conceivable. In that context; a combination of the VEGF inhibitor 
cediranib and the JAK/STAT3 inhibitor AZD1480 decreased 
tumor volume and vasculature in a glioblastoma mouse model [36]. 
Additionally; a combination of CNP treatment and radiation therapy 
was shown to sensitize the breast carcinoma cell line MCF-7 to 
radiation on the one hand; but also protect normal breast CRL8798 
epithelial cells from radiation-induced damage on the other [53]. 
Further on; we could show earlier that a combination of doxorubicin 
with CNP enhances the antitumor activity of doxorubicin in human 
melanoma cells; but do not cause DNA damage and even protect 
human dermal fibroblasts from doxorubicin-induced cytotoxicity [80]. 
This study shows for the first time that cerium oxide nanoparticles with 
a diameter of smaller than 10 nm and not used as nanocarriers may be 
a valuable and efficient tool to attack and kill malignant glioma cells 
and to protect normal (healthy) cells from the detrimental influence 
of tumor cells.
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