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Background. Glioblastoma stem-like cells (GSCs) contribute to the resistance of glioblastoma (GBM) tumors to stand-
ard therapies. The background of the resistance of GSCs to the chemotherapeutic agent temozolomide is not yet fully 
understood in the context of cellular metabolism and the role of mitochondria. The aim of this study was to perform a 
detailed ultrastructural characterization of the mitochondria of GSCs prior and post temozolomide exposure and to 
compare it to differentiated GBM cells.
Materials and methods. Patient-derived and established GBM cell lines were used for the study. The ultrastructure of 
the mitochondria of the examined cell lines was assessed by transmission electron microscopy. The microscopic analy-
sis was complemented and compared by an analysis of cell metabolism using Seahorse extracellular flux analysis.
Results. We found that the metabolic profile of GSCs is quiescent and aerobic. Their elongated mitochondria with 
highly organized cristae are indicating increased biogenesis and mitochondrial fusion and corresponds to a more 
oxidative phosphorylation (OXPHOS)-dependent metabolism. The metabolism of GSCs is dependent on OXPHOS 
and there are no changes in defective mitochondria fraction after the treatment with temozolomide. In contrast, 
differentiated GBM cells with fragmented mitochondria, which have less organized cristae, are more energetic and 
glycolytic. Temozolomide treatment induced ultrastructural mitochondrial damage in differentiated GBM cells.
Conclusions. We demonstrated differences in mitochondrial ultrastructure and cellular metabolism between GSCs 
and differentiated GBM cells in response to temozolomide, suggesting that mitochondria play an important role in 
the resistance of GSCs to temozolomide. This study provides a basis for further studies addressing GSC chemotherapy 
resistance in the context of mitochondrial structure and function.
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Introduction

Glioblastoma (GBM), the most common primary 
brain tumor in adults, remains one of the most 
aggressive malignancies with median survival of 
16 months after diagnosis1 and so far, incurable. 
Standard treatment includes maximal safe sur-
gical removal of tumor tissue, radiotherapy and 
chemotherapy using the alkylating drug temozo-
lomide (TMZ).2 However, due to GBM heterogene-
ity, its invasive nature, and its resistance to chemo-
therapy and radiotherapy, the GBM almost always 
reoccurs in a more aggressive form.1 

An important general characteristic of GBM is 
that it involves numerous heterogenous cell types 
including the glioma stem-like cells (GSCs)3,4 that 
exhibit diverse metabolic profiles.5,6 A consequence 
is enormous plasticity and adaptability to thera-
peutic interventions resulting in recurrence and re-
sistance to therapy. GSCs play a crucial role in ther-
apy resistance.6 GSCs reside within specific niches 
within tumors that are primarily hypoxic.4,7-9 The 
hypoxic tumor microenvironment is important for 
the maintenance of GSCs10,11 but requires specific 
metabolic adaptations, with mitochondria playing 
a crucial role in the maintenance of GSCs.12 

One of the common characteristics of cancer cell 
metabolism is the Warburg effect, which desig-
nates that cancer cells often rely primarily on gly-
colysis to produce adenosine triphosphate (ATP) 
even in the presence of oxygen. Dysfunctional mi-
tochondria in cancer cells were suggested as one 
of the major culprits13-15, however, recent data sug-
gest that cancer cells and, in particularly cancer 
stem cells16, including GSCs5,17, often rather rely on 
oxidative phosphorylation (OXPHOS) to produce 
ATP.18-20 The mitochondria are thus crucial in can-
cer cell biology through their direct involvement 
in OXPHOS, besides other roles they play in cell 
signalling, synthesis of macromolecules, oxida-
tive stress and apoptosis.21-23 Mitochondrial fu-
sion and elongated mitochondria support efficient 
OXPHOS especially during nutrient withdrawal, 
whereas fragmented mitochondria are often as-
sociated with impaired OXPHOS and nutrient ex-
cess.24 Cancer cells generally exhibit fragmented 
mitochondria, associated with low OXPHOS activ-
ity and increased glycolysis.25-27 Cancer stem cells, 
however, exhibit increased biogenesis of mito-
chondria, consistent with increased OXPHOS28,29, 
however, their role in therapy response and resist-
ance is not well understood. 

The ultrastructure of mitochondria in GBM cells 
is very variable, but a consistent observation is the 

presence of abundant swollen and electron-lucent 
mitochondria that display reduced and disorgan-
ized cristae.18,19,30,31 So far, most ultrastructural anal-
yses of GBM cells have been performed in tumor 
biopsies32,33 and tissue explants obtained from pa-
tients during tumor excision.34 These studies pre-
dominately focus on the cells that form the bulk of 
tumor mass and do not specifically address GSC 
properties and their response to chemotherapy. 

Given the importance of GSC in therapy resist-
ance, the aim of our study was to provide a de-
tailed ultrastructural characterization of untreated 
cultured GSCs and the effects of exposure to the 
chemotherapeutic TMZ and compare it to differ-
entiated GBM cells. The microscopic analysis was 
complemented and compared with cellular me-
tabolism analysis using cell viability assay and ex-
tracellular flux analysis. A commonly used method 
for measuring cellular metabolism is extracellular 
flux (XF; also known as Seahorse) analysis. XF anal-
ysis measures extracellular acidification (ECAR) 
and oxygen consumption (OCR) rates as markers 
of glycolysis and mitochondrial OXPHOS, respec-
tively35,36, and was applied to evaluate cellular me-
tabolism in GSCs and differentiated GBM cells.

We provide novel insights into structural and 
metabolic responses of GBM and GSC cells to 
chemotherapy and lay foundation for further stud-
ies addressing GSC therapeutic resistance and the 
effects of different treatment regimens on the mi-
tochondrial structure and function of GSCs.

Materials and methods

All methods were performed in accordance with 
the relevant guidelines and regulations.

Cell cultures

Approval by the National Medical Ethics 
Committee of the Republic of Slovenia was ob-
tained (number 0120-190/2018-2711-38) for col-
lecting and processing tumor tissue material and 
performing research on patient’s material. Patients 
or their authorized representatives signed the 
informed consent form in accordance with the 
Declaration of Helsinki. 

In this study, two GSC lines (NCH644 and 
NCH421k) and two differentiated GBM cell cultures 
(U87 and NIB140) were included. Commercially 
available GSCs NCH421k and NCH644 were pur-
chased from the Cell Lines Service (CLS) GmbH, 
Eppelheim, Germany. Cells were grown in serum 
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free conditions in Neurobasal Medium as de-
scribed before.37 Cell line U87 MG was obtained 
from the American Type Culture Collection (ATCC, 
Manassas, VA, USA) and was cultured in low 
glucose DMEM supplemented with 10% fetal bo-
vine serum (FBS; Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA), 2 mM L-glutamine and 1% 
penicillin/streptomycin (both: Sigma Aldrich, St. 
Louis, MO, USA). NIB140 are patient-derived cell 
cultures from fresh GBM tissues and were estab-
lished as described before.38-40 NIB140 cells were 
grown in Dulbecco’s modified Eagle’s medium 
(DMEM) (Hyclone, GE Healthcare, Chicago, IL, 
USA) supplemented with 10% FBS (Gibco), 2 mM 
L-glutamine, and 1× penicillin/streptomycin (both: 
Sigma Aldrich). Growing cells were detached with 
a 0.25% trypsin EDTA solution (Gibco). NIB140 
cells express GBM cell markers.39,41 All cells were 
cultured at 37°C, in the presence of 5% CO2 and 
95% humidity and checked for Mycoplasma us-
ing MycoAlert Mycoplasma Detection Kit (Lonza, 
Basel, Switzerland). Authentication of cells was 
performed by DNA fingerprinting using Amp-
FlSTR Profiler Plus PCR Amplification Kit, as de-
scribed previously.42

Real-time quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was isolated using an AllPrep DNA/
RNA/Protein Mini Kit (Qiagen, Germantown, MD, 
USA) according to the manufacturer’s instructions. 
RT-qPCR was performed to determine the mRNA 
levels of genes in our samples using fluorescent 
dye -minor groove binder (FAM-MGB) probes 
listed in Table 1, Fluidigm BioMark HD System 
RT-PCR (Fluidigm Corporation, San Francisco, 
CA, USA) and the 48.48 Dynamic Arrays IFC. 
Visualization and analysis of RT-qPCR results 
were performed using Biomark Data Collection 
software, Fluidigm RT-qPCR analysis software 
(both: Fluidigm Corporation), and quantGenius 
software as described previously.41 Relative copy 
numbers of cDNA were normalized to housekeep-
ing genes HPRT1 and GAPDH.

Cell viability assay

Viability of cells was determined after 48 h of 
treatment with TMZ (Sigma-Aldrich) using the 
3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazo-
lium-bromide; Sigma-Aldrich (MTT) reagent for 
U87 and NIB140 cells and MTS (3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium; Promega, Madison, 
WI, USA) (MTS) reagent for NCH cells. Assays 
were performed according to the manufacturer’s 
instructions. Briefly, cells were seeded into 96-well 
plates (8000 cells/well) and grown overnight. Cells 
were treated with different concentrations of 
TMZ (25–400 µM). Stock solutions of TMZ were 
prepared in dimethyl sulfoxide (DMSO, Sigma-
Aldrich). Control incubation media contained the 
same amount of vehicle DMSO (0.9%, v/v). After 48 
h, MTT or MTS was added and 3 h after incubation 
at, absorbance was measured as the change in op-
tical density (ΔOD 570/690 nm) using a microplate 
reader (Synergy™ HT, Bio Tek Instruments Inc., 
Winooski, VT, USA). Cell viability data were ana-
lyzed using GraphPad Prism software (GraphPad 
Software, San Diego, CA, USA) and presented as % 
of vehicle control.  

Extracellular flux analysis

Extracellular flux (XF) analysis was performed 
using Seahorse XFe24 Flux Analyzer (Agilent 
Technologies, Santa Clara, CA, USA) to measure 
the oxygen consumption rate (OCR) and extracellu-
lar acidification rate (ECAR) of live cells in a 24-well 
plate format. GBM cells were grown in T25 flask 
as controls (0.5% DMSO) or treated with 100 µM of 
TMZ for 48 h. Before the XF experiment, cells were 
harvested, 80,000 cells/well were seeded in poly-
d-Lysine (Poly-D-lysine hydrobromide, Sigma)-
coated XF24 cell culture microplates in Seahorse XF 
DMEM medium (pH = 7.4 with 10 mM XF glucose, 1 

TABLE 1. List of TaqMan gene expression assays fluorescent dye -minor groove 
binder (FAM-MGB)

Gene 
name  Source  Identifier Protein name  

PROM1 Thermo Fisher 
Scientific Hs01009259_m1 Prominin -1; CD133 antigen

OLIG2 Thermo Fisher 
Scientific Hs00377820_m1 Oligodendrocyte 

transcription factor 2

NOTCH1 Thermo Fisher 
Scientific Hs01062014_m1 Neurogenic locus notch 

homolog protein 1

SOX10 Thermo Fisher 
Scientific Hs00366918_m1 SRY - Box transcription  

factor 10

SOX2 Thermo Fisher 
Scientific Hs01053049_m1 SRY - Box transcription  

factor 2

TUBB3 Thermo Fisher 
Scientific Hs00801390_s1 Tubulin beta 3 class III

HPRT1 Thermo Fisher 
Scientific Hs02800695_m1 Hypoxanthine 

phosphoribosyltransferase 1

GAPDH Thermo Fisher 
Scientific Hs00909233_m1 Glial fibrillary acidic protein
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mM XF pyruvate and 2 mM XF glutamine) in dupli-
cates and centrifuged to allow the cells to attach to 
the bottom of the plates. The cells were transferred 
to a CO2-free incubator at 37°C for 20 min. During 
this time, assays were prepared, and cartridges 
loaded. XF Real-time ATP Rate Assay Kit (#103592; 
Agilent), XF Glycolytic Rate Assay Kit (#103344; 
Agilent) and XF Cell Mito Stress Test Kit (#103015; 
Agilent) were applied according to manufacturer’s 
instructions. Immediately after the run, the cells 
were fixed with 4% paraformaldehyde (PFA; Sigma) 
and incubated with Hoechst 33442 (Sigma) to count 
the number of cells in each well for normalization 
of the XF results. Hoechst signal was measured 
using Cytation 5 Cell Imaging multi-mode reader 
(Bio Tek) and cell counts were analyzed using Gen 
5 software (Bio Tek). Flux rates were normalized to 
cell counts in each well. Data were analyzed using 
Wave software version 2.6.1 and an online software 
version at the Agilent cloud (https://seahorseana-
lytics.agilent.com/). Statistically significant differ-
ences in metabolic rates and parameters between 
different cells and between control and TMZ-
treated samples were analyzed using GraphPad 
Prism software (GraphPad Software).  

Transmission electron microscopy  

Two series of experiments were conducted with 
transmission electron microscopy. In the first se-
ries of experiments, a detailed ultrastructural 
characterization of mitochondria in untreated 
GBM cells was performed and ultrastructural dif-
ferences between mitochondria in GSCs and dif-
ferentiated GBM cells were determined. Samples 
of cells from 5 biological replicates were analyzed 
in this set of experiments. In the second series of 
experiments the effect of TMZ treatment on the 
mitochondrial ultrastructure in GSCs and differ-
entiated GBM cells was investigated. TMZ treated 
cells and control, untreated cells from 2 biological 
replicates were analyzed in this set of experiments.  

Sample preparation

Cells used to investigate the effects of TMZ treat-
ment on mitochondrial ultrastructure were ex-
posed either to 100 μM TMZ (Sigma-Aldrich) or 
0.9%, v/v DMSO (Sigma-Aldrich) (vehicle) for 48 h 
prior to fixation. The cells were fixed using 2.5% 
glutaraldehyde (SPI, West Chester, PA, USA) and 
2% PFA (Sigma-Aldrich) in phosphate-buffered 
saline (PBS) (Gibco). Following fixation, the cells 
were rinsed in PBS and postfixed in 1% OsO4 (SPI) 

in PBS (Gibco). Then, the cells were washed in PBS 
(Gibco) and embedded in 2% low melting point 
agarose (Sigma-Aldrich). The blocks of agarose 
with embedded cells were solidified on ice and cut 
into small pieces (<1 mm in smallest dimension). 
The pieces of agarose with cells were then dehy-
drated in graded series of ethanol (Honeywell, 
Seelze, Germany) and acetone (Merck, Darmstadt, 
Germany). Finally, the samples were embedded in 
epoxy resin Agar 100 (Agar Scientific, Rotherham, 
UK). The resin was polymerized for 24 h at 60°C 
in embedding molds. Semithin and ultrathin sec-
tions were prepared with a Reichert Ultracut S 
(Leica, Wetzlar, Germany) ultramicrotome, using 
glass and diamond knives. The semithin sections 
were stained with Azure II (Merck) – methylene 
blue (Sigma-Aldrich) and examined with a light 
microscope. The ultrathin sections were contrast-
ed with uranyl acetate (SPI) and lead citrate (SPI).  

Imaging

Contrasted ultrathin sections were imaged with a 
CM100 transmission electron microscope (Philips, 
Eindhoven, The Netherlands). The electron mi-
crographs were acquired with an Orius 200 cam-
era (Gatan, Pleasanton, CA, USA) and Digital 
Micrograph software (Gatan). Five cells were im-
aged for each biological replicate per cell line. 
Numerous partly overlapping images were ac-
quired per cell at 3 different magnifications. The 
acquired images were stitched together with FIJI43 
open-source software and TrakEM244 plugin to 
obtain images with large field of view and high 
resolution. Stitched images at lowest magnifica-
tion covered whole cells at sufficient resolution 
to obtain a general overview of cell ultrastructure 
and to perform stereological quantification of mi-
tochondrial and nuclear volume densities. Stitched 
images at medium magnification covered large ar-
eas of cytoplasm with sufficient resolution to ob-
tain overall ultrastructural features of individual 
cellular organelles and to perform measurements 
of mitochondrial length and width. Stitched imag-
es at highest magnification covered small areas of 
cytoplasm with sufficient resolution to distinguish 
fine ultrastructural features of mitochondria, such 
as the morphology of cristae.

Image analysis 

We counted the number of mitochondrial cross-
sections on stitched images covering whole cells 
using FIJI software with Cell counter plugin. For 
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the stereological quantification of mitochondrial 
and nuclear volume density, an overlay of multi-
purpose grid of test points was made on stitched 
images covering whole analyzed cells. We used 
the multipurpose grid that is available as a macro 
for ImageJ/FIJI at: https://imagej.nih.gov/ij/macros/
Multipurpose_grid.txt. In the test grid parameters, 
we set the density of test points to 1 point per 0.5 
µm2. We counted the number of test points inside 
mitochondria, cell nuclei and other areas of cyto-
plasm with aid of the Cell counter plugin. From 
the obtained counts, we calculated the estimates 
for the volume density (volume fraction) of mito-
chondria and the volume density of cell nuclei ac-
cording to the equation:  

 
where the V(o) is the volume density of organelle 
in question, P(o) is the count of test points inside 
the organelles in question and the P(t) is the total 
count of points inside cells. To describe the gen-
eral morphology of the mitochondrial network 
analyzed in GBM cell lines, we measured the aver-
age length and width of mitochondrial cross-sec-
tions in stitched images at medium magnification. 
Then, we calculated the length:width ratio of mi-
tochondrial cross-sections. If this ratio was close 
to 1, it indicated that the mitochondrial network 
consisted primarily of round mitochondria and 
was likely more fragmented. If this ratio was much 
greater than 1, it indicated that the mitochondrial 
network consisted of elongated mitochondria in a 
more interconnected mitochondrial network. 

To investigate the effect of TMZ treatment on 
mitochondrial ultrastructure, features of mito-
chondria in 5 cells per biological replicate were 
evaluated. Based on their ultrastructural features, 
we classified the mitochondria into two following 
types: normal and defective. Normal mitochondria 
are defined as mitochondria with electron-dense 
matrix with narrow cristae (a) and mitochondria 
with electron-dense matrix with dilated cristae 
(b). Defective mitochondria are defined as mito-
chondria with electron-lucent matrix and cristae 
reduced in size and numbers (c) and mitochondria 
with abnormal ultrastructural alterations (swollen 
and containing membrane swirls) (d). The percent-
ages/fractions of mitochondrial types in each cell 
were calculated from the total fraction of mito-
chondria with clearly visible ultrastructure at a 
3400x magnification.

The TEM scoring was performed independently 
by two experienced TEM analysts to avoid bias ob-
servations.  

MitoTracker staining

U87 and NIB140 cells were cultured on poly-L-ly-
sine-coated coverslips in 24-well plates (Corning, 
NY, USA) and NCH421k cells were dissociated be-
fore stained using MitoTracker® Orange CMTMRos 
(Invitrogen, Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Stained cells were 
fixed in 4% PFA in PBS. Following fixation, the 
cells were rinsed in PBS and stained with Hoechst 
33442 (Sigma) to visualize cell nuclei. Imaging was 
performed with an AxioImager Z.1 microscope 
equipped with an AxioCam MRm camera using 
Axiovision software (all from Zeiss, Oberkochen, 
Germany).  

Statistical analysis

To compare morphometric parameters between 
the analyzed GBM cell lines (untreated cells), 
quantitative measurements in 5 biological repli-
cates (n = 5) of each cell line were performed. For 
each biological replicate we analyzed 5 cells. The 
following morphometric parameters were inves-
tigated: the number of mitochondrial cross-sec-
tions, mitochondrial volume density, nuclear vol-
ume density and length/width ratio of mitochon-
dria. The statistical analyses were performed in 
the R statistical software environment. To test for 
statistically significant differences between cell 
lines, the analysis of variance (ANOVA) followed 
by Tukey’s test for pairwise comparisons was per-
formed. Before the ANOVA analysis, we prepared 
Q-Q plots of residuals and performed a Shapiro-
Wilk test to check the normality of data. We also 
performed Levene’s test to check the equality of 
variances. 

To compare fractions of different mitochon-
drial types and volume density of mitochondria 
between TMZ-treated and non-treated cells, the 
experiments were performed in two independent 
repeats (n = 2).  

To compare metabolic profiles of GBM cells 
and GSCs, Seahorse analysis experiments were 
performed in 3 independent repeats (n = 3) 
and the statistical analyses were performed in 
GraphPad Prism software. Statistics were per-
formed using Tukey’s multiple comparisons test. 
Differences in ATP production rates between 
TMZ-treated and non-treated samples within 
each cell line were statistically evaluated using 
an unpaired t-test. Tukey’s multiple comparisons 
test was used to compare all conditions after 
treatment with TMZ.
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Results 
GSCs express high levels of cancer stem-
like markers

Both types of GSCs, NCH421k and NCH644, ex-
pressed high gene expression levels of PROM1, 
OLIG2, NOTCH, SOX10 and SOX2 that are estab-
lished GSC markers.4,37,45 Differentiation marker 
tubulin beta-III (TUBB3) was expressed in the 
highest levels in differentiated GBM cells NIB140 
(Figure 1).

Overall cellular ultrastructure 

Both types of GSCs, NCH421k and NCH644, con-
sisted of small cells of relatively homogeneous size 
and shape that aggregated in culture in small clus-
ters. Both types of differentiated GBM cells, NIB140 
and U87, were highly heterogeneous in terms of 
size and shape. Our stereological quantification 
of cell nuclear volume density indicated that the 
cell nuclei in GSCs occupied a significantly larger 

portion of cell volume than nuclei in differentiated 
GBM cells (Figure 2A). GSCs had oval cell nuclei 
with abundant heterochromatin and a single nu-
cleolus (Supplementary Figures S1A, B). In differ-
entiated GBM cells the cell nuclei contained hardly 
any heterochromatin and usually multiple nucleoli 
(Supplementary Figures S1C, D). We observed that 
the cisternae of the endoplasmic reticulum and 
Golgi stacks were considerably more abundant in 
differentiated GBM cells than in GSCs. The differ-
entiated GBM cells also contained abundant multi-
vesicular bodies and secondary lysosomes, which 
were scarce in GSCs (Supplementary Figure S2).

Mitochondrial ultrastructure differs 
between GBM cells

Quantification of mitochondrial cross-sections in-
dicated a significant difference in mitochondrial 
numbers per cell between GSCs NCH421k and 
differentiated GBM cells U87 (Figure 2B), with mi-
tochondria being more numerous in the U87 cells 
than in the NCH421k GSCs. Stereological quanti-
fication of mitochondrial volume density showed 
that the mitochondria in the differentiated GBM 
cells NIB140 occupied a significantly smaller pro-
portion of cell cytoplasm than in both GSC lines 
(Figure 2C). Mitochondria in the differentiated 
GBM cells U87 occupied a significantly smaller 
proportion of cell cytoplasm than in the GSCs 
NCH421k. The quantification of ratio between mi-
tochondrial length and width showed that the mi-
tochondria in GSCs were more elongated than in 
differentiated GBM cells (Figure 2D). 

The GSCs contained in general a higher num-
ber of large mitochondria and fewer smaller mi-
tochondria, whereas differentiated GBM cells con-
tained larger numbers of smaller mitochondria. In 
GSCs NCH644 and NCH421k, the most prevalent 
morphological type of mitochondria was repre-
sented by elongated, electron-dense mitochondria 
with narrow cristae which were oriented along 
the longitudinal axis of mitochondria (Figures 
3A, C). Occasionally we observed dilated cristae 
(Figure 3B). In both types of GSCs, mitochondria 
occasionally displayed deformed cristae with 
swirled shape (Figure 3D). 

In differentiated GBM cells U87 and NIB140, the 
mitochondria were rounder than in GSC lines and 
cristae were not organized, but rather oriented in 
variable directions (Figure 4). The two most preva-
lent morphological types of mitochondria in dif-
ferentiated GBM cells were electron-lucent swollen 
mitochondria with reduced numbers of narrow 

A

B

FIGURE 1. Relative mRNA expression of GSC (PROM1, OLIG2, NOTCH, SOX10, SOX2) 
and differentiation (TUBB3) markers in GSCs and differentiated GBM cells based 
on RT-qPCR analysis. (A) A heatmap of relative mRNA expression is shown for 
each cell lines. (B) Combined data are shown with mean values of relative mRNA 
expression ± SEM. 

diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; RT-qPCR = real-
time quantitative polymerase chain reaction; SEM = standard error of the mean
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cristae (Figures 4A, C) and electron-dense mito-
chondria with numerous dilated cristae (Figures 
4B, D). Quantification of these Figures are provid-
ed in Figure 2. In U87 cells, we frequently observed 
electron-dense mitochondria with narrow cristae. 
MitoTracker staining confirmed dense active mi-
tochondria in the cells (Supplementary Figure S3).

Temozolomide treatment affected 
the mitochondrial ultrastructure but 
not the quantity of mitochondria in 
differentiated GBM cells  

After exposure of GBM cells to 48 h treatment with 
100 μM TMZ46, the ultrastructure of mitochondria 

A B

C D

FIGURE 2. Quantification of (A) volume density of cell nuclei, (B) number of mitochondrial cross-sections per cell, (C) volume 
density of mitochondria and (D) length/width ratio of mitochondrial cross-sections. Data are represented by mean values 
± SEM. Statistically significant differences are displayed with compact letters display (a, b, c). Cell lines that do not share 
any common letter have statistically significantly different means of a dependent variable (p < 0.05). Cell lines that share a 
common letter do not have statistically significant different means of a dependent variable (p ≥ 0.05). 

diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; SEM = standard error of the mean
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was evaluated and quantified. Based on their ul-
trastructural features, we classified the mitochon-
dria into two following types: normal and defec-
tive (Figure 5A). TMZ treatment induced changes 
in the fractions of mitochondrial types only in 
differentiated GBM cells (Figures 5A, B). In both 
types of differentiated GBM cells an increased 
fraction of defective mitochondria was observed. 
In contrast, there were no changes in fraction of 
defective mitochondria in TMZ-treated GSCs. 
Despite the effect of TMZ treatment on mitochon-
drial ultrastructure of differentiated GBM cells, 
no effect on the volume density of mitochondria 
was observed after TMZ treatment in any of cell 
lines (Supplementary Figure S4). Structures in-
dicative of autophagy, such as autophagic vacuoles 
and autophagosomes, were observed both in GSCs 
and differentiated GBM cells exposed to TMZ 
(Supplementary Figure S5). 

GSCs are metabolically quiescent 
and rely more on OXPHOS than 
differentiated GBM cells 

XF analysis was performed to evaluate mito-
chondrial OXPHOS and glycolysis rates in GSCs 
NCH421k and NCH644 in comparison to differ-
entiated GBM cells U87 and NIB140 (Figures 6A, 
B). Based on ATP production measurements, the 
metabolic profile of GSCs was quiescent, as they 
produced less ATP than differentiated GBM cells 
(Figures 6C, E). GSCs rely more on OXPHOS than 
glycolysis for ATP production as the ratio between 
mitochondrial and glycolytic ATP production 
rate was higher in GSCs than in differentiated 
GBM cells (Figures 6D-E). Glycolysis rates were 
the highest in differentiated GBM cells U87 and 
NIB140 and patient-derived cells NIB140 displayed 
the highest energy production (Figure 6C).  

GSC metabolism relies on OXPHOS after 
treatment with temozolomide

Cells were treated with 100 µM TMZ for 48 h and 
after that cellular metabolism was examined. Cell 
viability and total ATP production were not al-
tered after TMZ treatment, except for the 50% de-
crease in NCH644 cell viability when treated with 
the highest concentration of TMZ (Supplementary 
Figure S6). Furthermore, the glycolytic and mito-
chondrial ATP production was not altered in cells 
after treatment with TMZ (Figure 7A). We observed 
that GSCs rely on OXPHOS after TMZ treatment 
since the ratio between mitochondrial and glyco-

FIGURE 3. Mitochondria in GSCs have elongated mitochondria. (A) Electron-dense 
mitochondria (M) with narrow cristae (arrow) oriented along the longitudinal axis 
of mitochondria in the NCH421k glioblastoma stem-like cells (GSCs). (B) Electron-
dense mitochondria (M) with dilated cristae (arrow) in the NCH421k GSCs. (C) 
Typical electron-dense mitochondria (M) with narrow cristae (arrow) oriented 
along the longitudinal axis of mitochondria in the NCH644 GSCs. (D) Deformed 
cristae with swirled shape (arrow) in a mitochondrion of a NCH644 cells.

A B

C D

FIGURE 4. Mitochondria in differentiated GBM cells are smaller and fragmented. 
(A) Electron-lucent swollen mitochondria (M) with reduced cristae (arrow) in 
NIB140 cells. (B) Condensed electron-dense mitochondria (M) with dilated 
cristae (arrows) in NIB140 cells. (C) Electron-lucent swollen mitochondria (M) with 
reduced cristae in U87 cells. (D) Condensed electron-dense mitochondria (M) 
with dilated cristae (arrows) in U87 cells.

A B

C D
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lytic ATP production was above 2 which was much 
higher than in differentiated GBM cells (Figure 7B). 
After treatment with TMZ the Glycolytic Rate 
Assay Kit and Cell Mito Stress Test Kit were per-
formed in cells to evaluate glycolytic rate and mi-
tochondrial function, respectively. Differentiated 
GBM cells retained high glycolytic ATP produc-
tion after TMZ treatment. NIB140 cells increased 
the ECAR rate and compensatory glycolysis after 
TMZ treatment. There was no change in glycoly-
sis rates in U87, NCH644 and NCH421k cells after 
TMZ treatment (Supplementary Figure S7). There 
were also no changes in the monitored parameters 
of mitochondrial function in cells after treatment 
with TMZ, except increased maximal respiration 
in U87 cells after TMZ treatment. NIB140 cells 
showed the highest proton leak among the cell cul-
tures used (Supplementary Figure S8).

Discussion

Results of our current study revealed that GSCs 
have a more quiescent and aerobic metabolic pro-
file than differentiated GBM cells. This is support-
ed both by the microscopic observations of mito-
chondrial morphology and ultrastructure and by 
the direct measurements of cellular metabolism by 
XF analysis. 

General ultrastructure showed that GSCs con-
tain less abundant rough endoplasmic reticulum 
and less Golgi apparatus and that their cell nuclei 
occupy a relatively large fraction of cytoplasm and 
contain more heterochromatin in comparison to 
the differentiated GBM cells. These observations 
are in agreement with the dedifferentiated status 
of GSCs and their metabolic quiescence which 
is one of important factors in their resistance to 
therapy.6,19,47 The differentiated GBM cells contain 
extensive rough endoplasmic reticulum and more 
Golgi apparatus and nuclei with more euchro-
matin. This probably supports increased protein 
synthesis necessary for the excessive growth and 
proliferation of differentiated GBM cells. The re-
sults of the XF analysis support this, showing that 
GSCs are more metabolically quiescent with a low-
er ATP production rate, while differentiated GBM 
cells are more energetic, exhibiting a higher ATP 
production rate. Similar results were reported by 
Spehalski et al.48 in their study of GSCs and differ-
entiated GBM cells using XF analysis. 

Despite their metabolically quiescent pheno-
type, we observed that the GSCs contained large, 
elongated mitochondria that occupied a large frac-

tion of the cytoplasm. In contrast, the differenti-
ated GBM cells had small round mitochondria that 
occupied a smaller portion of the cytoplasm. This 
indicates enhanced biogenesis and fusion of mi-
tochondria in GSCs and a more fragmented mito-
chondrial network in differentiated GBM cells. Our 
XF analysis has shown that the ratio between mito-
chondrial and glycolytic ATP production is higher 
in GSCs than in the differentiated GBM cells. Taken 
together, this shows on cellular and molecular 
level that the GSCs have a more OXPHOS reliant 
metabolism, whereas the differentiated GBM cells 
are more glycolytic. Generally, highly fused mi-
tochondrial networks of elongated mitochondria 
are associated with high OXPHOS activity par-
ticularly in conditions of nutrient withdrawal and 
mild stress, whereas the fragmented mitochondria 
indicate impaired OXPHOS and increased glycoly-
sis particularly in conditions of nutrient excess or 

FIGURE 5. Mitochondrial ultrastructure and its quantification after exposure of 
cells to 100 µM TMZ. (A) Mitochondria were classified into two following types: 
normal and defective. Normal mitochondria are defined as mitochondria with 
electron-dense matrix with narrow cristae indicating metabolism with a high 
OXPHOS rate (a) and mitochondria with electron-dense matrix with dilated cristae 
indicating metabolism with a lower OXPHOS rate (b). Defective mitochondria are 
defined as mitochondria with electron-lucent matrix and cristae reduced in size 
and numbers indicating metabolism without OXPHOS (c) and mitochondria with 
abnormal ultrastructural alterations (swollen with membrane swirls) indicating 
damage and stress in mitochondria (d). (B) Quantification of the 2 categories of 
mitochondrial ultrastructure as fraction of all mitochondria. Experiments were 
performed in two independent repeats.

diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; OXPHOS = 
oxidative phosphorylation; TMZ = temozolomide

A
a

B

b c d
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FIGURE 6. Metabolic profiles of GSCs and differentiated GBM cells as determined by extracellular flux analysis and XF Real-time 
ATP Rate Assay Kit (Seahorse, Agilent). (A, B) Representative kinetic graphs of oxygen consumption rate (OCR) and extracellular 
acidification rate (ECAR) in response to oligomycin and rotenone/antimycin A (Rot/AA) are shown. (C) Mitochondrial (mito) 
and glycolytic (glyco) ATP production rate in cells with respective statistics are shown in the table. Statistically significant 
differences in ATP production are marked directly on the graph. (D) Ratio between mito ATP and glyco ATP production rates 
in cells. (E) Metabolic profiles of cells that can be aerobic, energetic, quiescent and glycolytic. Values are shown as means ± 
SD (A, B) or SEM (C-E). Experiments were performed in 3 independent repeats (n = 3). Statistics were performed using Tukey’s 
multiple comparisons test. 

ATP = adenosine triphosphate; diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; SEM = standard error of the mean; 
XF = extracellular flux; * p < 0.05; ** p < 0.01; *** p < 0.001

A B

C
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severe stress that induce apoptosis.24,49,50 Similar to 
our findings on mitochondria networks in GSCs, 
it has been shown that mitochondria in GBM cells 
are connected via inter-mitochondrial junctions 
for intracellular (or intermitochondrial) communi-
cation. Microtubule-dependent mitochondrial na-
notunnel-like bridges has been observed in GBM 
cells and not in non-tumorous astrocytes.51 These 
different morphologies of mitochondrial networks 
in cancer stem cells reflect the differences in tumor 
microenvironment in which they reside, and the 
different energetic states related to their differen-
tiation with more metabolically quiescent cells fa-
voring fused mitochondria and OXPHOS.16,26,52 In 
GBM, the heterogeneity of cell types is reflected in 
the heterogeneity of their metabolic profiles.53 The 

results of our current study are in line with previ-
ous reports.5,20 

Observed differences in metabolic profiles be-
tween GSCs and differentiated GBM cells were 
also evident in the ultrastructure of mitochondria, 
particularly in the morphology of cristae. GSCs 
contained structurally intact mitochondria. Most 
of GSCs contained electron-dense mitochondria 
with narrow cristae corresponding with high 
OXPHOS activity. In a smaller subset of GSCs, the 
mitochondria were electron-dense with dilated 
cristae corresponding with reduced OXPHOS ac-
tivity. In contrast, the differentiated GBM cells con-
tained mitochondria with varying ultrastructural 
features, with the two most common types being 
electron-dense mitochondria with dilated cristae, 

FIGURE 7. Metabolic profiles and their differences after treatment with 100 µM TMZ in GSCs and differentiated GBM cells 
and determined by extracellular flux analysis and XF Real-time ATP Rate Assay Kit (Seahorse, Agilent). (A) Changes in ATP 
production, glycolytic (glyco) ATP and mitochondrial (mito) ATP production rate after treatment with TMZ were not detected. 
(B) Differences in ratio between mito and glyco ATP production rates after treatment with TMZ. Values are shown as means 
± SEM. Experiments were performed in 3 independent repeats (n = 3). Unpaired t-test was performed to compare statistical 
difference between control and treated samples within each cell line (A). Tukey’s multiple comparisons test was used to 
compare all conditions after treatment with TMZ (B).

ATP = adenosine triphosphate; SEM = standard error of the mean; TMZ = temozolomide; XF = extracellular flux; * p < 0.05, ** p < 0.01, *** p < 0.001

A

B
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which corresponded with reduced OXPHOS ac-
tivity and the electron-lucent swollen mitochon-
dria with reduced cristae, which associated with 
impaired OXPHOS activity. Previous reports on 
brain tumor cell ultrastructure, including GBM 
cells, also describe electron-dense mitochondria 
with dilated cristae and electron-lucent swollen 
mitochondria.30,31,54 The electron-lucent swollen 
mitochondria with reduced cristae generally asso-
ciate with the mitochondrial damage due to Ca2+ 
overload and excessive ROS production55-57 and 
have impaired OXPHOS activity.15,58 

Two important factors that affect the function-
ality and structural organization of mitochondria 
are mitochondrial DNA (mtDNA) mutations59 and 
the mitochondrial epigenetic regulation.60 Some 
mtDNA mutations appear to be important driver 
mutations in cancer.61 The mutations in mtDNA 
are known to be reflected in ultrastructural chang-
es and damage in mitochondria, often in the form 
of electron lucent swollen mitochondria with re-
duced and onion-shaped cristae.62 The epigenetic 
regulation of mitochondria is primarily mediated 
by changes in the expression levels of nuclear-en-
coded mitochondrial genes due to methylation of 
nuclear DNA and post-translational modifications 
of histones, and certain mitochondrial metabolites 
serve as substrates in these processes. The epige-
netic regulation of mitochondria is known to play 
important roles in certain types of cancer.63 The 
effects of epigenetics on mitochondrial ultrastruc-
ture are not well understood. It has been shown 
that during the differentiation of neuroprogeni-
tor cells, the acetylation in promoter regions of 
numerous nuclear DNA-encoded genes, includ-
ing those involved in metabolic processes and 
mitochondrial homeostasis, promotes biogenesis 
of mitochondria and ultrastructural changes, in-
cluding the elongation of mitochondria and cris-
tae remodeling toward tightly stacked and narrow 
cristae.64 The mtDNA mutations and the epigenetic 
regulation of mitochondria in cells of glioblastoma 
are two research fields that require further inves-
tigations and may provide important insights into 
the GBM therapeutic resistance and the effects of 
different treatment regimens on the mitochondrial 
structure and function of GSCs. 

Another interesting observation in our investi-
gation is the presence of cristae that are oriented 
along the longitudinal axis of the mitochondria. 
This was particularly prominent in GSCs, where 
nearly all mitochondria exhibited this orienta-
tion of cristae. The important regulators of cris-
tae shape are the mitochondrial contact sites and 

cristae-organizing system (MICOS) complex, ATP 
synthase complex, optic atrophy 1 (OPA1) protein 
and lipid composition of the inner mitochondrial 
membrane.50,65 In yeast, mutations in genes that 
encode certain subunits of ATP synthase and 
components of the MICOS complex result in mi-
tochondrial cristae oriented along the long axis of 
mitochondria.66-68 Thus, reduced or even absent 
amounts of longitudinal oriented cristae in differ-
entiated GBM cell mitochondria may well indicate 
that the GBM cells exhibit defects in their ATP syn-
thase or MICOS complex. 

The observed high mitochondrial content, in-
tact ultrastructural integrity of mitochondria and 
high ratio between mitochondrial and glycolytic 
ATP production in GSCs are in agreement with 
the findings of previous studies, which employed 
various metabolic assays and have shown that 
the GSC are less glycolytic than the differentiated 
GBM cells.5,17,19 The GSCs are probably capable of 
surviving in hypoxic microenvironment due to 
their relatively quiescent state6,16,19, which requires 
a relatively low production of ATP. Dilated cristae 
observed in mitochondria of differentiated GBM 
cells are associated with increased ROS produc-
tion due to the less effective electron transport 
chain.69 The increased production of ROS is known 
to induce certain signalling pathways that increase 
proliferation and survival of cancer cells14,17,21,70 and 
are thus crucial in tumorigenesis. The relatively 
low mitochondrial content, the fragmented shape 
of the mitochondrial network and the presence of 
swollen mitochondria indicate that the differenti-
ated GBM are heavily dependent on glycolysis. It is 
known that numerous cancer cells rely on glycoly-
sis even in the presence of oxygen due to defective 
mitochondria.13-15 The glycolysis provides highly 
proliferative cancer cells with high ATP produc-
tion under low oxygen conditions. Besides this, it 
supplies the precursors for anabolic pathways and 
abundant NADPH for reductive biosynthetic reac-
tions and antioxidant defenses.6,21,22,71 

Our results indicate that treatment with chem-
otherapeutic TMZ that is used in standard treat-
ment procedures for GBM patients induces ultras-
tructural mitochondrial damage in the differenti-
ated GBM cells but has less effect on the ultras-
tructure of mitochondria in GSCs. However, the 
observed ultrastructural mitochondrial damage 
in the differentiated GBM cells after TMZ treat-
ment is not reflected in the metabolic profile or 
cell viability. TMZ is a DNA alkylating agent. The 
DNA damage caused by the TMZ has been shown 
to induce increased ROS production in mitochon-
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dria which contributes to the apoptosis of suscep-
tible GBM cells.72,73 Apoptosis is in a large part me-
diated by mitochondria, including the increased 
ROS generation in mitochondria, increased mi-
tochondrial membrane permeability and finally 
the structural damage of mitochondria.74,75 The 
mitochondria thus have a critical role in GBM re-
sistance to TMZ treatment.76 It has been shown 
that the TMZ-resistant GBM cells reorganize the 
electron transport chain in their mitochondria to-
wards more efficient mitochondrial coupling and 
decreased ROS production.77,78 This may well ex-
plain the decreased ultrastructural mitochondrial 
damage in GSCs in comparison to the differenti-
ated GBM cells observed in our study after TMZ 
treatment. 

Limitations of the present study are related to 
the limited number of GBM cell lines since GBM is 
a heterogeneous tumor on the genetic and cellular 
levels. We are aware that the U87 cell line was mis-
identified in the past and does not fully recapitu-
late GBM biology.79 Therefore, further experiments 
will focus on a large cohort of primary GBM cell 
cultures from tumor biopsies that will be moni-
tored for mitochondria structure and function. To 
gain mechanistically insights into the role of mito-
chondria in TMZ treatment resistance, TMZ treat-
ment experiments in complex models with hetero-
typic cellular interactions, such as co-cultures and 
organoids, where mitochondria transfer occurs, 
will be designed. Screening of mitochondria-as-
sociated genes and proteins involved in mitochon-
drial-driven TMZ resistance will be performed us-
ing gene loss or gain of function experiments and 
blockers of signalling pathways in cell cultures.

Conclusions

Taken together, we showed differences in mito-
chondria ultrastructure and cellular metabolism 
between stem-like GSCs and differentiated GBM 
cells in normal conditions and upon chemothera-
py. TMZ treatment induced ultrastructural mito-
chondrial damage in differentiated GBM cells and 
had less effect on mitochondria in GSCs, indicat-
ing that the mitochondria play an important role 
in GSC resistance to TMZ treatment. Although 
further studies are required to fully understand 
GBM therapeutic resistance and the effects of dif-
ferent treatment regimens on the mitochondrial 
structure and function of GSCs, this study estab-
lishes a foundation for a deeper understanding of 
the metabolic heterogeneity of glioblastoma cells, 

including both stem and differentiated cells, and 
their roles in therapy response and resistance.  
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