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Glioma cells are resistant to inflammation-induced
alterations of mitochondrial dynamics
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Abstract. Accumulating evidence suggests that inflammation
is present in solid tumors. However, it is poorly understood
whether inflammation exists in glioma and how it affects the
metabolic signature of glioma. By analyzing immunohisto-
chemical data and gene expression data downloaded from
bioinformatic datasets, the present study revealed an accumu-
lation of inflammatory cells in glioma, activation of microglia,
upregulation of proinflammatory factors (including /L-6, IL-8,
hypoxia-inducible factor-1a, STAT3, NF-kBI and NF-kB2),
destruction of mitochondrial structure and altered expression
levels of electron transfer chain complexes and metabolic
enzymes. By monitoring glioma cells following proinflam-
matory stimulation, the current study observed a remodeling
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of their mitochondrial network via mitochondrial fission.
More than half of the mitochondria presented ring-shaped or
spherical morphologies. Transmission electron microscopic
analyses revealed mitochondrial swelling with partial or total
cristolysis. Furthermore, proinflammatory stimuli resulted in
increased generation of reactive oxygen species, decreased
mitochondrial membrane potential and reprogrammed
metabolism. The defective mitochondria were not eliminated
via mitophagy. However, cell viability was not affected, and
apoptosis was decreased in glioma cells after proinflammatory
stimuli. Overall, the present findings suggested that inflamma-
tion may be present in glioma and that glioma cells may be
resistant to inflammation-induced mitochondrial dysfunction.

Introduction

Glioma is a primary brain tumor that originates histologi-
cally from normal glial cells or precursor cells, accounting
for >70% of malignant brain tumors in the United States in
2009-2013, and it is the most prevalent primary tumor of the
brain and spinal cord (1). Glioma is a lethal tumor character-
ized by diffuse infiltration in the brain and high resistance to
conventional cancer therapies (1). Despite relevant progress in
conventional treatments, the prognosis in patients with glioma
remains almost invariably dismal.

The genesis of gliomas is a complex, multistep process
that includes cellular neoplastic transformation, resistance to
apoptosis, loss of cell cycle control, angiogenesis and the acqui-
sition of invasive properties (2). Among a number of different
biomolecular events, associations between inflammation and
the development of this type of cancer have been demon-
strated (2,3). As a self-limiting process, the acute inflammatory
response can be anti-tumorigenic and serve a role in tumor
suppression (4). However, chronic inflammation frequently
leads to various chronic diseases, including cancer (5,6), and is
associated with various phases of tumorigenesis, including cell
proliferation, neoplastic transformation, apoptosis evasion, loss
of cell cycle control, angiogenesis and metastasis (7,8). During
the process of chronic inflammation, a number of proinflam-
matory molecules can be synthesized by resident brain
cells and lymphocytes that invade the affected brain tissue,
such as IL-6, IL-1p, TNFa, inducible nitric oxide synthase,
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hypoxia-inducible factor-1a. (HIF-1at), STAT3, chemokines and
prostaglandins (2,7). The collective activity of these molecules
is largely responsible for the pro-tumorigenic effects (9). In
addition, free radicals and aldehydes generated during chronic
inflammation, such as reactive oxygen species (ROS) and reac-
tive nitrogen species, can induce DNA damage and increase
the deleterious DNA mutation rate (7,10). Accordingly, chronic
inflammation is a major cause of cancer (11).

Mitochondria serve key roles in cellular energy metabo-
lism, generation of free radicals and apoptosis (12). They are
biosensors that allow cells to adapt to environmental stress (13).
Since tumorigenesis requires flexibility for the tumors to adapt
to cellular and environmental alterations, it is not surprising
that mitochondria serve a key role in this process (14).
Mitochondrial abnormalities have beenrecognized in numerous
types of tumor, such as endometrial cancer (14), cervical
cancer (15), breast cancer (16), epithelial ovarian cancer (17)
and glioma (18). Mitochondrial dysfunction in glioma involves
abnormalities in energy metabolism, changes in mitochondrial
membrane potential (A®Wm) regulation, disruption of apoptotic
signaling pathways (19,20) and mutations in the tricarboxylic
acid (TCA) cycle enzyme isocitrate dehydrogenase (21,22).
The characterization of the full extent of mitochondrial abnor-
malities in glioma is a rapidly expanding area of investigation.
In tumors, the most common mitochondria-associated effect
is known as the “Warburg effect’, during which cancer cells
fuel mitochondrial respiration via aerobic glycolysis rather
than via complete glucose oxidation (23). Otto Warburg
suggested that this phenomenon may be caused by an impaired
mitochondrial respiratory capacity in these cells (24). In addi-
tion to energy production, mitochondria perform numerous
other roles, such as ROS generation, production of redox
molecules and metabolites, and regulation of their own
biogenesis and turnover, and fission and fusion dynamics, as
well as influencing cell signaling and cell death (25). These
multifaceted functions of mitochondria impart the tumor cells
with considerable flexibility for growth and survival under
harsh conditions, including hypoxia, cancer treatment and
nutrient depletion (25). Furthermore, cells have developed
mitochondrial quality control mechanisms (mitophagy) that
clear damaged mitochondria caused by pathological condi-
tions; whether mitophagy is beneficial or harmful to cancer
depends on tumor type and stage (26). During tumorigenesis,
decreased mitophagy may lead to the persistence of damaged
mitochondria in cells, which may result in higher levels of
tumor-promoting ROS or other mitochondrial signals (25). By
contrast, established tumors may require mitophagy for stress
adaptation and survival (25,27,28). Despite the multitude of
mechanisms that have been proposed to explain the mitochon-
drial dynamics in tumor cells, the effects of inflammation
on this cellular event in glioma remain uncharacterized. The
present study aimed to explore the inflammation in glioma
using glioma cell lines, clinical samples and bioinformatics,
paying particular attention to the effects of inflammation on
the mitochondria dynamics in glioma.

Materials and methods

Histological samples. A total of 24 paraffin-embedded glioma
tissue sections (5-um-thick; 12 males and 12 females; age
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range, 36-74 years; median age of patients, 50.3 years) and
3 normal brain tissue sections (derived from decompression
operations; 5-um-thick) were obtained between January 2017
and December 2018 from the Department of Histology of the
988 Hospital of Joint Logistic Support Force (Zhengzhou,
China). All samples were fixed with 4% paraformaldehyde
for 24 h at 4°C and evaluated by the experienced clinical
pathologists at the aforementioned hospital according to the
2016 World Health Organization classification (29). Among
the 24 glioma samples, 16 samples of paraneoplastic tissues
(para-NT; ~2 cm away from the tumor) were also collected.
Additionally, one case of glioblastoma tissue (evaluated
according to the aforementioned classification; male; 66 years)
derived from the Department of Neurosurgery of the aforemen-
tioned hospital was used to perform the transmission electron
microscopy (TEM) analysis. All patients had not received
any other treatment prior to surgery, including radiotherapy
and chemotherapy. The detailed information about the demo-
graphic parameters of patients is listed in Table SI. The present
study was approved by the Life Science Ethics Committee of
Zhengzhou University (Zhengzhou, China) according to the
principles expressed in the Declaration of Helsinki. Written
informed consent was provided by all patients with glioma.
Additionally, written informed consent was obtained from
the families of three patients with traumatic brain injury
who underwent the decompression operations. Furthermore,
mRNA microarray expression data was downloaded from the
Chinese Glioma Genome Atlas (CGGA) database [http:/www.
cgga.org.cn; 290 adult glioma, 165 low-grade glioma (LGG)
and 125 glioblastoma (GBM) samples] and The Cancer
Genome Atlas (TCGA) database (https://tcga-data.nci.nih.
gov; 512 adult glioma, 26 LGG and 486 GBM samples). The
date of access for the two datasets was 6/30/2019, and the data
downloaded from the CGGA dataset was not normalized.

Hematoxylin and eosin (H&E) staining. First, deparaffination
was performed using 100% xylene (twice for 5 min) and rehy-
drated using a gradient ethanol series (100% twice for 5 min;
95% twice for 5 min; 90% for 5 min; and 80% for 5 min) at
room temperature (RT). After washing with distilled water for
5 min, the sections were stained using hematoxylin solution
for 5 min at RT and then washed with running tap water for
1-3 sec. Subsequently, the sections were differentiated using 1%
hydrochloric acid (in 70% ethanol) for 1-3 sec. After washing
with running tap water for 10-30 sec and distilled water for
1-2 sec, the sections were stained in the working eosin Y
solution (0.5% in water) for 3 min at RT. After washing with
distilled water for 1-2 sec, the sections were dehydrated using
a gradient ethanol series (95% twice for 2-3 sec and 100%
twice for 2 min) and then cleared with three washes of xylene
(2 min per wash). Finally, the sections were mounted with
neutral resin. Images were captured and analyzed using a light
microscope (magnification, x40; IX53; Olympus Corporation).

Cell lines and reagents. The U87-MG (GBM of unknown
origin) and U118-MG (GBM of unknown origin) cell lines were
obtained from The Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences. The cell lines were authen-
ticated via STR profiling. Cells were cultured in high-glucose
DMEM (cat. no. 04-052-1ACS; Biological Industries),
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containing 10% FBS (cat. no. 04-001-1ACS; Biological
Industries) and 1% penicillin-streptomycin (cat. no. P1400;
Beijing Solarbio Science & Technology Co., Ltd.) at 37°C in a
humidified incubator with 5% CO,.

Reagents included lipopolysaccharide (LPS; 4 pg/ml;
cat. no. L7770; Sigma-Aldrich; Merck KGaA) and human
recombinant IFN-y (40 ng/ml; cat. no. 11725-HNAS; Sino
Biological, Inc.). Glioma cells were stimulated with LPS and
IFN-y at 37°C in a humidified incubator with 5% CO, for 0, 4,
8 or 24 h.

Immunohistochemistry (IHC). THC was performed on the
aforementioned tissue sections. First, deparaffination was
performed using 100% xylene (twice for 5 min) and rehy-
drated using a gradient ethanol series (100% twice for 5 min;
95% twice for 5 min; 90% for 5 min; and 80% for 5 min) at
RT. Subsequently, antigen retrieval was performed using a
citrate solution (pH 6.0) at 95°C for 15 min. The endogenous
peroxidase activity was quenched by incubating the slides
with 3% hydrogen peroxide at RT for 30 min, followed by
washing in PBS three times for 5 min each. The sections were
incubated for 1 h at RT with blocking solution [5% bovine
serum albumin (cat. no. A8020; Beijing Solarbio Science &
Technology Co., Ltd.) plus 0.3% Triton X-100 in PBS] and
subsequently incubated at 4°C overnight with the following
primary antibodies: Polyclonal goat anti-human ionized
calcium binding adapter molecule 1 (Ibal) antibody (Abcam;
cat. no. ab5076; 1:500), monoclonal mouse anti-human IL-6
antibody (Abcam; cat. no. ab9324; 1:500), polyclonal rabbit
anti-human high mobility group box 1 protein (HMGBI) anti-
body (Abcam; cat. no. ab18256; 1:1,000), monoclonal rabbit
anti-human cytochrome C oxidase subunit VIb (COX6BI)
antibody (Abcam; cat. no. ab131277; 1:100), monoclonal
mouse anti-iron-sulfur protein subunit of succinate dehydro-
genase (SDHB) antibody (Abcam; cat. no. ab14714; 1:200)
and polyclonal rabbit anti-human nicotinamide adenine
dinucleotide (NADH) dehydrogenase subunit 6 antibody
(Abcam; cat. no. ab81212; 1:400). Subsequently, the sections
were rinsed with PBS and incubated with the appropriate
secondary antibodies for 2 h at RT. For the 3,3'-diamino-
benzidine (DAB) staining (HMGBI1), the sections were
incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG polyclonal antibody (1:1,000; ZSGB-BIO,
Inc.; cat. no. ZB-23) for 2 h at RT. Subsequently, DAB was
dropped onto the slides, which were then incubated at 37°C for
3 min. The sections were then counterstained using haema-
toxylin, washed with distilled water, differentiated using 1%
hydrochloric acid (in 70% ethanol) and mounted with neutral
resin. For the fluorescence-labelled reaction, the secondary
antibodies used were as follows: Fluorescein-conjugated
goat anti-rabbit IgG (ZSGB-BIO, Inc.; cat. no. ZF-0311;
1:100), Alexa Fluor 488 donkey anti-rabbit IgG (Abcam,;
cat. no. ab150073; 1:1,000), rhodamine-conjugated goat
anti-mouse IgG (ZSGB-BIO, Inc.; cat. no. ZF-0313; 1:100)
and Cy3-labeled donkey anti-goat IgG (Beyotime Institute
of Biotechnology; cat. no. A0502; 1:1,000). The nuclei were
stained with DAPI (Beijing Solarbio Science & Technology
Co., Ltd.; cat. no. C0060; 1:5,000) at RT for 15 min. Images
were acquired using an OLYMPUS confocal microscope
(magnification, x40; U-TBI90; Olympus Corporation) and
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analyzed using Adobe Photoshop CS6 (Adobe Systems,
Inc.) and Image-Pro Plus (v6.0; Media Cybernetics, Inc.).
Evaluation of the staining reactions was performed based
on the immunoreactive score (IRS)=staining intensity x
percentage of positive cells (30). The staining intensity was
determined as: 0, negative; 1, weak (light brown staining);
2, moderate (brown staining); and 3, strong (dark brown
staining). The percentage of positive cells was determined
as: 0, no positive cells; 1, <10% positive cells; 2, 11-50%
positive cells; 3, 51-80% positive cells; and 4, >80% positive
cells. At least three visual fields from different areas of each
tumor specimen were used for the IRS evaluation.

Immunocytochemistry (ICC). U87-MG and U118-MG
glioma cells were grown on glass coverslips in 6-well
plates. After the appropriate treatments with LPS (4 pg/ml)
and IFN-y (40 ng/ml) for 0, 4, 8 or 24 h at 37°C, cells were
washed twice with ice-cold PBS and fixed with freshly
prepared 4% paraformaldehyde in PBS at RT for 15 min,
followed by permeabilization with 0.3% Triton X-100 in
PBS for 20 min. Subsequently, the cells were blocked with
blocking solution (as aforementioned for IHC) for 1 h at
RT and incubated with the following primary antibodies at
4°C overnight: Monoclonal mouse anti-4-hydroxynonenal
(HNE) antibody (Abcam; cat. no. ab48506; 1:500), mono-
clonal rabbit anti-human lysosomal associated membrane
protein 1 (LAMPI1) antibody (Cell Signaling Technology,
Inc.; cat. no. 9091; 1:200) and monoclonal rabbit anti-LC3B
antibody (Cell Signaling Technology, Inc.; cat. no. 3868;
1:200). Subsequently, the cells were washed three times with
PBS and stained with the appropriate fluorescently conju-
gated secondary antibodies (as aforementioned for IHC) for
2 h at RT. The nuclei were counterstained with DAPI at RT
for 15 min. In some experiments, cells were preloaded with
Mitotracker Red (Invitrogen; Thermo Fisher Scientific, Inc.;
cat. no. M7512; 200 nM) at 37°C for 25 min before fixation.
Finally, the coverslips were mounted in 50% glycerol-PBS
anti-fade mounting medium. Images were acquired using an
OLYMPUS confocal microscope (magnification, x100) and
analyzed with Adobe Photoshop CS6 and Image-Pro Plus
(v6.0; Media Cybernetics, Inc.).

Evaluation of various types of mitochondria was based
on the ratio between the major axis and minor axis (‘Aspect’
function in the ‘measurements’ of the Image-Pro Plus for each
mitochondrion) (31). If the ratio was between 1.0 and 1.5,
the mitochondrion was categorized into the ‘spherical (or
ring-like)” group. If the ratio was >1.5, the mitochondrion was
categorized into the ‘rod or tubular’ group (31). The ratio of
cells with fragment, intermediate or tubular mitochondria was
analyzed as determined by the presence of these two types of
mitochondria: >60% of spherical (or ring-like) mitochondria
represented a cell with fragment mitochondria; >60% of rod
or tubular mitochondria represented a cell with tubular mito-
chondria; 40-60% of both types of mitochondria represented
a cell with intermediate mitochondria. A total of 50-150 cells
were analyzed for each time point treatment.

To quantify the autophagic cells, the ratio of autophagic
cells was analyzed as determined by the presence of LC3B
puncta (>10 puncta indicated a positive cell). A total of
50-150 cells were analyzed for each time point treatment.
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Cell transfection. Glioma cells were cultured to 80% conflu-
ence in sixwell culture plates, and then transfected with 2 ug
GFP-LC3 plasmid (provided by Professor Shuping Zhang,
State Key Laboratory of Biomembrane and Membrane
Biotechnology, School of Life Sciences, Tsinghua University,
Beijing, China) using SimpleFect Transfection Reagent
(Zhengzhou Kebang Biological Technology Co., Ltd.;
cat. no. profect-01) according to the manufacturer's protocol
at 37°C for 16 h. Subsequent experimentations were performed
~12 h after transfection.

Western blotting. Cells were lysed in RIPA buffer (Beijing
Solarbio Science & Technology Co., Ltd.; cat. no. R0O010)
and incubated on ice for =30 min. The lysates were cleared
by centrifugation at 15,294 x g at 4°C for 15 min, and the
supernatant fractions were collected. The protein amounts in
the whole-cell lysates were determined using the BCA Protein
Assay kit (Beijing Solarbio Science & Technology Co., Ltd.;
cat. no. PC0020). Equal amounts of proteins (20 ug/lane)
were separated via 10-12% SDS-PAGE, and the proteins
were then transferred to PVDF membranes (EMD Millipore;
cat. no. IPVHO00010). Blocking was performed for 1 h at RT
using 5% non-fat dry milk in TBS with 1% Tween 20 (TBST) at
RT. The blots were incubated with primary antibodies overnight
at 4°C, followed by washing three times with TBST and incuba-
tion with peroxidase-conjugated goat anti-mouse or anti-rabbit
IgG secondary antibodies (ZSGB-BIO, Inc.; cat. no. ZB-2305
or ZB-2301, respectively; 1:5,000) for 2 h at RT. The primary
antibodies used were as follows: Monoclonal rabbit anti-human
hexokinase 1 (HK1) antibody (Cell Signaling Technology,
Inc.; cat. no. 2024; 1:1,000), monoclonal rabbit anti-human
citrate synthase (CS) antibody (Cell Signaling Technology,
Inc.; cat. no. 14309; 1:1,000), monoclonal rabbit anti-human
lactate dehydrogenase A (LDHA) antibody (Cell Signaling
Technology, Inc.; cat. no. 3582; 1:1,000), monoclonal rabbit
anti-human COX6BI1 antibody (Abcam; cat. no. ab131277,
1:1,500), monoclonal mouse anti-SDHB antibody (Abcam,;
cat. no. ab14714; 1:200), monoclonal mouse anti-human
B-Actin (ZSGB-BIO, Inc.; cat. no. TA-09; 1:2,000), mono-
clonal rabbit anti-LC3B antibody (Cell Signaling Technology,
Inc.; cat. no. 3868; 1:500) and polyclonal rabbit anti-GAPDH
antibody (Hangzhou Xianzhi Biological Technology Co., Ltd.;
cat. no. AB-P-R 001; 1:1,000). The blots were visualized using
ECL luminescence reagent (Dalian Meilun Biotechnology Co.,
Ltd.; cat. no. MAO186-Sep-25D) and analyzed using ImageJ
v1.46r (National Institutes of Health).

TEM. The glioma tissues and the LPS- and IFN-vy-pretreated
glioma cells were quickly fixed in 4% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) at 4°C for 2 h and then harvested with
arubber scraper. After centrifugation at 106 x g for 5 min at4°C,
cell pellets immersed in 4% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) were sent to Wuhan Servicebio Technology Co.,
Ltd., or to the electron microscopy center of Henan University
of Chinese Medicine (Zhengzhou, China) where the remaining
procedures were performed. Sections were examined using a
JEM-1400 electron microscope (JEOL, Ltd.).

Flow cytometric analyses. To measure the total cellular ROS
(ceROS) levels, the LPS and IFN-vy-treated U87-MG cells
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were collected via centrifugation at 4°C at 106 x g for 10 min
and dissociated into a single-cell suspension using Accutase
reagents (Beijing Solarbio Science & Technology Co., Ltd.)
according to the manufacturer's protocol. Subsequently, the
cells were resuspended in prewarmed DMEM containing
freshly prepared 2'.7'-dichlorodihydrofluorescein diace-
tate (DCFH-DA; Beyotime Institute of Biotechnology;
cat. no. S0033) according to the manufacturer's protocol.
After incubation at 37°C for 20 min, the cells were washed
twice with DMEM and then subjected to flow cytometry
analyses (Accuri C6; BD Biosciences Co., Ltd). To measure
the mitochondrial ROS (mtROS) levels, treated U87-MG cells
were stained with MitoSOX-Red (2 yM; Molecular Probes;
Thermo Fisher Scientific, Inc.) at 37°C for 20 min and washed
twice with prewarmed PBS. At the end of the washing steps,
the cells were analyzed via flow cytometry (Accuri C6; BD
Biosciences Co., Ltd) after being collected and resuspended
in prewarmed PBS as a single-cell suspension. To measure the
AWm, treated glioma cells were collected and resuspended as
a single-cell suspension in 1 ml culture medium, followed by
incubation with the JC-1 staining solution (Beyotime Institute
of Biotechnology; cat. no. C2006) for 20 min at 37°C. After
incubation, the cells were washed twice with JC-1 staining
buffer and then analyzed via flow cytometry (Accuri C6;
BD Biosciences Co., Ltd). Apoptosis was measured according
to the manufacturer's protocol of the Annexin V-FITC
Apoptosis Analysis kit (Tianjin Sungene Biotech Co., Ltd;
cat. no. AO2001-02P-G). Briefly, treated U87-MG cells
were collected and resuspended in 1 ml 1X binding buffer.
Subsequently, 5 ul Annexin V-FITC was added to the cells,
followed by incubation for 10 min at RT in the dark. Finally,
5 ul PI solution was added, followed by incubation for 5 min
at RT. The early and late apoptotic cells were then analyzed
via flow cytometry (Accuri C6; BD Biosciences Co., Ltd). The
software used for flow cytometric analyses was FlowJo 10.0.7
(FlowJo LLC).

Cell Counting Kit-8 (CCK-8) assay. Cell viability was assessed
using CCK-8 assays (Dojindo Molecular Technologies, Inc.;
cat. no. 347-07621), which were performed in 96-well plates
according to the manufacturer's protocol. Briefly, cells were
added to 96-well plates and grown to 80% confluence. The
CCK-8 reagent (10 pl/well) was added to glioma cells at 0, 4, 8
and 24 h after LPS and IFN-v treatment. The reaction system was
incubated for 2 h at 37°C in a humidified incubator with 5% CO,,
after which the absorbance readings were obtained at 450 nm.

ELISA. The glioma cell culture supernatants were collected at
4°C at 106 x g for 10 min after LPS and IFN-y treatment and
then to measure the secreted inflammatory mediator IL-6 using
IL-6 ELISA kits (Neobioscience; cat. no. EHC007) according
to the manufacturer's protocol. Absorbance was measured at
450 nm, and concentrations of IL-6 were calculated according
to standard curves.

Statistical analysis. All experiments were repeated at least
three times, and the statistical results were expressed as the
mean + SEM. Histograms and significance were obtained
with Origin 9 (OriginLab) and GraphPad Prism 5.0 (GraphPad
Software, Inc.) using Student's t-test or one-way ANOVA
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Figure 1. Inflammation in glioma. (A) Hematoxylin and eosin staining of glioma tissues and para-NTs. Scale bar, 50 ym.(B) IHC of Ibal showing the microglia
in glioma tissues and para-NTs. Scale bar, 25 ym. (C) IHC of IL-6 in glioma tissues and para-NTs. DAPI was used for nuclear visualization. Scale bar, 25 ym.
(D) IHC of HMGBI in glioma tissues and para-NTs. HMGBI1* inflammatory cells are indicated by black arrows. Scale bar, 50 gm. (E) Analyses of the mRNA
expression levels of proinflammatory factors in the Chinese Glioma Genome Atlas dataset. The statistical significance was evaluated via unpaired Student's
t-test. “P<0.01; ""P<0.001. para-NTs, para-neoplastic tissues; LGG, low grade glioma; GBM, glioblastoma; IHC, immunohistochemistry; HMGBI, high
mobility group box 1; Ibal, ionized calcium binding adapter molecule 1; HIF-1a, hypoxia-inducible factor-1a.

followed by Tukey's multiple comparison test. Unpaired
Student's t-test was used for comparisons between the normal
and glioma groups, and between the LGG and GBM groups,
while paired Student's t-test was used for comparisons between
the para-NT and glioma groups. ANOVA was used for
comparisons among multiple groups. P<0.05 was considered
to indicate a statistically significant difference.

Results
Inflammation in glioma. A major stimulus that triggers the

hallmarks of cancer cells within solid tumors is the activa-
tion of inflammatory cells and the subsequent local release

of proinflammatory cytokines (2,11). Therefore, the present
study first examined inflammatory cell activation and
proinflammatory cytokine expression in glioma samples.
The results revealed that locally recruited inflammatory
cells and Ibal* microglia were highly enriched in the glioma
samples (Fig. 1A and B). Additionally, the Ibal* processes of
microglia in glioma samples were markedly shortened and the
cell bodies were enlarged compared with those in para-NT
samples, indicating microglia activation (Fig. 1A and B).
Furthermore, the glioma tissues were highly immunoreactive
with IL-6 (Fig. 1C), which is one of the major proinflam-
matory cytokines released from gliomas (30). Additionally,
a number of HMGBI1* inflammatory cells were observed in
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glioma samples (Fig. 1D). It has been previously demon-
strated that HMGBI can be released by inflammatory cells
into the extracellular matrix, where it participates in the
inflammatory process (32). Subsequently, the gene expres-
sion data for other inflammatory factors were analyzed in
the CGGA dataset. The results revealed that the expression
levels of the proinflammatory cytokines IL-6, IL-8, HIF-1a.,
STAT3, NF-kBIl and NF-kB2 were significantly upregulated
in GBM compared with in LGG samples (Fig. 1E). Overall,
the present results demonstrated the presence of inflammation
in glioma.

Defects in mitochondrial structure and metabolism in glioma.
Subsequently, the mitochondrial structure in a sample from a
GBM case (male; 66 years) was examined via TEM. Abnormal
mitochondrial structure was observed in the glioma sample,
including swelling associated with disarrangement of the
cristae and partial or total cristolysis (Fig. 2A). Due to the
damaged mitochondrial structure, the present study then
examined whether the electron transfer chain (ETC) complexes
were also affected. The expression levels of NADH dehydro-
genase subunit 6, SDHB and COX6B1 were analyzed, which
all participate in mitochondria oxidative phosphorylation
(OXPHOS) (33-35). The IHC results revealed that, compared
with in normal tissues, the levels of NADH dehydrogenase
subunit 6 and SDHB in glioma tissues were significantly
lower, while COX6BI expression in glioma tissues was signifi-
cantly higher compared with that in para-NTs (Fig. 2B and C).
The gene expression data in the CGGA revealed that the
expression levels of the glycolysis enzymes HK1, LDHA and
GAPDH were significantly upregulated in GBM compared
with in LGG samples (Fig. 2D). Furthermore, both the expres-
sion levels of the OXPHOS enzyme ATP synthase (ATP5AI)
and the rate-limiting enzyme of the TCA cycle CS were
significantly downregulated in GBM compared with in LGG
samples in TCGA dataset (Fig. 2E). Overall, the current results
revealed an abnormal mitochondrial structure and metabolic
reprogramming in glioma.

Inflammation induces mitochondrial network remodeling and
mitochondrial dysfunction in glioma cells. To investigate the
effect of inflammation on the mitochondrial network in glioma,
glioma cells were analyzed in vitro following direct stimula-
tion with LPS and IFN-vy, a well-established combination of
factors that mimic the inflammatory response in vitro (36). The
ELISA assay indicated that the secretion of IL-6, the major
proinflammatory cytokines released from gliomas (30), was
significantly increased at 8 and 24 h in U87-MG cells and at 4,
8 and 24 h in U118-MG cells after the stimulation of LPS and
IFN-vy (Fig. S1), indicating the inflammatory response in glioma
cells. By labeling the mitochondria with Mitotracker Red, it
was revealed that the ratio of glioma cells with fragmented
mitochondria was significantly increased at 4 and 8 h after LPS
and IFN-y stimulation (Figs. 3A and S2Aa-f). Compared with
the 0 h group, the ratio of cells with fragmented mitochondria
in U87-MG was decreased at 24 h after the proinflammatory
stimulation, while it was still high at 24 h in U118-MG cells
(Figs. 3A and S2Aa-f). Notably, the fragmented mitochondria
revealed spherical or ring-like morphologies after exposure
to the proinflammatory stimuli (Figs. 3A and S2Aa-f). The
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TEM examination revealed that these enlarged mitochondria
were swollen and contained vacuoles, and that the cristae
were absent (Figs. 3B and S2Ag-h). Furthermore, ring-like
mitochondria were observed (Fig. 3B). The present results
indicated that the fragmentation and formation of enlarged
mitochondria may represent a mitochondrial stress response
to inflammation stimuli.

Inflammation causes mitochondrial dysfunction in glioma
cells. The aforementioned alterations in the mitochondrial
dynamics strongly suggested that these alterations may
contribute to the mitochondrial dysfunction in glioma. As
expected, the proinflammatory stimuli caused a significant
decrease in AWYm in glioma cells indicated by a decrease of
the ratio of red to green JC-1 fluorescence (Figs. 3C and S2B).
Furthermore, the mitochondria metabolic profile was
potentially affected. First, ROS measurements in stimulated
U87-MG cells were performed. DCFH-DA and MitoSOX-Red
were used to examine the ceROS and mtROS levels, respec-
tively. After 4 h of treatment with LPS and IFN-v, the levels
of ceROS and mtROS production were significantly increased
compared with those in non-stimulated glioma cells, and the
high ROS levels persisted until 8 h after treatment; notably,
mtROS production decreased at 24 h, but ceROS production
was unchanged (Fig. 4A and B). Therefore, proinflammatory
stimuli may lead to transient ROS production by mitochondria
as they undergo structural disruption in U87-MG cells. ROS
levels in U118-MG cells were also evaluated, but there was
no statistically significant difference (data not shown). The
spherical or ring-like mitochondria in the present experi-
ment were similar to those in oxidatively damaged cultured
cardiomyocytes (37). Due to this similarity, the present
study next examined whether the mitochondrial membrane
proteins and lipids were oxidized in glioma cells. Notably,
ICC staining with an antibody to HNE, which recognizes
oxidized proteins and lipids, did not specifically colocalize
with the mitochondria, indicating that there was no oxidative
damage of the mitochondrial membrane after the stimulation
with LPS and IFN-vy (Figs. 4C and S3). Subsequently, the
mitochondrial metabolic profile was analyzed, revealing that
stimulated U87-MG glioma cells exhibited marked increases
in their expression levels of HK1 and LDHA, which are both
glycolysis enzymes (Fig. 4D). By contrast, the expression levels
of the ETC complexes COX6B1 and SDHB were significantly
downregulated in cells after 8 h of stimulation, consistent
with OXPHOS alterations (Fig. 4D). However, the expression
levels of the rate-limiting enzyme of the TCA cycle CS were
significantly upregulated in the stimulated glioma cells, which
was inconsistent with the bioinformatics results, indicating
a possible discrimination between glioma cells in vitro and
glioma tissues (Fig. 4D). Notably, the mitochondrial metabolic
profile in U118-MG cells was not significantly changed after
proinflammatory stimuli (data not shown). Overall, the current
results revealed that inflammation may lead to defective mito-
chondrial function and metabolic reprogramming in glioma
cells in vitro.

Dysfunctional mitochondria are not cleared via mitophagy.
Considering the nature of the mitochondrial defects observed
following inflammatory stimuli, the present study focused on
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Figure 2. Mitochondrial defects in glioma. (A) Representative transmission electron microscopy images of a case of GBM (male, 66 years). Scale bar, 500 nm.
(B) Immunohistochemistry of subunit 6, SDHB and COX6B1 in glioma tissues and normal or para-NTs. DAPI was used for nuclear visualization. Scale
bar, 25 ym. (C) Histograms of the statistical analyses of the IRSs of subunit 6, SDHB and COX6BI1. (D) Expression levels of HK/, LDHA and GAPDH in
the Chinese Glioma Genome Atlas. (E) Expression levels of CS and ATP5A1 in The Cancer Genome Atlas. The statistical significance was evaluated via
unpaired Student's t-test, except for COX6BI (paired Student's t-test). “P<0.05; “P<0.01; “*P<0.001. Subunit 6, NADH dehydrogenase subunit 6; M, mito-
chondria; N, nucleus; GBM, glioblastoma; LGG, low-grade glioma; para-NTs, para-neoplastic tissues; IRS, immunoreactive score; SDHB, iron-sulfur protein
subunit of succinate dehydrogenase; COX6BI1, cytochrome C oxidase subunit VIb; HK1, hexokinase 1; CS, citrate synthase; LDHA, lactate dehydrogenase A;

ATP5A1, ATP synthase.

possible mechanisms that may mediate its resolution. One of
the possibilities may involve the clearance of the damaged
mitochondria via autophagy, a form of quality control
considered to be important for maintaining the functionality
of mitochondrial networks known as mitophagy (36,38).
Therefore, the present study examined whether autophagy
was induced following exposure to proinflammatory stimuli
by evaluating the lipidation of the autophagy-associated
protein LC3B. LC3B abundance and its conversion from the
cytosolic isoform LC3B-I to the autophagosomal-associated

isoform LC3B-II was examined in glioma cells via ICC and
western blotting. The results revealed that the proinflamma-
tory stimuli caused a significant increase in LC3B puncta and
LC3B-II abundance in U87-MG cells (Fig. 5A, C, E and F),
but not in U118-MG cells (Fig. 5B, D, G and H). However,
there was no detectable change in mitophagy (determined as
the colocalization of mitochondria with the LC3B positive
signals) at any time point in both glioma cells. A similar
result was observed after transfecting a GFP-LC3 plasmid
into the U87-MG cells (Fig. S4A). To further track the fate of
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glioma cells. (A) Representative images of mitochondria in U87-MG cells at
the mitochondrial probe. The white arrows indicate the spherical or ring-like

mitochondria. The histogram represents the statistical analyses of the ratios of glioma cells with fragmented, intermediate or tubular mitochondria (n=4;
50-150 cells per time point). The upper right three images are representative of glioma cells with fragmented, intermediate or tubular mitochondria. Scale bar,
10 pm. (B) Representative transmission electron microscopy images of mitochondria in U87-MG cells before (non-stimulated; left panel; scale bar, 500 nm)
and after LPS and IFN-y treatment (middle panel; scale bar, 2 ym). The black arrows indicate the ring-like mitochondria. The rectangular area was enlarged
in the right panel (scale bar, 500 nm). (C) Fluorescent images were acquired via confocal microscopy after U§7-MG cells were treated with the JC-1 staining
solution (scale bar, 50 ym). A change from red to green reflects decreased AWm, which was also analyzed via flow cytometry. The histogram presents the
statistical analysis of the AWm after LPS and IFN-vy treatment (n=3). The statistical significance was evaluated via one-way ANOVA followed by Tukey's post
hoc test. “P<0.05; “P<0.01; ns, not significant; LPS, lipopolysaccharide; AW¥'m, mitochondrial membrane potential; fluor, fluorescence.

the dysfunctional mitochondria, the current study explored
whether they could also interact with acidic compartments.
However, no distinct colocalization of mitochondria with
the lysosomal marker LAMPI1 was observed after exposure
to the proinflammatory stimuli in U87-MG cells (Fig. S4B).
The present results indicated that the dysfunctional mito-
chondria resulting from the proinflammatory stimuli were

not being cleared via mitophagy. Finally, the effect of the
persistence of the damaged mitochondria on glioma cell
survival was examined. The results revealed that expo-
sure to the proinflammatory stimuli markedly decreased
the apoptosis of U87-MG cells (Fig. 6A and B), while the
apoptosis of Ul18-MG cells was not influenced by the
proinflammatory stimuli (data not shown). Additionally, the
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Figure 4. Proinflammatory stimuli induce ROS generation and metabolic remodeling in glioma cells. (A) Total ceROS in U87-MG cells was measured by
staining with DCFH-DA and flow cytometry. The histogram presents the statistical analysis of ceROS generation after LPS and IFN-vy treatment (n=5).
(B) mtROS in U87-MG cells was measured by staining with MitoSOX-Red and flow cytometry. The histogram presents the statistical analysis of mtROS
generation after LPS and IFN-y treatment (n=4). (C) Double-labeling of U87-MG cells with Mitotracker Red and HNE. Scale bar, 5 ym. (D) Protein expres-
sion levels of HK1, LDHA, CS, COX6B1 and SDHB in control (0 h) and LPS and IFN-y-treated U87-MG cells. The histograms show the statistical analyses
of the ratios of HK1, LDHA, CS, COX6B1 and SDHB to f3-actin (n=3). The statistical significance was evaluated via one-way ANOVA followed by Tukey's
post hoc test. "P<0.05; ““P<0.001; ns, not significant; LPS, lipopolysaccharide: ROS; reactive oxygen species; ceROS, cellular ROS; mtROS, mitochon-
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CCK-8 assay demonstrated that the viability of glioma cells  Discussion

was not affected by the mitochondrial dysfunction caused

by the proinflammatory stimuli (Fig. 6C and D). Overall, Inflammation is a common condition that occurs in solid
the aforementioned results demonstrated that inflammation  tumors due to the activation and recruitment of local and circu-
increased the tolerance of glioma cells to dysfunctional lating proinflammatory cells, and secretion of inflammatory
mitochondria. factors (11). In the present study, recruitment of inflammatory
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cells, microglial reactions and upregulation of proinflamma-
tory factors were observed in glioma tissue samples, indicating
the presence of an inflammatory inner environment in glioma.
Mitochondrial dysfunction in tumors has been associated with
abnormalities in mitochondrial energy metabolism, marked by
a metabolic shift from oxidative phosphorylation to glycolysis
(known as the “Warburg effect’), disturbances in A¥m regu-
lation and apoptotic signaling (21). The present experiments
demonstrated that mitochondrial network remodeling mani-
fested as swelling and damaged cristae and altered expression

levels of ETC complexes in glioma. In addition, upregulation of
glycolytic enzymes and downregulation of OXPHOS enzymes
were observed in glioma. The current results provide strong
evidence for the presence of mitochondrial dysfunction and
metabolic reprogramming in glioma, which has been reviewed
by Strickland and Stoll (21).

To address the influence of inflammation on the mito-
chondria in glioma cells, the present study examined how
the mitochondrial dynamics changed in glioma cells directly
exposed to proinflammatory stimuli in vitro. Stimulation
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with LPS and IFN-vy is a well-established combination of
factors that mimic the inflammatory response in vitro (36).
In our previous study, glioma cells were stimulated
with 1 yg/ml LPS and 10 ng/ml IFN-vy (36); however, no
marked changes were observed in the mitochondria of
glioma cells. Therefore, the concentrations of LPS and
IFN-y were increased in the present study, revealing that a
combination of 4 yg/ml LPS and 40 ng/ml IFN-y was able
to induce a significant remodeling of the mitochondrial
network. Additionally, this combination of LPS and IFN-y
induced the secretion of the inflammatory cytokine IL-6
in glioma cells, which is one of the major proinflammatory
cytokines released from gliomas (30). The current results
revealed that proinflammatory stimuli induced rapid and
profound changes in the mitochondrial network, leading to
its fragmentation, the appearance of spherical or ring-like
morphologies, and damaged ultrastructure in glioma cells.
This structural disruption of the mitochondria resulted in a
significant decrease in the AWm, indicating impaired mito-
chondria function after exposure to inflammatory stimuli.
Mitochondria are the main cellular source of ROS (39).
Numerous studies have investigated the roles of ROS as a
tumor-promoting or tumor-suppressing agent, and there is
abundant evidence supporting both possibilities (25,40-44).
In the present study, significant increases in both the
ceROS and mtROS levels in glioma cells were detected
after 4 and 8 h of treatment. By contrast, these levels were

P<0.001; ns, not significant; LPS, lipopolysaccharide.

lower at 24 h, consistent with a partial recovery of the
mitochondrial network. The HNE ICC results revealed
that ROS did not induce oxidative damage to the mito-
chondrial membranes, indicating that the mitochondria can
tolerate the ROS induced by inflammation in glioma cells.
Furthermore, the mitochondrial network remodeling may
reveal forms of mitochondrial plasticity that are important
for adjusting the metabolic state of the glioma to cope with
the metabolic challenges induced by inflammatory stress.
Indeed, the levels of the glycolytic enzymes HK1 and LDHA
were substantially increased, while the levels of the ETC
complexes COX6BI1 and SDHB were decreased. Notably,
the levels of CS, the rate-limiting enzyme in the TCA cycle,
were significantly increased in proinflammatory-stimulated
glioma cells. Previous studies have demonstrated an aberrant
function of the TCA cycle in cancer (45,46). CS catalyzes
the first committed step of the TCA cycle and its expres-
sion has been reported to be upregulated in several types of
cancer (47-49). For example, upregulated CS expression has
been associated with cell proliferation, invasion and migra-
tion in human ovarian carcinoma (47). Consistently, the
upregulation of CS expression observed in the present study
may reflect a type of metabolic reprogramming in inflamma-
tion-stimulated glioma cells. In light of the widely accepted
belief that cancer cells primarily utilize aerobic glycolysis,
the role of the TCA cycle in glioma metabolism and tumori-
genesis should be further investigated. In addition, COX6B1
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expression was observed to be upregulated in glioma tissues
compared with in para-NT. As a cytochrome oxidase subunit,
COX6BI1 is encoded in the nuclear genome and serves
critical roles in energy metabolism and regulation (50). It
has been demonstrated that COX6B1 overexpression inhibits
apoptosis and induces mitochondrial respiration and stress
resistance (35,51). Accordingly, COX6B1 upregulation in
glioma may be a response of the glioma cells to increase
their resistance to a harsh environment. However, the in vitro
results indicated the opposite, since COX6BI1 expression
was downregulated after 8 and 24 h of exposure to proin-
flammatory stimuli. It was speculated that this effect may be
due to differences between in vitro and in vivo conditions.
The tumor microenvironment is more complicated than that
under in vitro conditions; therefore, the increased levels of
COX6BI1 in glioma may result from a number of unknown
factors. From this perspective, the in vitro results may more
accurately reflect the effects of inflammation on mitochon-
dria in glioma cells.

An important mechanism of mitochondria clearance is
mitophagy, which has been reported in several studies (52-54).
Mitochondrial fragmentation and a decline in the AYm are
essential conditions for mitophagy (55-57). In the present
study, the mitochondrial network was partially recovered
24 h after treatment, as was the production of ceROS and
mtROS. However, no marked alteration in the colocaliza-
tion of Mitotracker Red and LC3B (indicating mitophagy)
was observed at any point. Furthermore, the dysfunctional
mitochondria were not engulfed by lysosomes. Therefore,

the present results suggested that the damaged mitochondria
induced by inflammation were not cleared via mitophagy.
Future studies should investigate how abnormal mitochondria
induced by inflammatory stress achieve effective quality
control. A possibility may be that these mitochondria are not
‘bad enough’ that they must be cleared and are 'salvageable;
thus, the mitochondria activate the relevant self-help mecha-
nisms to normalize the network (58). It has been reported that
reduction or ablation of the AYm can induce nuclear transloca-
tion of activating transcription factor associated with stress-1,
where it initiates the mitochondrial unfolded protein response,
which is a mitochondria self-help mechanism (59). Whether
the mitochondria observed in the present study initiated
this self-help mechanism remains to be further investigated.
Additionally, it is possible that the formation of spherical or
ring-like mitochondrial structures may reflect a response to
environmental conditions that have functional consequences.
Mitochondria gradually adapt to the inflammatory environ-
ment, becoming more tolerant to inflammation and less
sensitive to the environmental conditions (60,61). Therefore,
the fragmented, spherical or ring-like mitochondria gradually
recovered, and the altered mitochondrial morphology may
represent a response to inflammatory stress. Furthermore,
in certain stages of tumorigenesis, decreased mitophagy
may allow for a permissive threshold for the persistence of
dysfunctional mitochondria, which then generate increased
tumor-promoting ROS or other tumorigenic mitochondrial
signals (25). Accordingly, a decrease in apoptosis was
observed in the present study; therefore, the persistence of



dysfunctional mitochondria may help glioma cells to survive
in inflammatory environments.

However, there are some limitations in the present study.
For example, the lack of normalization of the data downloaded
from the CGGA dataset generated negative values during the
statistical analysis. Additionally, isocitrate dehydrogenase
mutation status may dramatically affect the function of mito-
chondria (62). Therefore, the lack of mutation experiments is
another potential limitation. Furthermore, the expression levels
of proteins (such as IL-6, IL-8, HIF-1a,, STAT3, NF-xB1 and
NF-«B2) in the inflammatory microenvironment in glioma
should be further evaluated using IHC staining or western
blotting.

In conclusion, the current results identified a direct asso-
ciation between inflammation and changes in mitochondrial
dynamics in glioma, revealing that inflammation may induce
mitochondrial dysfunction in glioma, including fragmenta-
tion, swelling, structural and AWm disruption, and ROS
generation. Finally, metabolic reprogramming may result
in increased aerobic glycolysis, a defective TCA cycle and
OXPHOS (Fig. 7). Although the recovery or biogenesis of the
mitochondria, and the role of the TCA cycle in glioma after
proinflammatory stimuli should be further investigated, the
present results demonstrated that the dysfunction of these
organelles did not affect the viability but decreased the
apoptosis of glioma cells (Fig. 7). Further insight into how
inflammatory processes impact local bioenergetics within
glioma tissues may lead to the identification of novel routes
for understanding the association between inflammation and
solid tumors.
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