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ABSTRACT: Glioblastoma multiforme (GBM) is a primary brain glioma cells sample preparation
tumor with a very high degree of malignancy and is classified by g; & 1og & patient-;' o s gk
WHO as a glioma IV. At present, the treatment of patients a {[ derived g =
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suffering from GBM is based on surgical resection of the tumor i

"Q% v *',_TF\G;EB G '
with maximal protection of surrounding tissues followed by radio- L/ [ ’f{‘wl}\b{ @

and pharmacological therapy using temozolomide as the most bt

-
frequently recommended drug. This strategy, however, does not < § K

guarantee success and has devastating consequences. Testing of = a ps [Ca

new substances or therapies having potential in the treatment of = 8 Fe cuZn

GBM as well as detection of their side effects cannot be done on g 21

humans. Animal models of the disease are usually used for these 8 5 v

purposes, and one possibility is the implantation of human tumor P S K CaFeCu ZnSe Energy
cells into rodent brains. Such a solution was used in the present

study the purpose of which was comparison of elemental anomalies appearing in the brain as a result of implantation of different
glioblastoma cell lines. These were two commercially available cell lines (U87MG and T98G), as well as tumor cells taken directly
from a patient diagnosed with GBM. Using total reflection X-ray fluorescence we determined the contents of P, S, K, Ca, Fe, Cu, Zn,
and Se in implanted-left and intact-right brain hemispheres. The number of elemental anomalies registered for both hemispheres was
positively correlated with the invasiveness of GBM cells and was the highest for animals subjected to U87MG cell implantation,
which presented significant decrease of P, K, and Cu levels and an increase of Se concentration within the left hemisphere. The
abnormality common for all three groups of animals subjected to glioma cell implantation was increased Fe level in the brain, which
may result from higher blood supply or the presence of hemorrhaging regions. In the case of the intact hemisphere, elevated Fe
concentration may also indicate higher neuronal activity caused by taking over some functions of the left hemisphere impaired as a
result of tumor growth.

KEYWORDS: glioblastoma multiforme, GBM, animal model of GBM, bulk elemental analysis of brain, total reflection X-ray fluorescence,
U87MG, T98G

B INTRODUCTION same tumor mass. GBM has high infiltrative potential and
vascular proliferation ability, which lead to its great
invasiveness.” Standard glioblastoma treatment includes
surgical resection of the tumor, radiotherapy, and chemo-
therapy, usually based on temozolomide (TMZ). Despite such
radical therapy, there is no significant improvement in the
patient survival rate. The location and infiltrating nature of the

One of the most common primary brain tumors are gliomas,
which usually develop from glial cells, non-neuronal cells
supporting the functions of neurons. As different types of glial
cells exist, various types of gliomas are distinguished,l but the
most aggressive is glioblastoma multiforme (GBM), which
accounts for about 54% of all glioma cases and represents

about 16% of all brain tumors. The World Health Organization tumor prevent its total resection and make precise radio-
classified GBM to cancers with the highest (IV) degree of
malignancy.2 Received: October 9, 2020
Despite various therapies, median survival of patients Accepted: November 9, 2020
suffering from GBM is 14—16 months and only 9.8% of Published: November 18, 2020

them survive $ years.” The high aggressiveness of GBM results
from its complex nature, which includes the presence of
necrotic and hemorrhagic regions or cellular atypia within the
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Table 1. Limits of Detection and Intraday and Interday Precision Values Obtained for Analyzed Elements

parameter P S K Ca
LOD (SD) [ppm]  12.96(0.45)  8.32(0.29)  4.41(0.16)  1.832(0.072)
intraday precision 2.0 1.6 1.0 3.1
(%]
interday precision 1.3 1.2 0.7 2.8
(%]

Fe Cu Zn Se
0.1916(0.0082)  0.0852(0.0035)  0.1078(0.0042)  0.0297(0.0011)
0.3 0.7 0.2 4.9
0.3 04 0.2 12

a) §

Figure 1. Microscopic images of unstained tissue slices taken from animals representing N (a), U (b), T (c), and P (d) groups. N group consisted
of naive controls, while animals from groups U, T, and P were subjected to implantation into the brain of U87MG, T98G, and patient tumor-

derived cells, respectively. Red arrows indicate developed tumor mass.

therapy difficult. In addition, its complexity and drug resistance
capacity reduce the effectiveness of the treatment.” Due to lack
of satisfactory results in the treatment of patients diagnosed
with glioblastoma, new therapeutic strategies are still being
sought.

To get better knowledge about tumor pathogenesis and
progress, as well as to examine new therapeutic strate%ies
before clinical trials, animal models of tumors are used.”~" A
wide range of GBM animal models are available. Some are
based on implantation of human cells from established tumor
cell lines into animal brains. There is also possibility to implant
tumor cells taken directly from a patient diagnosed with tumor.
In both approaches, immunodeficient and immunosuppressed
rodents are usually used as experimental animals.”® As there is
no one model that ideally reflects the nature of a human brain
tumor, different models have been verified in order to assess
their usability in preclinical studies.'’”"*

The existing literature shows that trace and minor elements
may be involved in the pathogenesis and progress of different
types of tumors. Bobko et al. indicated the significance of
inorganic phosphorus for the metabolism of tumor cells, as
well as the increased phosphorus demand by these cells
associated with tumor growth."> Duan et al. found that sulfur
inhibits proliferation of cells sefarated from prostate cancer
developed in vivo in nude mice'" while Eil et al. observed that
immune response of tumor cells may be suppressed by high
potassium levels.'> The information about the levels of
elements in pathologically changed tissue may serve as tumor
biomarkers and prognostic factors allowing prediction of

patient survival or success of the anticancer therapy.'®™"" The
tissues taken from brain tumors were also analyzed with
respect to the significance of different elements for patho-
genesis and development of the tumor or to discover
dependencies between elemental composition of the tumor
and its malignancy grade.”**

The aim of our research was to assess the elemental
anomalies appearing in rat brain after intracranial implantation
of different GBM cells. For the purposes of our experiment, we
used two commercially available human GBM cell lines,
namely, T98G and U87MG, and tumor cells taken directly
from a patient diagnosed with primary GBM. Using the total
reflection X-ray fluorescence (TXRF) method, we determined
and compared the concentrations of P, S, K, Ca, Fe, Cu, Zn,
and Se in glioma-implanted and intact hemispheres of the
brain. Each of 4 groups of animals (3 groups subjected to
implantation of different GBM cells and normal rats) consisted
of 6 individuals from which 2 brain hemispheres were taken,
prepared, and measured separately. As a result 12 samples were
examined per animal population. This study, aimed at the
determination of elemental changes specific for particular
GMB cell lines, is necessary to start the next steps of research
focused on elemental modifications occurring in animal brains
as a result of different new therapies.

B RESULTS AND DISCUSSION

Limits of Detection and Precision. The limit of
detection (LOD) and precision (intraday and interday)
obtained using TXRF method were calculated for each

https://dx.doi.org/10.1021/acschemneuro.0c00648
ACS Chem. Neurosci. 2020, 11, 4447—4459


https://pubs.acs.org/doi/10.1021/acschemneuro.0c00648?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00648?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00648?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00648?fig=fig1&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00648?ref=pdf

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

examined element. As one can notice from Table 1, the lowest
values of LOD were obtained for selenium (0.0297 ppm) and
the highest for phosphorus (12.96 ppm). The values of
detection limit are lower for elements with higher atomic
numbers. The detectability of elements with the uses of XRF is
influenced by the efficiency of detection of the fluorescent
radiation emitted by the elements. This, in turn, strongly
depends on values of radiation energy, which increase with
element atomic number.

Values of intraday precision were good and varied from 0.2%
to 4.9% for Zn and Se, respectively. Interday precision values
for all analyzed elements did not exceed 2.8%.

Microscopic Evaluation. In order to define the degree of
invasiveness of different GBM cells, before tissue digestion,
microscopic images of the brain slices were taken from the area
of implantation. The exemplary pictures obtained for the
animals representing each of the examined groups are
presented in Figure 1. As one can see, the implantation on
U87MG cell line led to the development of massive tumor,
which in the most severe cases included the whole hemisphere
subjected to implantation (Figure 1b). Also after implantation
of cells taken directly from a patient diagnosed with GBM,
tumors appeared in rat brains (Figure 1d); however their
volumes were much smaller than in case of U87MG cells
introduction. For T98G cells, morphological changes of the
brain were not visible or were limited only to the area of
implantation (Figure 1c).

Spectral Analysis. As a result of TXRF measurements, for
each analyzed brain hemisphere the X-ray fluorescence
spectrum was obtained. Energy calibration of the obtained
TXRF spectra was carried out in the PyMCA program. The
identification and quantitative analysis of P, S, K, Ca, Fe, Cu,
Zn, and Se were performed based on their Ko lines. As an
example, the mean TXRF spectrum recorded for the left
hemisphere of normal brain is presented in Figure 2. The Ka
lines of the elements taken for further quantitative analysis are
indicated with red arrows.
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Figure 2. Mean TXRF spectrum recorded for left hemisphere of
normal brain. The Ka lines of the analyzed elements (P, S, K, Ca, Fe,
Cu, Zn, Se) are indicated with red arrows.

13 15

Elemental Anomalies Introduced by Implantation of
GBM Cells in the Left (Implanted) Hemisphere. To
identify local elemental anomalies introduced by tumor
development, the levels of P, S, K, Ca, Fe, Cu, Zn, and Se in
the left, glioma-implanted cerebral hemispheres were meas-
ured. Afterward, the median values of the concentrations were
determined for each experimental group and together with the
maximal and minimal values, as well as interquartile spans, they
were presented as box-and-whiskers plots in Figure 3. To
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examine the significance of the observed anomalies, the U
Mann—Whitney test was applied. For all identified statistically
relevant differences (p-value < 0.05) between animals
subjected to GBM cell implantation and normal controls, p-
values of the U test are presented in Figure 3.

Many differences in the elemental composition of the left
hemisphere were observed between animals subjected to
glioma cell implantation and normal controls. However, it is
not possible to indicate any elemental abnormality common
for all animal models of GBM. As can be seen from Figure 3,
implantation of U87MG cells led to a significant decrease of P,
K, and Cu levels and an increase of Se concentration within the
implanted hemisphere. In turn, the animals from the P group
presented higher Fe and Zn contents and diminished Se level
within the implanted hemisphere. The only difference
compared to normal rats observed in animals subjected to
implantation of T98G cells was the elevated Fe content.

Elemental Anomalies Introduced by Implantation of
GBM Cells in Right (Intact) Hemisphere. The median
values of elemental concentrations in right hemispheres were
determined for each experimental group, and together with the
maximal and minimal values as well as interquartile spans, they
are presented in Figure 4. As can be seen, for all examined
GBM models, the levels of iron within the intact hemispheres
were elevated compared to the right hemispheres taken from
normal rats. Additionally, for animals representing the U
group, lower concentrations of K and Cu and a higher
concentration of Ca were observed. In turn, the rats subjected
to patient-derived cell implantation presented only lower K
levels within the intact hemispheres.

Differences in Elemental Composition between
Implanted and Intact Hemispheres. In the charts
presented in Figure 5, the concentrations of P, S, K, Ca, Fe,
Cu, Zn, and Se in the left and right hemispheres were
compared for individual animal groups. As can be seen, no
differences between the elemental composition of two
hemispheres were observed in normal rats. Such differences,
however, were found in animals subjected to GBM
implantation, and most of them were detected in animals
subjected to implantation of the most invasive U87MG cells.
They included lower levels of P, Ca, Fe, Cu, and Zn, as well as
higher concentration of Se in the implanted hemisphere. In
rats representing P group, the implanted hemisphere was
characterized by higher content of Zn and lower content of Se.
In turn, in the left hemispheres taken from animals subjected
to T98G cells implantation, lower contents of S and K were
observed.

Discussion. The aim of our investigation was to assess the
effects of GBM cells implanted in a rat cerebral hemisphere
and of their further development on the elemental composition
of the whole brain. The study was carried using two
commercially available cell lines (U87MG and T98G), as
well as tumor cells taken directly from a patient diagnosed with
GBM. The degree of aggressiveness of the tumor developing
from different GBM cells strongly differed and was the greatest
for U87MG cell line. The intensive tumor growth and
deteriorating condition of the animals representing the U
group led to the decision about the earlier experiment
termination.

Corresponding brain hemispheres taken from the exper-
imental and control animals were compared regarding
concentrations of elements. In addition, differences in the
elemental composition between the implanted and non-

https://dx.doi.org/10.1021/acschemneuro.0c00648
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Figure 3. Median, minimal, and maximal values, as well as interquartile spans (gray boxes), of elemental concentrations in the left hemispheres of
brain for N, T, U, and P groups. The statistically significant differences (p-value < 0.05) between animals subjected to GBM cell implantation and

normal rats are marked in red.

implanted hemispheres were evaluated for each animal group.
The concentrations of P, S, K, Ca, Fe, Cu, Zn, and Se were
determined using the TXRF method. To prove the usefulness
of this method for the elemental analysis of examined samples,
validation parameters such as LOD and precision were
determined. The obtained LOD values were low and varied
from 0.0297 ppm for Se to 12.96 ppm for P. The precision of
performed measurements was very good, and for most of the
analyzed elements, intraday precision did not exceed 4.9%,
while interday precision was no more than 2.8%.

For all examined experimental groups significant elemental
anomalies were observed in both implanted and intact brain
hemispheres; however the most changes were found for rats

4450

subjected to implantation of the most invasive U87MG cells.
The smallest differences in elemental composition occurred for
animals implanted with T98G cells, which confirms the
manufacturer descriptions of the used commercial cell lines,
where U87MG cell line was defined as tumorigenic while
T98G was defined as nontumorigenic. According to our best
knowledge, this is the first study where elemental anomalies
occurring within the brain as a result of glioma cell
implantation were analyzed. Therefore, in the discussion we
confronted our results with literature data obtained for samples
of both human and animal origin and concerning the elemental
anomalies associated with malignant brain tumors. The
reviewed studies were not based on bulk elemental analysis

https://dx.doi.org/10.1021/acschemneuro.0c00648
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Figure 4. Median, minimal, and maximal values, as well as interquartile spans (gray boxes), of elemental concentrations in the right cerebral
hemispheres for N, T, U, and P groups. Statistically significant differences (p-value < 0.0S) between animal groups subjected to GBM cell

implantation and normal rats are marked in red.

of the brain hemispheres, but concerned either the
comparative analysis of tumor and normal tissue or the
topographic elemental analysis of the brain affected with
tumor. We also discussed the significance of the analyzed
elements for the pathogenesis, progress, and treatment of
GBM.

Phosphorus is a mineral the presence of which in body cells
is crucial for their proper functioning. It constitutes a building
component of nucleic acids, phospholipids, or phosphopro-
teins. Being a part of ATP, phosphorus plays a key role in
energy metabolism processes.”” It is also involved in cell
signaling through phosphorylation reactions, which regulate
activity of many types of enzymes.’® Already in the mid-

4451

twentieth century, there were reports of increased uptake of
radioactive phosphorus by malignant brain tumor cells.”” It has
been shown that compared to normal brain tissue, tumor tissue
was characterized by diminished phosphorus concentration.
This observation was correlated with a simultaneous decrease
in phospholipid (cephalin, lecithin, and sphingomyelin)
content in cancer tissue.”® Based on conducted MR
examinations Hubesch et al. observed that the content of
phosphate metabolites (phosphomonoesters, phosphodiesters,
and phosphocreatine) in brain tumor was decreased compared
to a normal human brain.” From the other hand, Srivastava et
al. revealed an increased phosphatidylcholine level in brain
tumor compared to normal brain which indicated the

https://dx.doi.org/10.1021/acschemneuro.0c00648
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Figure 5. Concentrations of P, S, K, Ca, Fe, Cu, Zn, and Se in both brain hemispheres determined for N, T, U, and P groups. Median, interquartile
range, and minimal and maximal values of concentrations are indicated. Left and right hemispheres are marked with orange and blue colors,
respectively. Statistically significant differences in elemental composition between the two hemispheres were identified using the Mann—Whitney

test and are marked with p-values of U test.

abnormal accumulation of this compound within the tumor.*

Andrasi et al. compared elemental composition of various
regions of brain with and without tumor and did not find
differences in phosphorus level between analyzed samples.”'
Comparing the human samples taken from brains affected by
tumors with different degrees of malignancy, Wandzilak et al.
observed that the samples representing the highest malignant
group (which included GBM samples) were characterized by
decreased concentration of phosphorus.”* Our results seem to
agree with the last mentioned report, as we noticed a
significant decrease of phosphorus level in the left hemisphere
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taken from animals subjected to the implantation of the most
invasive GBM cell line. What is more, for the rats representing
U group, a significantly diminished level of the element within
the implanted hemisphere was noticed compared to the intact
one. Following the papers of Selverstone and Moulton™® as
well as Hubesch et al,”’ the lower level of phosphorus
determined for U group may suggest disorders in metabolism
processes or decreased content of the important phosphorus
Such a

conclusion is in agreement with our new unpublished data

compounds, like phospholipids, in tumor tissue.
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showing significantly diminished content of lipids within tumor
mass compared to the neighboring tissues.

Our study did not reveal any significant anomalies in calcium
and sulfur levels within left hemispheres taken from animals
subjected to implantation of various GBM cells. However, rats
from group U presented increased calcium concentration
within the right hemisphere compared to normal animals.
What is more, in animals subjected to implantation of U87MG
cells, the level of Ca in the right hemisphere exceeded that
measured for the left one. Andrasi et al. did not observe the
changes in calcium and sulfur levels between corresponding
regions of brains with and without tumor.>! However, in the
literature one can find also reports on decreased concen-
trations of these elements in brain tumor tissue with a high
grade of malignancy.”* Calcium ions play a key role in cell
signaling processes. It has been observed that calcium channels
are characterized by altered expression in tumor tissues,
including brain tumors with a high grade of malignancy.’” Due
to a proven link between expression of calcium channels and
homeostasis, angiogenesis, and growth of glioma tumors, they
are considered as a potential target of cancer therapy.”” Xiao et
al. observed that sulfur compounds (Na,S) might have
potential to increase the sensitivity of GBM cells (US7MG
and T98G) to radiation therapy.’* Sulfur and selenium prevent
DNA damage caused by copper and iron, which are the two
metals involved in the production of highly reactive hydroxyl
radicals. Compounds of sulfur and selenium have the ability to
bind copper and iron and thus prevent the risk of DNA
impairment.”> Wrobel et al. analyzed the content of sulfur
compounds in tumor and normal brain tissue. They observed
that compared to the other examined brain regions, malignant
tumor tissue was characterized by an increased level of sulfane
sulfur.*®

Potassium is an essential mineral participating in regulation
of the water and acid balance in cells. It plays a key role in
electrical impulse transmission, due to active transport of its
ions across he cell membrane.”” Potassium is also involved in
processes of cell death. It was shown that potassium ions
suppress activity of a nuclease enzyme participating in
apoptosis mechanisms, with complete inhibition at physio-
logical potassium level found in living cells (150 mM).*® Eil et
al. observed that cells under necrotic conditions release to the
extracellular environment potassium ions, which suppress the
immune response of T-cells in tumors.'> Results of various
investigations indicate that potassium ion channels are
abnormally expressed in glioma cells. Huang et al. found that
ATP-sensitive potassium channels, overexpressed in glioma
cells, regulate their proliferation.”” Suppression of some classes
of potassium channels in U87MG cells resulted in significant
improvement of therapy with TMZ, the main chemotherapy
drug used to treat brain tumors including GBM.** Ru et al.
observed that blocking the voltage-gated potassium channels
could induce apoptosis and inhibit proliferation of U87MG
cells."" Szczerbowska-Boruchowska et al. and Wandzilak et al.
compared concentrations of potassium within brain tumor
samples of different stage of malignancy, but they did not find
any significant differences between examined tumors. None-
theless, they both determined potassium as the element of high
importance for classification of brain tumors with respect to
their malignancy.”>** Also Andrasi et al. did not observed
differences in potassium levels between regions of brain with
and without tumor.’" Results of our experiment revealed a
decrease of potassium level in both left and right brain
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hemispheres taken from rats subjected to implantation of
U87MG cells. In animals from P group, such an effect was
found only for the intact hemisphere, while animals
representing T group presented differences between the
element accumulation within left and right hemispheres but
the measured potassium concentrations in both hemispheres
did not differ from the normal levels. Overexpression of
potassium channels in glioma cells may increase the flow of the
ions of the element into the extracellular environment. This, in
turn, may facilitate the removal of the element from tumor
volume and could explain diminished levels of potassium
observed in implanted hemispheres of the brain.

Iron is a fundamental element in the human body, and it is
crucial for the proper course of many biological processes
ensuring growth and development of body cells. It is involved
in oxygen transport, as a part of hemoglobin, and participates
in nucleic acid synthesis.”* On the other hand, it may lead to
DNA damage through reactive oxygen species formation.
Therefore, regulation of iron levels is crucial for proper cell
functioning.*’ Both iron overload and its deficiency may play
important roles in the mechanisms of carcinogenesis.**”*
Schonberg et al.*” observed that stem-like GBM cells are
characterized by increased iron uptake compared to the
remaining GBM and normal brain cells, and this mechanism
may affect tumor proliferation. They also found that it was
connected with increased expression and synthesis of iron
storage protein ferritin and higher level of ferritin was
positively correlated with malignancy grade of the tumor."’
As iron is involved in molecular processes of cell proliferation,
including tumor cells, methods of its inhibition are tested as a
promising strategy for GBM therapy.** Andrasi et al. did not
find differences in iron concentration between regions of brain
with and without tumor.>" In turn, Wandzilak et al. observed a
significant decrease of its content in samples of brain with high
grade tumors compared to control tissues originating from
non-brain-tumor patients.”* In our study, the animals subjected
to the implantation of U87MG cells presented increased levels
of iron in the right hemisphere compared to the normal rats as
well as in relation to the corresponding left hemisphere. For
the remaining experimental groups (T and P), we observed
elevated iron levels compared to controls for both brain
hemispheres, and no differences in the element accumulation
was observed between implanted and intact hemispheres.
Increased levels of iron found in rat brains may be connected
with higher blood supply, which in the case of the implanted
hemisphere could be a result of intensified tumorigenesis
processes. It must be remembered that glioma tumors very
often contain hemorrhaging regions, which also can lead to
iron accumulation. The greater iron content in the intact
hemisphere may also indicate its higher neuronal activity,
caused by taking over some functions of the left hemisphere
impaired as a result of tumor increase.

Copper constitutes a part of proteins involved in cell
signaling and oxygen transport. Due to its high oxidative
potential, it plays a crucial role in redox reactions. Its redox
activity is important for enzyme action, but through reactive-
oxygen species (ROS) production, it may be toxic for many
important biomolecules. Disturbances of copper homeostasis
in cells can lead to different pathologies.”” Research reports
show that copper levels are elevated in many types of tumors,
compared to controls, and targeting copper through chelation
may be a potential direction for cancer therapy.’’ Higher
copper levels promote growth of cancer cells, while copper
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chelation results in antiproliferative effect. What is more,
different copper concentrations may modulate cell metabolic
pathways by influencing oxidative phosphorylation.”" Li et al.
showed that subcytotoxic copper levels induce senescence of
U87 GBM cells, and this could be a potential direction for new
anticancer therapy.”> Copper, due to the regulation of factors
affecting growth of blood vessels, is an element involved in
angiogenesis. Promoting angiogenesis, it may in turn influence
the process of cancer development.”” Brem et al. observed that
a low copper diet combined with penicillamine, a copper
chelating agent, resulted in the reduction of proliferation and
vascularity of glioma in the rabbit model of tumor.>* Jazayeri et
al. found that the decrease of copper content in the diet of
GBM patients led to the reduction of factors affecting
angiogenesis processes.55 In turn, in the work of Peres et al.
increased accumulation of copper-labeled compounds in
hypoxic areas of glioma was shown, and the authors suggested
that this may be connected with redox processes and
overexpression of cellular transporters of copper under hypoxic
conditions.® Yoshida et al. showed that higher copper
concentrations are observed in malignant gliomas and
metastatic brain tumor tissues compared to benign tumor
and normal brain tissues. However, they did not specify if the
analyzed malignant glioma corresponded to glioblastoma
multiforme.”” Contrary to this, Szczerbowska-Boruchowska et
al. and Wandzilak et al. did not indicate any correlations
between Cu concentration and the degree of malignancy of
brain tumor. However, they mentioned the element as
significant for the tumor sample classification.””** Also
Stojsavljevic et al. did not observe any differences in Cu levels
between brain malignant tumor samples, most of which were
classified as GBM, and normal cerebral tissue.”® Denhardt et al.
studied distributions of elements in different regions of GBM
specimens. They observed that concentration of Cu was higher
in brain tissue surrounding the tumor (peritumoral zone) than
in the solid tumor. This indicates a possible heterogeneous
distribution of copper in tissue affected by a tumor.”’

Taking all this into account, the assessment of changes of Cu
level in brain tumor tissue still remains unclear. The results we
observed for lower invasiveness glioma cells (T and P groups)
seem to be in agreement with those of Stojsavljevic et al. who
did not detect any differences between malignant and normal
cerebral tissues.”® However, in case of the implantation of the
most invasive U87MG cells, content of Cu within both
hemispheres was significantly diminished compared to that in
normal animals which may suggest some correlation between
anomalies observed in the accumulation of the element and the
degree of tumor malignancy. Further elemental study is
necessary in this aspect and should involve topographic
elemental analysis of tissues affected with glioma since copper
distribution within tumor can be heterogeneous as was
suggested in the study of Denhardt et al.”'

Another micronutrient essential for proper functioning of
living organisms is zinc. It is involved in activation and
stabilization of a wide range of enzymes. Mainly in the ion
form, zinc participates in synthesis and repair of DNA,
apoptosis regulation, immune response and proliferation,
differentiation, and signaling of cells. Due to its antioxidative
property, zinc protects DNA and other biomolecules against
damage caused by oxidative stress.”” Many reports prove that
zinc is involved in the process of cancer cell death; however,
this is a cell-specific effect. In some types of cancers, zinc has
antiapoptotic properties, while for others it may induce cell
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death.”® Mehrian-Shai et al. found that p33 protein, which has
cancer suppressing properties, is typically inactive in the
U87MG cell line but can be activated through the addition of
zinc.’’ Toren et al. discovered that the combination of zinc
with TMZ enhances toxic effects of the drug on GBM cells in
vitro, which manifests in reduction of cell proliferation and
induction of apoptosis. Addition of Zn to TMZ resulted also in
more effective inhibition of tumor growth in vivo than TMZ
alone.®” Takeda et al. observed increased accumulation of zinc
in brain tumor developing in rats subjected to C6 glioma cells
implantation. The uptake of zinc in the tumor mass was clearly
higher than in other regions of the brain.®>** Szczerbowska-
Boruchowska et al. and Wandzilak et al. included zinc in a
group of elements with high significance for brain tumor
classification with respect to their malignancy grade.””** What
is more, Wandzilak et al. observed a higher concentration of Zn
in tumor tissue compared to the control brain tissue.”* Andrasi
et al. observed decreases in Zn concentration in various brain
regions of humans diagnosed with GBM compared to the
corresponding regions of the normal brain.’' According to
Cilliers et al., this may be connected with intensified uptake of
Zn by tumor cells from surrounding brain tissue.” Stojsavljevic
et al. observed increased levels of zinc in samples of human
brain tumor compared to a control tissue with a simultaneous
decrease of its concentration in liquid samples, like serum and
cerebrospinal fluid.*® The results of both Andrasi et al. and
Stojsavljevic et al. seem to suggest that increased accumulation
of zinc within the tumor mass may be connected to uptake of
the element from the tumor neighborhood.31’58 In turn,
Denhardt et al. found that a higher concentration of Zn is
specific rather for the tissue surrounding the tumor than for the
tumor mass itself. They suggested that such localization of zinc
may be evidence for the importance of this element for the
tumor infiltration.”’ In our study, abnormalities of Zn
accumulation were observed in the left brain hemisphere of
rats implanted with cells taken from a patient suffering from
GBM. The animals presented higher content of the element
compared to the normal rats. Additionally, for P group, the
level of Zn in the implanted hemisphere was higher than that
in the intact one. In turn, the opposite relation was found for
the U group.

Selenium is an essential microelement included in various
chemical compounds responsible for proper functioning of the
body, such as antioxidative processes or immune response.’® It
has high potential to 6prevent tumorigenesis including that
developed in the brain.”” Zhu et al. observed antiproliferative
effect of selenium on human and rat glioblastoma cells.”® In
another paper, the authors suggest that apoptotic death of
tumor cells, initiated by selenium, may be connected with
formation of oxygen free radicals.’” Rooprai et al. stated that
selenium not only influences malignant human tumor cell
death without affecting normal brain cells but can also reduce
tumor invasiveness.”’ Harmanci et al. observed different effects
of selenium supplementation on human GBM cells, depending
on the dose of selenium. Low doses of Se induced tumor cell
proliferation, while high doses promoted death of GBM cells.”*
Wang et al. showed that selenocysteine, an amino acid
containing selenium, can inhibit the synthesis phase of the
cell cycle of human glioma cells, blocking the process of DNA
replication and resulting in decrease of cell proliferation.””
Research on potential use of selenium in the treatment of
malignant brain tumors was also conducted.””~”* Zhang et al.
observed a higher level of selenium in brain tumor regions

https://dx.doi.org/10.1021/acschemneuro.0c00648
ACS Chem. Neurosci. 2020, 11, 4447—4459


pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00648?ref=pdf

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

compared to contralateral brain tissue of rats previously
implanted with C6 glioma cells.”® Also Stojsavljevi¢ et al.
observed higher concentration of selenium in brain tumor
tissue compared to control one. What is more, a decreased
level of this element occurred in serum taken from patients
with diagnosed malignant brain tumor. Authors suggested that
tumor cells may be characterized by an increased demand for
selenium.”® Results of our experiment showed abnormalities in
brain selenium accumulation for U and P groups. For animals
from U group, the content of this element in the implanted
hemisphere was elevated compared to the corresponding
hemisphere taken from normal animals. The level of Se was
also higher in the left than in the right hemisphere. The
opposite relations were noticed for rats subjected to the
patient-derived cell implantation. The results obtained for
animals subjected to the implantation of the U87MG cells are
in agreement with those obtained by Zhang et al. and
Stojsavljevic et al. Such a conclusion, however, cannot be made
in the case of tumor appearing as a result of patient-derived cell
implantation.

Conclusions. GBM with its high aggressiveness and
morbidity rate is the subject of many studies undertaken
both for better understanding of its nature and for testing new
therapeutic strategies. Animal models of glioma, applied in
preclinical trials, are an invaluable tool in this kind of
investigation. Due to the importance of different elements
for tumor genesis and progression, confirmed by many studies,
it seems necessary to perform elemental analysis of changes
introduced through the developing tumor within the brain in
various animal models of the disease. The largest number of
elemental anomalies, both within implanted and intact
hemispheres, was observed in rats subjected to implantation
of US7MG cells. In turn, the lowest one was observed in
animals after implantation of T98G cells. As the first cell line
was characterized by the highest aggressiveness and the second
by the lowest aggressiveness, we may try to connect the degree
of elemental abnormalities with the extent of glioma
invasiveness. The most of the observed elemental anomalies
are specific for particular model of GBM; however the
common hallmark of all experimental models of the disease
is the elevated Fe level in the intact hemisphere. Within the
implanted hemisphere, the level of this element was also higher
for animals subjected to implantation of T98G and patient-
derived cells. In turn, Se presented model specific accumu-
lation there. It occurred at the normal level after T98G cells
implantation, at a decreased level in animals subjected to the
implantation of patient-derived cells, and at an increased level
in the case of the most invasive cell line, US7MG.

The bulk elemental analysis performed by us using the
TXRF method gave information about changes in elemental
composition occurring in the whole examined brain hemi-
spheres. Based on the obtained results, the elements that may
play a role in GBM pathogenesis were identified. However, as
the distribution of elements in the tissues affected by the tumor
may be heterogeneous, further studies are necessary. Especially
helpful would be here topographic elemental analysis of the
tumor mass and its surrounding areas providing more specific
information on the contribution of particular elements in the
pathogenesis and development of GBM.

B MATERIALS AND METHODS

Cell Lines. Three glioblastoma cell lines were used for this study:
T98G, U87MG, and patient-derived tumor cells. T98G and U87MG
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cell lines were purchased from ATCC company and cultured
according to the manufacturer protocol. The first cell line is
characterized as GBM type, while the second as “likely” glioblastoma.
Both T98G and U87MG are human brain-derived cells with
fibroblastoid or epithelial morphology, respectively. US87MG cell
line is described by the manufacturer as tumorigenic, while T98G is
described as nontumorigenic. Patient-derived cells originated from
primary tumor of a patient diagnosed with GBM. They were isolated
from a 23 year old woman in the Clinic of Neurosurgery and
Neurotraumatology of University Hospital in Bydgoszcz according to
the consent of the Bioethics Commission for the use of cellular
material collected from patients in neurooncological operations
(Decision no. 535/2017 from 13th June 2017, issued by the
Bioethical Commission at University of Nicolaus Copernicus in
Torun). Written informed consent was obtained from the patient and
all the procedures were in agreement with relevant guidelines and
regulations.

Suspensions of glioma cells for implantation were prepared in the
Department of Cell Biology of the Faculty of Biophysics,
Biochemistry, and Biotechnology of Jagiellonian University (JU).
Dulbecco’s modified Eagle medium was used for preparation of the
suspensions. The concentration of administered suspension was equal
5 X 10* cells/uL for T98G cell line and patient-derived cells. For
U87MG cell line, the concentration of cells was changed to S X 10%
cells/uL as our previous observations showing high mortality of
Wistar rats after implantation at higher concentrations.

Experimental Animals. Animal husbandry and all animal-use
experiments, previously approved by the second Local Institutional
Animal Care and Use Committee (agreement no. 119/2016), were
performed in accordance with the international standards in the
Department of Neuroanatomy of the Institute of Zoology and
Biomedical Research JU. The subjects of our study were male Wistar
albino rats. The animals had free access to water and standard rodent
food (Labofeed, Morawski). At 9 weeks of age, the rats were divided
into four groups: N, T, U, and P. Each group consisted of 6
individuals. The animals from groups T and U were subjected to the
implantation into the brain of the T98G and U87MG cell lines,
respectively. Animals included in P group obtained primary tumor
cells taken directly from a patient diagnosed with GBM, while the N
group consisted of naive controls.

Implantations. The main part of the animal experiment was the
transcranial implantation of GBM cells into the rat brain. The day
before and on the day of surgery, the animals were weighed and given
cyclosporine intravenously (Sandimmun 50 mg/mL, Novartis Po-
land) at a dose of 10 mg/kg of body mass for immunosuppressive
purposes. For the implantation, the animals were initially anesthetized
in a desiccator filled with isoflurane (Aerrane, Baxter Poland). The
same agent was administered by inhalation throughout the whole
surgery, and its dose was monitored and adjusted to maintain general
anesthesia. To precisely determine the place of implantation (Figure
6), the animals were immobilized in a stereotactic apparatus. The
injection site was determined stereotaxically in the left hemisphere
(coordinates antero-posterior, —0.30 mm; medio-lateral: 3.0 mm;
dorso-ventral: 5.0 mm, Paxinos and Watson 1986). The first step was
to drill a hole in the skull of the rat, where the needle (27 gauge
needle on a Hamilton syringe) with the cell suspension was then
placed. One minute after placing the needle, cell suspension in a
volume of 5 yL was introduced to the brain, and 3 min later the
needle was slowly removed. Afterward, the wound was sutured with a
stapler and disinfected. Animals woke up from anesthesia a few
minutes after the end of the implantation procedure.

After surgery, the animals were intravenously administered
cyclosporine (Novartis Poland) at a daily dose of S mg/kg of body
mass. Additionally, for the first 7 days after glioma implantation, the
rats were given an antibiotic (Sul-Tridin 24%, ScanVet, Poland). The
condition of animals was checked daily with particular attention to
neurological deficits. The duration of the experiment, counted from
the day of implantation, was 21 days for groups N, T, and P. In the
case of the U group, due to very poor animal health revealed in
deterioration of motor functions and body weight loss, and the
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Figure 6. Location of the implantation site in the left cerebral
hemisphere.

possibility of their premature death, the experiment was terminated 15
days after the surgery. Rats were sacrificed by intravenous
administration of Euthasol-Vet (Euthasol vet. 400 mg/mL, Le Vet
B. V.) at doses appropriate to their weights. After perfusion with
physiological saline, the brains were rapidly removed from the skulls
and divided in two hemispheres, which were separately placed in the
storage bags, immediately frozen in liquid nitrogen and stored in the
freezer until further preparations.

Sample Preparation. TXRF method was applied to determine
the concentrations of P, S, K, Ca, Fe, Cu, Zn, and Se in both cerebral
hemispheres. The elemental analysis using the TXRF spectrometry
requires removal of the sample organic matrix and conversion of the
sample from a solid (tissue) to a liquid form. For this purpose,
microwave-assisted acid digestion was performed with the use of
SpeedWave 4 digestion system (Berghof). Each hemisphere was
placed in an individual Teflon vessel (DAP100) to which S mL of
high purity nitric acid 65% (Suprapur, Merck) was added. The brain
samples were digested by using program “Tissue, blood”, for which
values of digestion parameters were as follows: temperature 50—190
°C, pressure 0—30 bar, and power 0—870 W. One digestion cycle
lasted about 45 min.

Apparatus and Measurement Conditions. Quantitative
analysis using the TXRF method is based on the use of the internal
standard and 1000 ppm gallium solution (Gallium ICP standard in
HNO; 2—-3% 1000 mg/L Ga Certipur, Merck was used for this
purpose). Typically, 100 uL of the internal standard was added to the
entire sample volume (approximately S mL) and mixed thoroughly.
Six microliters of this solution was taken and spotted on a Super Frost
(Menzel) glass slide, which was then dried on a heating plate. Three
slides were made for each sample. The Rigaku Nanohunter II TXRF
spectrometer was used for measurements. The apparatus allows for
high-sensitivity elemental analysis of liquids at ultratrace (ppb) levels
of elements. It is equipped with a 600 W X-ray tube with
molybdenum anode, excitation energy of which is 17.44 keV and
silicon drift detector (SDD). The slides were placed in the 16-position
cassette of the spectrometer, which allowed their automatic,
sequential measurements. The acquisition time of a single slide was
1000 s. The voltage of the tube was equal to 50 kV, while its current
was 12 mA. The measurements were performed at the glancing angle
of 0.04°.

Quantitative Elemental Analysis. The concentration of each
element i in the analyzed sample was determined based on
relationship 1:

CisN;
L ONST (1)

where C; is the concentration of the element i in a sample [ppm], Cjg
is the concentration of the added internal standard in a sample [ppm],
N; is the number of counts for the element i in the spectrum of the
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sample, Nig is the number of counts for added internal standard in the
spectrum of the sample, and §; is the relative sensitivity of element i.

The relative sensitivities for analyzed elements were determined in
the calibration process. Two standard solutions were used for this
purpose: MERCK ICP multielement standard solution IV (23
elements diluted in nitric acid, 1000 mg/L) and phosphorus single-
component standard (10000 pg/mL P in 0.05% HNO; from
NH,H,PO,) from High Purity Standards. The relative sensitivity
coefficients of the elements, defined as the ratio of the sensitivity of a
given element to the sensitivity of the internal standard, were
determined based on formula 2:

N
— N S
S = S o _ CgN
i T - s T s s
Ss b NAC

! Cis o (2)

where S} is the relative sensitivity of the element i, S; is the sensitivity
of the element i, S is the sensitivity of the internal standard, C; is the
known concentration of element i in the standard solution [ppm], Cjg
is the concentration of the internal standard in the standard solution
[ppm], N; is the number of counts of element i in the spectrum of the
standard solution, and Njg is the number of counts for the internal
standard in the spectrum of the standard solution.

Based on a calculated relative sensitivity, a calibration curve was
determined and, together with its equation, presented in Figure 7.

]A8 ] L I T
16 S = exp(a+bx+cx”) ]
A =
a=-133%1.2 .
141 b=0.7041+0.077 ]
z ¢ =-0.0089+0.0013 |
> 12] 75 =
= R™=0.995 ]
£ 1.0 -
é 0.8 -
= 06} ~
a4 - J
04} -
0.2 -1
{].0" L 1 1 1 " 1 1 ]

15 20 25 30 35 40

Atomic number

Figure 7. Relative sensitivity curve obtained from the measurements
of Merck ICP multielement standard solution IV and phosphorus
single-component standard from High Purity Standards.

Evaluation of limit of detection of elements in analyzed samples
and precision of measurements was also performed. The limit of
detection was calculated based on results obtained for all examined
brain samples. The precision of measurements was calculated based
on results for samples of normal brain. Depending on the time
between measurements, intraday and interday precision were
determined. Details concerning calculation of validation parameters
and formulas used for this purpose are provided in Supporting
Information.
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