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Abstract 

Background Glioblastoma is an aggressive cancer that originates from abnormal cell growth in the brain 
and requires metabolic reprogramming to support tumor growth. Metabolic reprogramming involves the upregula-
tion of various metabolic pathways. Although the activation of specific metabolic pathways in glioblastoma cell lines 
has been documented, the comprehensive profile of metabolic reprogramming and the role of each pathway in glio-
blastoma tissues in patients remain elusive.

Methods We analyzed 38 glioblastoma tissues. As a test set, we examined 20 tissues from Kyushu University Hospital, 
focusing on proteins related to several metabolic pathways, including glycolysis, the one-carbon cycle, glutaminoly-
sis, and the mitochondrial tricarboxylic acid cycle. Subsequently, we analyzed an additional 18 glioblastoma tissues 
from Kagoshima University Hospital as a validation set. We also validated our findings using six cell lines, includ-
ing U87, LN229, U373, T98G, and two patient-derived cells.

Results The levels of mitochondria-related proteins (COX1, COX2, and DRP1) were correlated with each other 
and with glutaminolysis-related proteins (GLDH and GLS1). Conversely, their expression was inversely correlated 
with that of glycolytic proteins. Notably, inhibiting the glutaminolysis pathway in cell lines with high GLDH and GLS1 
expression proved effective in suppressing tumor growth.

Conclusions Our findings confirm that glioblastoma tissues can be categorized into glycolytic-dominant and mito-
chondrial-dominant types, as previously reported. The mitochondrial-dominant type is also glutaminolysis-domi-
nant. Therefore, inhibiting the glutaminolysis pathway may be an effective treatment for mitochondrial-dominant 
glioblastoma.
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Background
Glioblastoma is a highly aggressive primary brain tumor 
with a poor prognosis [1]. Standard treatments for glio-
blastomas include surgery, radiotherapy, and chemo-
therapy [1]. However, there is currently no cure for this 
disease. Metabolic changes within glioma and overall cell 
metabolism represent potential therapeutic targets [2]. 
Specifically, mitochondria, key organelles in metabolism 
[3], play a critical role in oncogenesis and are promising 
targets for cancer treatment.

Cancer cells exhibit a highly proliferative capacity. 
Owing to limited metabolic resources, including nutri-
ents, cancer cells undergo metabolic reprogramming to 
sustain growth [4, 5]. A defining hallmark of glioblastoma 
is its altered tumor metabolism [6]. Key metabolic activi-
ties, including aerobic glycolysis, mitochondrial oxidative 
phosphorylation, glutamine catabolism, macromolecu-
lar synthesis, and redox homeostasis, are essential for 
supporting the exponential growth of the tumor [4, 5]. 
Understating these processes could lead to the develop-
ment of effective glioblastoma treatments. Notably, gly-
colysis and mitochondrial oxidative phosphorylation are 
the main metabolic pathways involved [6].

Two main types of brain tumors have been identi-
fied: glycolytic- and mitochondria-dominant gliomas 
[7]. Warburg et  al. reported that cancer cells rely on 
glycolysis for energy even in the presence of oxygen [8]. 
Conversely, mitochondria generate energy via the tricar-
boxylic acid (TCA) cycle and are implicated in various 
diseases, including aging, diabetes, and cancer [9]. Nota-
bly, Hoang-Minh et  al. [10] reported that slow-growing 
cells, which are prone to tumor invasion and chemore-
sistance, depend on mitochondrial activity [10–13]. Some 
mitochondrial pathways, such as one-carbon metabolism 
and glutaminolysis, are specific to cancer cells [14, 15]. 
Glutaminolysis not only generates energy and reactive 
oxygen species (ROS) [14, 16] but is also associated with 
resistance to radiotherapy and chemotherapy, making it a 
target for therapeutic strategies [14, 17]. Glutamate dehy-
drogenase (GLDH) converts glutamate to alpha-ketoglu-
tarate (α-KG), which fuels the TCA cycle [18], and Zhang 
et  al. reported that GLDH inhibitors decrease tumor 
proliferation [19]. One-carbon metabolism, critical for 
nucleic acid biosynthesis and linked with folate metab-
olism [20], is upregulated in cancer cells [15, 20, 21]. 
Kofuji et  al. reported that the inactivation of IMPDH2, 
an enzyme vital for glioblastoma oncogenesis, is effective 
in treating glioblastoma [22]. However, a comprehensive 
understanding of aberrant metabolic pathways in glio-
blastoma remains lacking.

In the present study, we aimed to determine the path-
ways underlying glioblastoma development and explore 
the relationships between mitochondria-related and 

other pathway-related proteins using patient tumor 
specimens.

Methods
Cell culture
U87MG (U87), LN229, U373, and T98G cells were 
obtained from the American Type Culture Collection 
(Manassas, VA, USA) (certified by BEX [Japan]). The cells 
were cultured according to previously established pro-
tocols in Dulbecco’s modified Eagle’s medium (DMEM; 
Nacalai Tesque, Japan) containing 10% fetal bovine 
serum (Sigma-Aldrich, St. Louis, MO, USA) and 1% 
penicillin–streptomycin (Nacalai Tesque). The cells were 
cultured in a humidified incubator with 95% air and 5% 
 CO2 at 37  °C. Additionally, two original patient-derived 
glioblastoma cell lines obtained from Kyushu University 
Brain Tumor Bank (KNS1435 and KNS1451) were sus-
pended in DMEM/ham F12 (Nacalai Tesque) contain-
ing human FGF (R&D Systems, Minneapolis, MN, USA), 
EGF (R&D Systems), leukemia inhibitory factor (LIF; 
MilliporeSigma, Burlington, MA, USA), B27 (Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA USA), and 
penicillin/streptomycin and plated on a non-attached 
dish. Genetic analysis confirmed that KNS1451 harbors 
mutations in PTEN, TP53, NF1, and the TERT promoter 
C250T, whereas KNS1435 harbors mutations in PTEN, 
TP53, the TERT promoter C228T, PIK3R1, and NOTCH1 
[23].

Brain tumor tissue
We analyzed samples collected from the tumor bank at 
Kyushu University Hospital and Kagoshima University 
Hospital. We randomly selected tumor samples histo-
logically and genetically confirmed as glioblastoma, IDH-
wild type, with sufficient specimen quantities. The cohort 
comprised 19 male patients and 18 female patients, with 
a mean age of 61.8 ± 4.2 years. Brain tumor samples were 
obtained during the surgery. A section of the tumor tis-
sue was snap-frozen in liquid nitrogen and stored at -80 
℃. All study participants provided informed consent. 
This study was approved by a local ethics committee and 
conducted in accordance with the 1964 Declaration of 
Helsinki.

Next‑generation sequencing (NGS)
NGS was performed using an amplicon-based glioma-
tailored gene panel as described previously [24, 25]. 
Amplicon sequences were aligned to the human refer-
ence genome GRCh37 (hg19) in the target region of the 
sequence. Data were analyzed using the QIAGEN Web 
Portal service (QIAGEN, Hilden, Germany; https:// www. 
qiagen. com/ us/ shop/ genes- and- pathw ays/ data- analy sis- 
center- overv iew- page/) and Mitsubishi Space Software 

https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/
https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/
https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/
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(Amagasaki, Hyogo, Japan; https:// www. mss. co. jp/ busin 
ess/ life- scien ce/). We identified the copy number vari-
ations and single nucleotide polymorphisms, including 
mutations in PDGFR, NF1, PTEN, Tp53, and EGFR. Sam-
ples were classified into three groups: wild type (WT), 
EGFR amplification, and PDGFR amplification.

Reagents
The reagents used in the study are listed in Table 1.

Immunoblotting analysis
Immunoblotting was performed as previously described 
[26]. Cells were homogenized in a lysis buffer (20  mM 
Tris–HCl, 2  mM EDTA, 150  mM NaCl, and 1% NP40; 
pH 7.5) containing protease (161–26,021; Fujifilm Wako, 
Japan) and phosphatase inhibitors (4906837001; Sigma-
Aldrich). After sonication, the cell lysates were centri-
fuged at 20,000 × g for 5 min at 4 ℃. The tumor sample 
was quickly frozen in liquid nitrogen in the operating 
room and stored at − 80  °C. For tumor samples, approx-
imately 20  mg was processed by adding RIPA buffer, 
mashing, sonication, and resting for 30 min at 4 °C. Fol-
lowing sonication, the cell lysates were centrifuged at 
20,000 × g for 30 min at 4 °C, and the supernatants were 
analyzed. Equal amounts of protein (5 μg) were separated 
via sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto Immobilon-P 
transfer membranes (MilliporeSigma). The membranes 
were blocked using Blocking One (Nacalai Tesque) and 
probed overnight with primary antibodies. The mem-
branes were incubated with secondary antibodies for 
1  h at room temperature. Proteins were detected using 
enhanced chemiluminescence (GE Healthcare, Chicago, 

IL, USA). Chemiluminescence was recorded and quan-
tified using a charge-coupled device camera (LAS1000 
plus). The antibodies used in this study are listed in 
Table 1. Membranes were cut prior to antibody hybridi-
zation. The expression of each protein was compared to 
that of the internal reference β-actin.

Cell viability
Cells were seeded (1 ×  104 cells/well in a 24-well dish) in 
triplicates and cultured in DMEM (containing glucose) 
with different drug concentrations for 72  h. Cells were 
counted using the Coulter counter (Beckman Coulter, 
Brea, CA, USA).

Metabolome assay
Glioblastoma tissue metabolites were analyzed using 
liquid chromatography-tandem mass spectrometry 
(LC–MS/MS) based on reverse-phase ion-pair chroma-
tography and hydrophilic interaction chromatography 
coupled with a triple quadrupole mass spectrometer, 
LC-MS-8040 (Shimadzu, Kyoto, Japan), as previously 
described [27]. Data normalization was performed by 
autoscaling and analyzed using PCA and sPLA-DA 
methods, utilizing MetaboAnalyst 5.0.

Quantification and statistical analysis
Regarding the correlation between each pathway, west-
ern blot experiments were conducted simultaneously 
to detect the expression of each protein. The protein 
expression data were then normalized using the expres-
sion of the housekeeping protein β-actin. Subsequently, 
the normalized values for each sample and protein 
were plotted, and the correlation values were calcu-
lated using the Spearman method. Data are presented 
as the mean ± standard deviation. Significant differences 
between groups were examined using a one-way analy-
sis of variance or Student’s t-test using GraphPad Prism 
version 9 (GraphPad Prism Software Inc.) and JMP 15 
software (SAS Institute Inc., Cary, NC, USA). Tumor 
specimens were analyzed using nonparametric tests, 
while cell experiments were analyzed using parametric 
tests. All experiments were repeated at least three times.

Image generation
The image was created using bioRender (https:// www. 
biore nder. com/).

Results
Analysis of various pathways using tumor samples
We initially selected 20 glioblastoma samples from 
Kyusyu University’s tumor bank as a test set, which 
included information on driver gene amplification, spe-
cifically EGFR and PDGFR. Patient characteristics are 

Table 1 Reagents used in the study

Antibodies Catalog number Source

anti-COX1(MTCO1) mouse mAb #ab14705 abcam

anti-COX2(MTCO2) mouse mAb #ab110258 abcam

anti-DRP1 mouse 611112 BD Biosciences

anti-HK2 rabbit mAb #2867 CST

anti-SHMT2 rabbit pAb #ab224427 abcam

anti-GLS1 rabbit pAb 29519-1-AP ProteinTech

anti-GLDH1/2 rabbit mAb #12793 CST

anti-rabbit IgG HRP-linked #7074 CST

anti-mouse IgG HRP-linked #7076 CST

anti-β-actin mouse mAb #A5441 Sigma-Aldrich

anti-TFAM rabbit mAb Our laboratory

Anti-MTHFD1 rabbit pAb 10794-1-AP ProteinTech

Chemicals

 R162 (GLDH1 inhibitor) E1170 Selleck.co.jp

 BPTES (GLS1 inhibitor) S7753 Selleck.co.jp

https://www.mss.co.jp/business/life-science/
https://www.mss.co.jp/business/life-science/
https://www.biorender.com/
https://www.biorender.com/
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detailed in Additional file  1: Supplementary Table  S2. 
The cohort comprised ten men and ten women, with 
a mean age of 58.8 ± 6.4  years. Among these patients, 
eight had PDGFR amplification (No. 2–9), five exhibited 
EGFR amplification (No. 1 and 10–12), and seven were 
WT (No. 13–16 and 18–20). We subsequently classified 
these samples into WT, EGFR amplification, and PDGFR 
amplification groups to examine the metabolic condi-
tions of tumors relative to changes in driver gene ampli-
fications. To further elucidate the metabolic changes 
in these glioma samples, we analyzed several metabolic 
pathways in the clinical glioma samples via western blot-
ting (including the mitochondrial, glycolytic, one-carbon, 
and glutaminolytic pathways). The mitochondrial pro-
teins analyzed included COX1, 2, DRP1, and TFAM; the 
glycolytic protein assessed was HK2; proteins related to 
the one-carbon pathway included serine hydroxymeth-
yltransferase-2 (SHTM2) and methylenetetrahydrofolate 
dehydrogenase (MTHFD1); and proteins related to glu-
taminolysis included GLS1 and GLDH. Although no evi-
dent differences were observed between the driver gene 
amplifications, we noted that several metabolic proteins 
were correlated. Among these, mitochondrial proteins 
appeared particularly important. Thus, we redetected 
these proteins to investigate the correlation between 
different pathways. Sample No. 1 served as the con-
trol sample in both experiments, given its ample speci-
men availability. We determined the order of samples 
chronologically and by the expression level of COX1. 
We selected this order to illustrate a trend of increas-
ing COX1 expression, facilitating a straightforward 
interpretation of the data. Additionally, we assessed the 
correlation of proteins from different pathways (Fig.  1; 
Additional file 1: Supplementary Fig. S1, and Additional 
file  2: Supplementary Table  S1). All membranes were 
processed in the same experiments but are presented 
separately for clarity.

Interrelationships among mitochondria‑related proteins
There are several types of proteins related to mito-
chondria, some of which are encoded by mitochondrial 
DNA, while others are encoded by nuclear DNA. COX1 
and COX2 are encoded by mitochondrial DNA and are 
subunits of complex IV of the electron transport chain. 
DRP1, located in the outer mitochondrial membrane, 
plays a role in mitochondrial division. We plotted the 
normalized values for each sample and protein using 
β-actin as a reference and then calculated the correlation 
between the values of each protein using the Spearman 
method. The heatmap was generated using Prism soft-
ware. We observed significant correlations among these 
proteins (COX1 and COX2, r = 0.93; COX1 and DRP1, 
r = 0.56; COX2 and DRP1, r = 0.46). Generally, |r| values 

exceeding 0.4 indicate modest to strong correlations [28]. 
Thus, the results suggest that the expression levels of 
COX1, COX2, and DRP1 are reliable indicators of over-
all mitochondria-related protein expression (Fig.  2a–d). 
However, TFAM, which protects mitochondrial DNA, 
did not show remarkable correlations with these mito-
chondrial proteins (Additional file 1: Supplementary Fig. 
S1a, b).

Mitochondrial‑related protein levels are inversely 
correlated with glycolytic protein levels
A low expression of glycolytic proteins was observed 
among samples exhibiting high levels of mitochondrial 
proteins. Therefore, we speculated that the levels of 
mitochondrial proteins, especially mitochondrial DNA-
coded proteins, may be associated with the activity of 
the TCA pathway. Specifically, an increase in the levels 
of these mitochondria-related proteins may be related 
to a decrease in the glycolytic pathway. As expected, the 
expression of HK2 expression, a representative protein of 
the glycolytic pathway, tended to be inversely correlated 
with mitochondrial proteins (COX1 and HK2, r = -0.52) 
(Fig. 2a, e; and Additional file 1: Supplementary Fig. S2a).

Mitochondrial proteins are not associated with one‑carbon 
metabolism
Several pathways, including those involved in one-carbon 
metabolism and glutaminolysis, are specific to cancer 
cells. Therefore, we examined the relationship between 
mitochondria and one-carbon metabolism. Two of the 
primary enzymes involved in carbon metabolism are 
SHMT2 and MTHFD1. Our results revealed no correla-
tion between the expression of mitochondrial-related 
proteins and that of one-carbon-related proteins (Fig. 2a, 
f; and Additional file 1: Supplementary Fig. S1c).

Mitochondrial proteins are associated with glutaminolysis
The glutaminolysis pathway can produce α-KG, which is 
a metabolite of the TCA cycle. Glutaminolysis plays an 
essential role in energy production [14, 16], and the main 
enzymes involved are GLDH and GLS-1 [29]. Hence, we 
examined the correlation between mitochondria-related 
proteins and glutaminolysis-related proteins. Notably, 
the levels of mitochondria-related proteins were corre-
lated with glutaminolysis (Fig. 2g, h; and Additional file 1: 
Supplementary Fig. S2b, c).

Validation of results using a validation sample set 
from other institutions
We conducted additional experiments on specimens 
obtained as a validation set from the Kagoshima Uni-
versity tumor bank. This group consisted of eight men 
and nine women, with a mean age of 65 ± 10.2  years. 
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Among them, six had PDGFR amplification (No. 21–24, 
30, and 35), five had EGFR amplification (No. 25, 26, 31, 
32, and 36), and six were WT (No. 27–29, 33, 34, and 
37). Sample No. 1 presented in Fig. 3a is the same con-
trol sample from Kyushu University, which was used 

to compare both test and validation sets. The sample 
sequence was organized chronologically and by the 
expression level of COX1, ensuring a clear trend of 
increasing COX1 expression. The results corroborated 
our initial findings, revealing correlations among the 

Fig. 1 Protein expression of the metabolic pathway of tumor tissue. a Schematic representation of the study showing the relationship 
between each enzyme and mitochondria. b Expression of proteins of the metabolic pathway in tumor tissue, including COX1, COX2, DRP1, HK2, 
SHMT2, GLS1, GLDH, and β-actin

(See figure on next page.)
Fig. 2 Interaction between mitochondria and other pathway-related proteins. Mitochondria-related protein expression levels are correlated. a 
Correlation coefficient between each protein. The correlation values (r) are calculated using the Spearman method using GraphPad Prism version 
9. b COX1 expression correlates with COX2 expression (r = 0.93). c COX1 expression correlates with DRP1 expression (r = 0.56). d COX2 expression 
correlates with DRP1 expression (r = 0.46). Mitochondria-related protein expression levels are inversely correlated with glycolytic protein expression 
levels. e COX1 expression tends to be inversely correlated with that of HK2 (r = -0.52). Mitochondria-related protein expression is not correlated 
with that of one-carbon metabolism proteins. f COX1 expression is not correlated with that of SHMT2 (r = -0.24). Mitochondria-related protein 
expression is correlated with that of glutaminolysis-related proteins. g COX1 expression is correlated with GLS1 (r = 0.76). h COX1 expression 
is correlated with GLDH (r = 0.65)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Protein expression of the metabolic pathway of tumor tissues (used as a validation set). Expression of mitochondria-related proteins 
is correlated with each other and with that of glutaminolysis proteins. a Proteins associated with metabolic pathways in tumor tissues include COX1, 
COX2, DRP1, HK2, SHMT2, GLS1, GLDH, and actin. b Correlation coefficient between each protein. The correlation values (r) are calculated using 
the Spearman method using GraphPad Prism version 9. c COX1 expression correlates with COX2 expression (r = 0.88). d COX1 expression correlates 
with DRP1 expression (r = 0.89). e COX1 expression correlates with GLS1 (r = 0.72). f COX1 expression tends to correlate with GLDH (r = 0.71)
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levels of mitochondria-related proteins and the glu-
taminolysis pathway (Fig.  3a–f; and Additional file  2: 
Supplementary Tables S3, 4b).

Mitochondrial‑dominant tissues rely on the TCA cycle
There are two types of tumor cells: glycolytic and 
mitochondrial [7, 10]. Cells with active mitochon-
drial function require glutamine metabolism [18]. We 
hypothesized that mitochondrial-dominant cells are 
dependent on the TCA cycle and utilize nutrients from 
glutaminolysis. To confirm our hypothesis, we use MS 
analysis to compare samples with high expression of 
mitochondria-related proteins (mitochondria-high 
expression group; No. 3, 4, 10, and 11) and samples with 
low expression of mitochondria-related proteins (mito-
chondria-low expression group) (No. 16–20) (Addi-
tional file  2: Supplementary Table  S4a.) The data were 
analyzed using the PCA and sPLA-DA methods with 
MetaboAnalyst 5.0. PCA method revealed differences 
between the two groups, while the sPLA-DA method 
identified citric acid as one of the most distinguishing 
factors between them (Fig.  4a and b). Notably, citric 
acid levels were low in the samples with high expres-
sion of mitochondria-related proteins, suggesting that 
citric acid is consumed by these tissues (Fig. 4c). These 
results suggest that tumor tissues with high expression 
of mitochondria-related proteins are dependent on 
TCA cycle activity for growth.

Mitochondrial proteins are associated with glutaminolysis 
in cell lines
We further explored whether tissues with high expres-
sion of mitochondria-related proteins rely on mitochon-
drial energy production. We investigated this hypothesis 
using traditional cell lines, including U87 and U373, and 
patient-derived stem-like cells, including KNS1435 and 
KNS1451. We examined the change in glutaminolysis-
related protein expression under glucose-starved condi-
tions because mitochondrial activity and mitochondrial 
translation-related proteins typically increase under glu-
cose-starved conditions [26]. As expected, we observed 
elevated levels of mitochondrial proteins, specifically 
COX1 and 2, across all cells under glucose-starved con-
ditions (Fig.  4d-k; and Additional file  1: Supplementary 
Fig. S3a-g). Notably, under the same conditions, all cells 
exhibited elevated levels of GLDH, a protein related to 
glutaminolysis.

Patient characteristics and glutaminolysis protein 
expression
We investigated the relationship between the expression 
of glutaminolysis-related proteins and patient charac-
teristics, including sex, age, gene amplification, and OS. 

However, given the limited number of patients, we could 
not identify the specific characteristics of patients with 
high expression of glutaminolysis-related proteins.

A GLDH inhibitor is effective against cells with high GLDH 
expression
We also examined the expression of mitochondria-
related and glutaminolysis-related proteins in various 
cell lines, including U87, LN229, U373, and T98G cells. 
Although batch-to-batch differences in the expression of 
COX1 and COX2 were observed as cells were harvested 
in separate dishes, the expression levels of GLDH and 
GLS1 increased in LN229, U373, and T98G cells with 
high reproducibility (Fig. 5a–c, Additional file 1: Supple-
mentary Fig. S4a–d; these experiments were simultane-
ously conducted). Subsequently, we tested the anti-tumor 
efficacy of treatment with 25  μM GLDH (R162) and 
12  μM GLS1 inhibitors (BPTES) for 72  h. These inhibi-
tors demonstrated more pronounced effects in LN229, 
U373, and T98G cells than in U87 cells (Fig. 5d, e). These 
results indicate that GLDH and GLS1 inhibitors may be 
effective for treating tumors with elevated glutaminolysis.

Glioblastoma genotype is not correlated 
with mitochondrial or glutaminolysis pathways
Glioblastoma is classified into four cellular states char-
acterized by copy number amplification of the CDK4, 
EGFR, and PDGFRA loci and by mutations in the NF1 
locus [30]. Among these changes, EGFR and PDGFR 
amplifications are representative of genetic changes 
related to metabolic conditions [30–33]. Therefore, we 
analyzed and genotyped tissue samples sourced from 
Kagoshima University using a custom NGS panel [24]. 
We classified the samples into the WT, EGFR, and 
PDGFR amplification groups (Additional file  2: Supple-
mentary Table  S4b). We also assessed the relationship 
between genetic change and metabolic protein expres-
sion. Although the sample size was limited, we observed 
no significant difference in protein expression between 
the groups (Additional file 1: Supplementary Fig. S4a–g).

Discussion
In this study, we found that the expressions of mitochon-
dria-related proteins, including COX1, COX2, and DRP1, 
are interrelated and related to the glutaminolysis path-
way. Conversely, they exhibit an inverse correlation with 
the glycolytic pathway. Therefore, mitochondria-related 
protein levels can reflect certain aspects of the metabolic 
condition of tumor tissue, including both glycolysis and 
glutaminolysis.

Mitochondrial DNA-encoded proteins are important 
for assessing mitochondrial activity because they reflect 
mitochondrial translation. Therefore, we focused on the 
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expression of COX1, a subunit of complex IV, which 
plays a pivotal role in understanding tumor metabolism. 
Although we observed correlations among the expression 

of various mitochondria-related proteins, TFAM did not 
exhibit any correlation. As TFAM is an important protein 
for protecting mitochondrial DNA but is not encoded by 

Fig. 4 Mass spectrometry analysis of the tumor sample comparing the correlation of glycolytic- and mitochondria-type tissue proteins 
with glutaminolysis protein levels under glucose starvation. a Schema of the differences between the sample with high expression 
of mitochondria-related proteins and the sample with low expression of mitochondria-related proteins using the PCA method. b One of the main 
metabolome compounds distinguishing between glycolytic- and mitochondria-type tissue using the sPLS-DA method. c Quantitative value of citric 
acid levels in each group (P < 0.05). Values are presented as the mean ± SD. The Mann–Whitney test was performed for comparison between the low 
group vs. the high group (*P < 0.05). d–k Expression of mitochondrial and glutaminolysis proteins under different glucose concentrations. d 
expression of COX1, COX2, GLDH, and actin in U373. e–g Quantification of COX1 (e), COX2 (f), and GLDH (g), normalized to the expression of β-actin 
(h). Expression of COX1, COX2, GLDH, and actin in KNS1451. i–k Quantification of COX1 (i), COX2 (j), and GLDH (k), normalized to the expression 
of β-actin. Values are presented as the mean ± SD. A Student’s t-test was performed to compare conditions of 100 vs. 4,500 mg/L of glucose. 
**P < 0.01; ***P < 0.001 ****P < 0.0001
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mitochondrial DNA [34], the lack of correlation between 
TFAM and COX1 or COX2 is expected.

Cancer cells were initially reported to be dependent 
on glycolysis, a phenomenon known as the Warburg 
effect [8]. However, recent studies have demonstrated 
that under low-nutrient conditions, cancer cells are 
dependent on mitochondrial activity [26, 35]. Moreo-
ver, there are two main energy pathways: glycolysis and 
mitochondria [7]. Our results indicated an inverse cor-
relation between mitochondrial-related protein and gly-
colytic protein expression, which is a reasonable finding. 
Furthermore, we examined the relationships between 
mitochondria-related pathways and tumor-specific meta-
bolic pathways, including glutaminolysis and one-carbon 
metabolism [14]. We observed no correlation between 
mitochondria-related proteins and one-carbon pathway-
related proteins. However, there was a considerable cor-
relation between mitochondrial-related proteins and the 
glutaminolysis pathways. Therefore, we further examined 
the association between mitochondria-related proteins 
and glutaminolysis-related proteins. Oizel et al. reported 
that tumor cells with high glutamine levels exhibit 
increased mitochondrial respiration in the presence of 

glutamine [36]. However, in some cases, inhibition of 
glutaminolysis can restore mitochondrial function in a 
contrasting phenomenon. For example, consistent with 
our results, Rupprecht et al. reported that during a glu-
cose shortage, glutamine utilization is facilitated [37, 38]. 
Therefore, increased expression of glutaminolysis-related 
proteins may imply a low-nutrient and glucose-starved 
microenvironment or a dependence on the TCA cycle. 
Further supporting this notion, we observed that under 
glucose-starvation conditions, both mitochondria and 
glutaminolysis-related protein expression increased in 
glioblastoma cell lines [26].

In these experiments presented study, as presented 
in Fig.  4d-k, under glucose-starvation conditions, the 
expression of mitochondria and glutaminolysis-related 
proteins increased. Moreover, our MS analysis identi-
fied citric acid as a crucial metabolite for distinguishing 
between glycolytic-dominant and mitochondria-dom-
inant tissues. Notably, we utilized frozen samples to 
accurately represent intracellular conditions. Our find-
ings reveal that citric acid levels are significantly reduced 
in mitochondria-dominant tissues. This decrease in 
intracellular citrate levels may imply an increase in 

Fig. 5 Expression of glutaminolysis proteins (GLDH and GLS1) and the effectiveness of their inhibitors (GLDH and GLS1 inhibitors) in each cell 
line. a GLDH and GLS1 expressions in U87, LN229, U373, and T98G. b Quantification of GLDH expression, normalized to the expression of β-actin. 
c Quantification of GLS1 expression, normalized to the expression of β-actin. d Cell number (relative to control) following the administration 
of the 25 μM GLDH(R162) inhibitor for 72 h. e Cell number (relative to control) following the administration of the 12 μM GLS1(BPTES) inhibitor 
for 72 h. Values are presented as the mean ± SD. One-way ANOVA and Tukey’s multiple comparison tests were performed for comparisons 
between U87 vs. LN229, U373, and T98G. *P < 0.05, **P < 0.01; ***P < 0.001 ****P < 0.0001
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extracellular citrate. Parkinson et  al. reported that the 
presence of extracellular citrate leads to a reduction in 
intracellular amino acid levels [39] and that changes in 
intracellular citrate levels could reflect the effects of ther-
apeutic interventions [40]. Moreover, the enzymes of the 
TCA pathway are sensitive to ROS, and in the presence 
of ROS, these enzymes may not effectively function [41]. 
Therefore, cells would be unable to utilize the TCA cycle, 
potentially leading to the accumulation of citrate acid. 
Collectively, these results suggest cells in mitochondrial-
dominant tissue may experience low-nutrient conditions 
and that glutaminolysis or mitochondria-dominant tissue 
may rely on the TCA cycle to produce energy.

Glutaminolysis plays a dual role in energy production 
and ROS generation [14, 16]. In cancer cells, targeting 
glutamine metabolism is a promising therapeutic strat-
egy, as evidenced by the efficacy of GLDH inhibitors in 
reducing tumor proliferation [14, 17, 19]. Regarding glio-
blastoma, GLDH is particularly exploitable; inhibition of 
glycolysis increases GLDH activity, and glutamine addi-
tion is a metabolic adaptation that supplements oxidative 
glycolysis in the unfavorable condition of hypoxia [42, 
43]. Specifically, GLDH inhibitors (R162) and glutami-
nase inhibitors are effective for glioma cells [19, 44]. In 
our study, inhibitor experiments demonstrated the effec-
tiveness of the GLDH inhibitor in cell lines with high 
GLDH expression, including LN229, U373, and T98G 
cells. Therefore, inhibition of glutaminolysis may serve 
as an effective treatment strategy for tissues with high 
glutaminolysis activity. However, it is important to note 
that the GLDH antibody used in this study recognizes 
both GLDH1 and 2, whereas R162 only inhibits GLDH1. 
While GLDH1 inhibition has been proven effective in 
tumor treatment [45], the effectiveness of GLDH2 inhi-
bition remains unclear. Combined inhibition of both 
GLDH1 and 2 may offer a more effective treatment strat-
egy, as evidenced by the reduction in tumor volume fol-
lowing GLDH1/2 shRNA treatment [46]. According to 
our results, among all samples, samples No. 17, 18, and 
20 exhibited high expression of both mitochondria-
related and glutaminolysis-related proteins, including 
GLDH and GLS1. Therefore, the use of inhibitors tar-
geting GLDH and GLS1 may offer enhanced therapeutic 
efficacy for patients with these characteristics.

Finally, we examined the relationship between driver 
gene amplification, including EGFR and PDGFR, and meta-
bolic changes, considering their relation to metabolism [30, 
33]. The tyrosine kinase receptor is involved in the PI3K 
and MAPK pathways [31, 32]. However, EGFR and PDGFR 
amplifications did not affect glutaminolysis or mitochon-
drial protein expression in this study. Further investigations 
with higher sample sizes and explorations of other meta-
bolic pathways are required to validate these results.

In this study, we assessed protein expression in tissue 
samples, acknowledging that metabolic activities may 
vary within the same samples based on the location. 
When comparing expression differences among geno-
types, it is crucial to consider factors such as tumor het-
erogeneity and tumor necrosis. Therefore, in the future, 
experiments utilizing the spatial transcriptome or metab-
olomics must be performed to clarify the relationship 
between genotypes and metabolic conditions. Plasticity is 
another crucial characteristic of glioblastomas [30]. Spec-
imens can reflect metabolic conditions at a specific point 
in time, representing a snapshot of the metabolic state, 
which may diverge significantly from other time points. 
Our results provide insights for elucidating the relation-
ship between each metabolic pathway. For example, if 
tumors transition to being primarily reliant on mito-
chondrial metabolism, they may concurrently increase 
their dependence on glutaminolysis while reducing their 
reliance on glycolysis. Therefore, our findings can guide 
the development of novel treatments that accommodate 
tumor plasticity.

This study had some limitations, including the meth-
odological approach used to determine if tissues are 
mitochondria-dominant, relying on western blot and MS 
analysis. It is important to note that tumor samples may 
contain substances other than tumor cells, potentially 
affecting the accuracy of the analysis. There remains a 
possibility that high expression of mitochondria-related 
proteins leads to the accumulation of nonfunctional 
proteins. Therefore, OXPHOS activity or mitochondrial 
fraction experiments using fresh tumor samples should 
be assessed in the future. Nevertheless, this research 
established the different characteristics between high 
and low expression of mitochondria-related proteins and 
that there are two types of tissue present in glioblastoma. 
Finally, to confirm the effectiveness of glutaminolysis 
inhibition, we should use mouse models or patient orga-
noids in the future. Despite these limitations, we believe 
that our results are novel and serve as a basis for the 
development of new glioblastoma treatments.

Conclusion
Our study revealed that mitochondrial proteins are inter-
related with glutaminolysis. Moreover, we identified two 
types of tumor tissues: one with a high expression of 
mitochondria and glutaminolysis-related proteins and 
another with a high expression of glycolytic proteins. 
Inhibition of GLDH or GLS1 may be effective in cases 
with high glutaminolysis activity. Our findings can be 
used in future studies aiming to develop medical treat-
ments for glioblastoma targeting cancer metabolism and 
can lead to effective treatment for refractory malignant 
brain tumors.
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