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Abstract
Glutamate dehydrogenase 1 (GLUD1) is an important enzyme in glutamine metabolism. Previously, we found GLUD1 
was down-regulated in tumor tissues of hepatocellular carcinoma (HCC) patients by proteomics study. To explore its role 
in the progression of HCC, the expressional level of GLUD1 was firstly examined and presented as that both the protein 
and mRNA levels were down-regulated in tumor tissues compared to the normal liver tissues. GLUD1 overexpression 
significantly inhibited HCC cells proliferation, migration, invasion and tumor growth both in vitro and in vivo, while 
GLUD1 knocking-down promoted HCC progression. Metabolomics study of GLUD1 overexpressing and control HCC cells 
showed that 129 differentially expressed metabolites were identified, which mainly included amino acids, bases, and 
phospholipids. Moreover, metabolites in mitochondrial oxidative phosphorylation system (OXPHOS) were differentially 
expressed in GLUD1 overexpressing cells. Mechanistic studies showed that GLUD1 overexpression enhanced mitochon-
drial respiration activity and reactive oxygen species (ROS) production. Excessive ROS lead to mitochondrial apoptosis 
that was characterized by increased expression levels of p53, Cytochrome C, Bax, Caspase 3 and decreased expression 
level of Bcl-2. Furthermore, we found that the p38/JNK MAPK pathway was activated in GLUD1 overexpressing cells. 
N-acetylcysteine (NAC) treatment eliminated cellular ROS and blocked p38/JNK MAPK pathway activation, as well as cell 
apoptosis induced by GLUD1 overexpression. Taken together, our findings suggest that GLUD1 inhibits HCC progression 
through regulating cellular metabolism and oxidative stress state, and provide that ROS generation and p38/JNK MAPK 
pathway activation as promising methods for HCC treatment.
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OXPHOS	� Oxidative phosphorylation system
ROS	� Reactive oxygen species
NAC	� N-acetylcysteine
α-KG	� α-ketoglutarate
HH	� Hyperinsulinemic hypoglycemia
OS	� Overall survivals
TCGA​	� The Cancer Genome Atlas
CPTAC​	� The Clinical Proteomic Tumor Analysis Consortium
RT-qPCR	� Quantitative reverse transcription PCR
PCA	� Principle component analysis
HMDB	� Human Metabolome database
IHC	� Immunohistochemistry
KEGG	� Kyoto encyclopedia of genes and genomes
OCR	� Oxygen consumption rate
SOD1	� Superoxide dismutase 1
SOD2	� Superoxide dismutase 2
CAT​	� Catalase
GPX1	� Glutathione peroxidase 1
QC	� Quality control

1  Introduction

According to the 2020 Global Cancer Population Survey, liver cancer is the sixth most common cancer type and the third 
leading cause of cancer death [1]. Primary liver cancer includes hepatocellular carcinoma (HCC) (75–85%), intrahepatic 
cholangiocarcinoma (10–15%), and other rare types [2]. In recent years, the mortality rate of patients with liver cancer 
is still increasing at a rate of about 2–3% per year [3]. Usually, patients with liver cancer are diagnosed at an advanced 
stage and most of them have a poor prognosis. Therefore, it is urgently needed to develop highly sensitive and specific 
biomarkers and to explore the mechanism of key signaling pathways and factors in the development of liver cancer, 
which may bring new opportunities for the diagnosis, prognosis, and treatment of liver cancer.

Mitochondrial oxidative phosphorylation system (OXPHOS) deficiency and reactive oxygen species (ROS) production 
are the main causes of mitochondrial dysfunction [4], which is a research hotspot received extensive attention in recent 
years. Mitochondrial OXPHOS is the main source of cellular ATP that are generated during electron transfer process. ROS 
generated in mitochondria interact with cellular and mitochondrial components such as proteins, DNA, lipids, and other 
molecules, triggering mitochondrial dysfunction [5]. Mitochondrial dysfunction further leads to overproduction of ROS, 
which in turn induce oxidative stress and aggravate mitochondrial damage. ROS are closely related to various cancers, 
such as colorectal cancer, breast cancer, liver cancer, and cervical cancer [6–9]. It was found that ROS play dual roles in 
cancer initiation, progression, inhibition, and therapy. Low levels of ROS intend to stimulate cell proliferation and cancer 
progression, while excess ROS usually lead to cancer cell apoptosis [10].

Glutamate dehydrogenase 1 (GLUD1) is localized in the mitochondrial matrix, which is one of the key enzymes in 
glutamine metabolism process and uses NAD or NADP as a cofactor to catalyze the oxidative deamination of glutamate 
to α-ketoglutarate (α-KG) [11]. The changes of GLUD1 enzyme activity and its expression level are closely related to 
the occurrence and development of various diseases. The most reported case is hyperinsulinemic hypoglycemia (HH), 
which is caused by dominant heterozygous missense mutations in the GLUD1 gene [12]. Besides, abnormal expression 
of GLUD1 affects the progression of breast cancer, gastric cancer, and prostate cancer [13–15]. As a metabolism-related 
enzyme, GLUD1 usually affects tumorigenesis and development by regulating cellular metabolic functions, which have 
been proved in glioblastoma, lung cancer, and renal clear cell carcinoma [16, 17].

In the previous study, we carried out quantitative proteomic detection of cancer and normal liver tissues of clinical 
HCC patients, and found that the protein expression level of GLUD1 in cancer tissues was significantly decreased [18]. It 
suggested that GLUD1 might function as a tumor suppressor during the progression of HCC. Earlier studies have shown 
that GLUD1 knockdown induces apoptosis of HCC cells in vitro, and GLUD1-mediated glutaminolysis is enhanced in HCC 
cells under glucose deprivation [19, 20]. However, the effect of GLUD1 on HCC progression and its molecular mechanism 
is still unclear. In this study, we confirmed down-regulation of GLUD1 in tumor samples from HCC patients. Besides, we 
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found that GLUD1 overexpression enhanced mitochondrial OXPHOS activity and content of cellular ROS. Furthermore, 
excess ROS lead to activation of p38/JNK signaling pathway and induced mitochondrial apoptosis of HCC cells, which 
could be counteracted by ROS elimination with N-acetylcysteine (NAC) treatment.

2 � Materials and methods

2.1 � Human tissues

Paired (n = 24) tumor and adjacent noncancerous liver tissues were acquired from HCC patients in the First Affiliated 
Hospital of Zhengzhou University. This research obtained approval from the Research Ethics Committee of Zhengzhou 
University and consent of patients.

2.2 � Cell culture and lentivirus transduction

HCC cell lines including HepG2, Huh7, and SMMC-7721 were purchased from GeneChem Co. (Shanghai, China). SNU449 
cell line was purchased from Guangzhou Cellcook Biotech Co. (Guangzhou, China). Cells were cultured in RPMI-1640 
(HyClone, USA) or DMEM (Solarbio, China) medium (10% FBS) (Gibco, USA) at 37 °C and 5% CO2. Lentiviral particles of 
GLUD1 overexpressing or knockdown were purchased from GeneChem Co. (Shanghai, China) and infected into HCC 
cells. Stable cell lines were constructed by using puromycin (2 µg/mL). The sequences of GLUD1 shRNA and negative 
control are as follows: GLUD1 shRNA (sense: 5,-GCA​GAG​TTC​CAA​GAC​AGG​ATA-3, ); Negative control (sense: 5,-TTC​TCC​
GAA​CGT​GTC​ACG​T-3, ).

Fig. 1   GLUD1 is down-regulated in HCC tumor tissues. A and B Analysis of GLUD1 transcription and protein levels based on the TCGA and 
CPTAC databases. C  Detection of GLUD1 protein level in tumor and normal liver tissues by western blot. D  Statistical analysis of GLUD1 
relative expression level in paired samples from HCC patients (n = 24). E and F The relationship between GLUD1 expression level and OS or 
progression-free survival of HCC patients analyzed by the Kaplan-Meier survival curve. TCGA​ The Cancer Genome Atlas, CPTAC​ The Clinical 
Proteomic Tumor Analysis Consortium, OS Overall survivals. T represents tumor tissue, N represents normal liver tissue. **p < 0.01
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2.3 � Protein extraction and Western blot

Cells were harvested and lysed in radio immunoprecipitation assay (RIPA) buffer (Solarbio, China) supplemented with 
phenylmethylsulfonyl fluoride (PMSF) (a serine protease inhibitor, Solarbio, China) for 30 min. BCA kit (Solarbio, China) 
was used to determine the concentration of protein in the supernatant. Proteins were separated on a 10% SDS-PAGE gel 
and transferred to a PVDF membrane (Merck Millipore, USA), and then incubated overnight with primary antibody (4 °C) 
after being blocked for 2 h in nonfat milk solution (5%). The membrane was reacted with TBST-diluted HRP-conjugated 
secondary antibody for 2 h at room temperature. Protein bands were detected by Amersham Imager 600 System (General 
Electric Company, USA) using ECL Substrate (Beyotime Biotech, China), and quantified with Image J software. The primary 
antibodies contain anti-GAPDH (BBI, China), anti-GLUD1 (BBI, China), anti-E-cadherin (1:1000, Abcam, USA), anti-Vimentin 
(1:1000, Boster, China), anti-Cytochrome C (ProteinTech, USA), anti-BCL2 (ProteinTech, USA), anti-BAX (Wanleibio, China), 
anti-Caspase 3 (Wanleibio, China), anti-JNK (Wanleibio, China), anti-phospho-JNK (Wanleibio, China), anti-p53 (Cell Signal-
ing Technology, USA), anti-p38 (Cell Signaling Technology, USA) and anti-phospho-p38 (Cell Signaling Technology, USA).

2.4 � RNA extraction and quantitative reverse transcription PCR (RT‑qPCR)

Cell total RNA was extracted using TRIzol reagent (Invitrogen, USA) following the manufacturer’s instructions and cDNA 
was synthesized by using the PrimeScript RT Reagent Kit (TaKaRa Clontech, China). The RT-qPCR was then performed 
by using the ChamQ™ Universal SYBR® qPCR Master Mix (Vazyme Biotech, China) and QuantStudio 5 Real-Time PCR Sys-
tem (Thermo Scientific, USA). The mRNA expression levels were normalized to those of GAPDH and quantified by the 
comparative CT (2−ΔΔCT) method. The primers are synthesized by Shenggong (China) and sequences are provided as fol-
lows: GLUD1 forward, 5,-GAC​GAC​CCC​AAC​TTC​TTC​AAG-3,, reverse, 5,-TCC​TCC​ACC AGC​TTG​TCCT-3,; Superoxide dismutase 
1 (SOD1) forward, 5,-GAT​GAC​TTG​GGC​AAA​GGT​GGA​AAT​G-3,, reverse, 5,-CCA​ATT​ACA​CCA​CAA​GCC​AAA​CGA​C-3,; Superoxide 
dismutase 2 (SOD2) forward, 5,-CGC​CCT​GGA​ACC​T CAC​ATC​AAC-3,, reverse, 5,-AAC​GCC​TCC​TGG​TAC​TTC​TCCTC-3,; Catalase 
(CAT) forward, 5,-CTC​AGG​TGC​GGG​CAT​TCT​ATGTG-3,, reverse, 5,-GGT​GGA​CCT​CAG​TGA​AGT​ TCT​TGA​C-3,; Glutathione per-
oxidase 1 (GPX1) forward, 5,-GCA​ACC​AGT​TTG​GGC​ATC​A GGAG-3,, reverse, 5,-CAC​CGT​TCA​CCT​CGC​ACT​TCTC-3,; GAPDH 
forward, 5,-TCA​AGA​AGG​TGG​T GAA​GCA​GG-3,, reverse, 5,-TCA​AAG​GTG​GAG​GAGT GGGT − 3,.

2.5 � CCK8 proliferation assay

Cells (3000 cells/100 µL/well) were seeded in the 96-well plate. CCK-8 reagent (10 µL/well) was added to cell culture 
and then incubated for 2 h at 37 °C in the dark. The absorbance (A) value at 450 nm wavelength was detected with 
a microplate reader (Thermo, USA) every 24 h from 0 h to 96 h.

2.6 � Wound‑healing assay

Cells (1 × 106 cells/well) were seeded in the 6-well plate. When cell density reached 95%, three parallel lines were 
scratched onto the confluent cell layer and washed for two times with PBS. Cells were cultured in culture medium 
with 2% FBS. Images of migrating cells were sequentially taken every 24 h from 0 h to 48 h. The relative wound heal-
ing region among different sample groups was evaluated and compared.

Fig. 2   GLUD1 overexpression inhibits HCC cell proliferation, migration and invasion. A  Western blot analysis of GLUD1 in GLUD1 over-
expressing and control HCC cells. B  and C  CCK8 assay to detect the proliferation ability of GLUD1 overexpressing and control HCC cells. 
D and E wound healing (scale bars, 2 mm), F and G migration and invasion assays (scale bars, 400 μm) of GLUD1 overexpressing and con-
trol HCC cells. H Western blot analysis of E-cadherin and vimentin in GLUD1 overexpressing and control HCC cells. I Representative image, 
J and K Volume and weight of xenografts with GLUD1 overexpression or control HCC cell. L IHC staining of GLUD1 and Ki-67 in xenografts 
(scale bars, 100 μm). GLUD1-OE represents GLUD1 overexpressing HCC cell line, LV-NC represents control HCC cell line. *p < 0.05, **p < 0.01, 
***p < 0.001
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2.7 � Cell migration and invasion assays

The migration assay was performed as follow: cells (5 × 104 cells/well) were plated and cultured in the chambers with 
serum-free medium in the 24-well transwell plate (Corning, USA), while the culture medium in the well contained 
20% FBS. After incubation for 24 h, cells were fixed for 20 min with 10% formalin. Then the chambers were washed 
with PBS and stained with crystal violet at room temperature for 20 min. Cell numbers in the chambers were analyzed 
with a microscope (magnification, x200; Olympus BX53, Japan). For invasion assay, Matrigel (BD Biosciences, USA) 
was diluted in serum-free medium (1:6) and added to the upper chamber before cells were seeded.

2.8 � Xenograft mice model

Animal experiments were performed according to the guidelines of the National Act on the Use of Laboratory Ani-
mals (P. R. China), and the procedures were approved by the Animal Ethics Committee of Zhengzhou University. 4 
weeks old female nude mice were purchased from the Beijing Charles River Laboratory Technology Co. and upraised 
under SPF condition. Approximately 8 × 106 SMMC-7721 or Huh7 cells were suspended in 100 µL PBS and inoculated 
subcutaneously into nude mice. Mice were sacrificed by cervical dislocation method 20 days after injection. Tumors 
in the mice were isolated, weighed, and photographed. Tumor volumes were evaluated with the formula: V = (width2 
× length)/2. The tumor size did not exceed the permitted maximal volume of 1000 mm3.

2.9 � Immunohistochemistry (IHC) staining

Briefly, resected tumor tissue was dehydrated and embedded in paraffin. They were then thermally deparaffinized 
in EDTA buffer and blocked with 3% BSA. Tissue samples were incubated with anti-GLUD1 antibody overnight at 4 °C 
followed by secondary antibody at room temperature.

2.10 � Untargeted metabolomics

The cell samples were collected and grinded in tubes, then a mixture of methanol: water (4:1, v/v) solution (400 µL) 
was used to collect the metabolites. The mixture was first grinded for 6 min at −10 °C, 50 Hz, and then sonicated for 
30 min 5 °C, 40 kHz. Later samples were centrifuged for 15 min at 4 °C, 13,000 g after incubation for 30 min at −20 °C. 
The quality control (QC) sample contains a mixture of 20 µL supernatant of each sample. The metabolites were ana-
lyzed using the UHPLC-Q Exactive HF-X system (Thermo, USA). It was repeated for 7 times with GLUD1 overexpressing 
and control SNU449 cells, respectively. The experimental process was carried out by Shanghai Majorbio Bio-pharm 
Technology Co.

2.11 � Detection of ROS content

Cells (1 × 105 cells/well) were planted in the 12-well plate. 10 µM H2DCFDA or DHE probe was added to cells and cul-
tured for 30 min at 37 °C in the dark. The fluorescence in cells was detected with Eclipse TS100 microscope (Nikon, 
Japan) and Image J software after being washed with PBS. For the detection of ROS content after NAC treatment, 
cells were incubated with NAC dilution (10 mM) for 36 h before DHE probe treatment.

Fig. 3   GLUD1 knockdown promotes HCC cell proliferation, migration and invasion. A Western blot analysis of GLUD1 in GLUD1 knockdown 
and control HCC cells. B and C CCK8 assay to detect the proliferation ability of GLUD1 knockdown and control HCC cells. D and E Wound 
healing (scale bars, 2 mm), F and G migration and invasion assays (scale bars, 400 μm) of GLUD1 knockdown and control HCC cells. H West-
ern blot analysis of E-cadherin and vimentin in GLUD1 knockdown and control HCC cells. I  Representative image, J  and K Volume and 
weight of xenografts with GLUD1 knockdown or control HCC cells. L  IHC staining of GLUD1 and Ki-67 in xenografts (scale bars, 100 μm). 
GLUD1-sh represents GLUD1 knockdown HCC cell line, sh-NC represents control HCC cell line. **p < 0.01, ***p < 0.001

▸
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Fig. 4   GLUD1 regulates cel-
lular metabolism in HCC cells. 
A PCA of peak areas detected 
in positive-ion modes in 
QC, GLUD1 overexpressing 
SNU449 cells, and control 
SNU449 cells (n = 7). B Vol-
cano plot of differentially 
expressed metabolites in 
GLUD1 overexpressing and 
control SNU449 cells (VIP ≥ 1, 
p < 0.05). C Heatmap of 
cluster analysis of differen-
tially expressed metabolites. 
D Cluster analysis of differen-
tially expressed metabolites 
by HMDB. E Enriched KEGG 
pathway (Top 20) of differen-
tially expressed metabolites. 
PCA Principle component 
analysis, QC quality control, 
HMDB Human Metabolome 
Database, KEGG Kyoto 
Encyclopedia of Genes and 
Genomes. GLUD1-OE repre-
sents GLUD1 overexpressing 
HCC cell line, LV-NC represents 
control HCC cell line
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2.12 � Oxygen consumption rate (OCR) measurement

Cells were seeded into a 96-well plate (8 × 104/100 µL/well) and then cultured at 37 °C with 5% CO2 for overnight. Next day, 
the culture medium was discarded and cells were washed with PBS. Then the probe (BBoxiProbeTM R01, BestBio, China) 
diluted with fresh medium and the oxygen barrier solution were sequentially added to the 96-well plate chamber at 37 °C, 
and the fluorescence intensity at the excitation wavelength of 468 nm was detected by the CLARIOstar Plus (BMG, Germany).

2.13 � Cell apoptosis rate detection

Cells were digested, collected and pelleted at 1200 rpm for 4 min, and then washed twice with cold PBS. Cell apoptosis 
rate was detected by Annexin V-APC/7-AAD apoptosis Detection Kit (KeyGEN; China). Briefly, cells were suspended with 
100 µL binding buffer, and then 7-AAD and Annexin V-APC (5 µL) was added and cells were incubated at room tempera-
ture for 10 min in darkness. Later cell apoptosis rates were analyzed on ACEA NovoCyte3130 within 1 h.

2.14 � Statistical analysis

All statistical analyses were performed with GraphPad Prism 7.0. Data are shown as mean ± standard deviation (SD). 
Student,s t-test was used for the statistical analysis of different groups, and the p < 0.05 was considered as statistically 
significant.

3 � Results

3.1 � GLUD1 is down‑regulated in tumor tissues of HCC patients

To explore the role of GLUD1 in regulating HCC progression, GLUD1 expression analysis was firstly performed with clinical 
HCC samples from the (The Cancer Genome Atlas) TCGA and (The Clinical Proteomic Tumor Analysis Consortium) CPTAC 
databases. As shown in Fig. 1A, B, both the mRNA and protein expression levels of GLUD1 were reduced in HCC tumor 
tissues compared to the normal liver tissues. Additionally, we collected another twenty-four pairs of tissue samples from 
HCC patients and detected the protein level of GLUD1. Results in Fig. 1C, D showed that compared to normal liver tis-
sues, the protein level of GLUD1 was significantly reduced in tumor tissues. Moreover, higher expression level of GLUD1 
was associated with longer overall survivals (OS) and progression-free survivals of HCC patients based on Kaplan meier 
plotter database (Fig. 1E, F). Taken together, these results showed that GLUD1 was down-regulated in tumor tissues, and 
the high expression level of GLUD1 indicated good prognosis for HCC patients.

3.2 � GLUD1 overexpression inhibits tumorigenesis of HCC cells both in vitro and in vivo

Next, we investigated the biological function of GLUD1 on HCC development both in vitro and in vivo. We detected 
the expression levels of GLUD1 in HCC cell lines including SNU449, SMMC-7721, Huh7, and HepG2. Results showed 
that the expression levels of GLUD1 in Huh7 and HepG2 cells were higher than those in SNU449 and SMMC-7721 cells 
(Fig. S1A). Thus, GLUD1 was overexpressed in SNU449 and SMMC-7721 cells by lentiviral transfection, which was con-
firmed with western blot and RT-qPCR analysis (Fig. 2A, Fig. S1B). CCK8 assay showed that GLUD1 overexpression signifi-
cantly decreased the proliferation rate of HCC cells (Fig. 2B, C). Besides, GLUD1 overexpression inhibited wound closure, 
migration and invasion of HCC cells (Fig. 2D-G). E-cadherin and vimentin are two pivotal factors in regulating tumor cells 
migration and invasion. Results in Fig. 2H showed that E-cadherin was up-regulated while vimentin was down-regulated 
in GLUD1 overexpressing cells. Collectively, these results demonstrate that GLUD1 overexpression inhibits tumorigenesis 
of HCC cells in vitro.

Additionally, we investigated the influence of GLUD1 on HCC tumor growth in vivo. The xenograft mice model was 
generated by subcutaneous injection of SMMC-7721 cells overexpressing GLUD1 or control vectors into the flank of 
nude mice. About twenty days later, mice were sacrificed and the tumors were collected for analysis (Fig. 2I). Both the 
volume and weight of tumors with GLUD1 overexpression were significantly decreased, compared to those of the con-
trol group (Fig. 2J and K). Besides, IHC analysis showed that GLUD1 overexpression was maintained in the xenografts 
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(Fig. 2L). Moreover, Ki-67 was down-regulated in xenografts with GLUD1 overexpression, which suggested the prolifera-
tion ability of HCC cells in vivo was decreased. In summary, these findings demonstrate that GLUD1 acts as an inhibitor 
in HCC progression.

3.3 � GLUD1 knockdown enhances HCC cell proliferation and metastasis abilities

To further confirm the inhibitory function of GLUD1 in HCC progression, we constructed GLUD1 knocking-down and 
control cell lines with Huh7 and HepG2 cells by using lentiviral targeting GLUD1 (shRNA) and control vector. Knockdown 
of GLUD1 was confirmed by RT-qPCR and western blot analysis (Fig. 3A, Fig. S1C). Then we detected the cell viability 
using CCK8 and found that knockdown of GLUD1 significantly increased proliferation ability of cells (Fig. 3B, C). In addi-
tion, GLUD1 knockdown enhanced wound healing, migration and invasion abilities of HCC cells (Fig. 3D-G), which was 
consistent with the results that E-cadherin was down-regulated while vimentin was up-regulated in GLUD1 knockdown 
cells (Fig. 3H). These results suggest that knockdown of GLUD1 enhances the proliferation, mobility and invasion capa-
bilities of HCC cells in vitro.

Next, we established the xenograft mice model and Huh7 cells with GLUD1 knockdown or control vector were 
implanted subcutaneously into nude mice. Twenty days later, mice were sacrificed and the tumors were collected for 
analysis (Fig. 3I). Results in Fig. 3J and K showed that the volumes and weights of xenografts from GLUD1 knockdown 
group were larger and higher than those of control group. Additionally, IHC analysis showed that GLUD1 knockdown was 
maintained in the xenografts where Ki-67 was overexpressed (Fig. 3L). Taken together, these results prove that GLUD1 is 
a tumor-suppressor and down-regulation of GLUD1 promoted HCC proliferation and metastasis both in vitro and in vivo.

3.4 � GLUD1 regulates the metabolism function of HCC cells

GLUD1 is a key mitochondrial enzyme regulating glutamine metabolism. To further investigate the molecular mechanism 
of GLUD1 affecting HCC development, non-targeted metabolomics study was performed with GLUD1 overexpressing 
and control SNU449 cells. Notably, the result of Principle component analysis (PCA) showed clear separation between 
GLUD1 overexpressing and control cells, which indicated marked metabolic differences induced by GLUD1 overexpres-
sion (Fig. 4A, Fig. S2). Accordingly, metabolomics results showed that a total number of 408 metabolites were detected 
both in GLUD1 overexpression and control HCC cells. About 129 metabolites were identified with significant differences 
(VIP ≥ 1, p < 0.05), among which 49 metabolites were down-regulated and 80 metabolites were up-regulated in GLUD1 
overexpressing HCC cells (Fig. 4B and C, Table S1). Based on the Human Metabolome Database (HMDB) analysis, the 
differentially expressed metabolites were mainly enriched into four clusters including organic acids and derivatives 
(31.03%), lipids and lipid-like molecules (27.59%), organoheterocyclic compounds (16.09%), nucleosides, nucleotides, 
and analogues (10.34%) (Fig. 4D). Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of compounds 
classification showed that differentially expressed metabolites mainly included amino acids, bases, and phospholip-
ids (Fig. S3). To better investigate the metabolic alterations in GLUD1 overexpressing cells, KEGG pathway enrichment 
analysis was performed. As shown in Fig. 4E, the differentially expressed metabolites were highly associated with purine 
metabolism, pyrimidine metabolism, ABC transporters, and another 17 metabolic pathways.

3.5 � GLUD1 enhances the OXPHOS function and aggravates oxidative stress in HCC cells

Specially, we found that a certain content of differentially expressed metabolites were clustered into mitochondrial 
OXPHOS process. In Fig. 5A, the overall analysis of the OXPHOS pathway by KEGG website (https://​www.​kegg.​jp) showed 
that the contents of NADH, NAD+ and PPi in GLUD1 overexpressing cells were significantly changed compared with the 
control cells. Besides, the differential metabolites involved in OXPHOS pathway were mainly produced by mitochondrial 
complexes I and V. Mitochondrial OXPHOS is an efficient metabolic process which provides most energy for cell growth 

Fig. 5   GLUD1 overexpression enhances OXPHOS activity and oxidative stress in HCC cells. A  Schematic diagram of the OXPHOS process 
(substances marked in red represent the annotated differentially expressed metabolites). B, C, D, and E Detection of OCR in GLUD1 overex-
pression or knockdown HCC cells. F and G ROS content detection of HCC cells in GLUD1 overexpression (red fluorophores) or knockdown 
(green fluorophores) HCC cells. Scale bars, 200  μm. H,  I, J  and K The expression levels of antioxidant genes in GLUD1 overexpression or 
knockdown HCC cells were detected by RT-qPCR. GLUD1-OE represents GLUD1 overexpressing HCC cell line, LV-NC represents control HCC 
cell line, GLUD1-sh represents GLUD1 knockdown HCC cell line, sh-NC represents control HCC cell line. *p < 0.05, **p < 0.01, ***p < 0.001

▸
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[21]. To further verify the effect of GLUD1 on OXPHOS in HCC cells, we determined oxygen consumption by measure-
ment of OCR. Results in Fig. 5B-E showed that the OCR was increased in GLUD1 overexpressing cells while decreased in 
GLUD1 knockdown cells. In summary, our findings demonstrate that GLUD1 has an effect on the metabolism of amino 
acid, fatty acid, and nucleoside, and enhances OXPHOS function of HCC cells.

Mitochondrial OXPHOS is the main source of ROS production, which induces oxidative stress and participates in 
cancer progression. To evaluate whether GLUD1 affects the state of oxidative stress, we detected cellular ROS content 
and found that GLUD1 overexpression increased ROS content while GLUD1 knockdown decreased ROS content in HCC 
cells (Fig. 5F, G). Moreover, the expression levels of antioxidants including SOD1,  SOD2, CAT​, and GPX1 were measured 
by RT-qPCR. Results in Fig. 5H, I showed that the transcription levels of these antioxidants in GLUD1 overexpressing cells 
were decreased, which further confirmed increased oxidative stress with GLUD1 overexpression. Besides, we found that 
GLUD1 knockdown significantly increased the transcription levels of antioxidants, compared with the control cells (Fig. 5J, 
K). These findings demonstrated that GLUD1 plays an important role in regulation of oxidative stress by affecting ROS 
generation and antioxidants expression in HCC cells.

3.6 � GLUD1 induces mitochondrial apoptosis of HCC cells via ROS

 Studies have shown that oxidative stress caused by excessive ROS production in tumor cells promotes apoptosis through 
mitochondrial apoptosis pathway [22]. Then we detected the apoptosis ability of GLUD1 overexpressing and control HCC 
cells. Results in Fig. 6A and B showed that GLUD1 overexpression increased the apoptosis percent of HCC cells, compared 
with control cells. Furthermore, western blot was used to detect the expression levels of mitochondrial apoptosis-related 
proteins. The results in Fig. 6C presented that GLUD1 overexpression increased the expression levels of the pro-apoptotic 
proteins including p53, Cytochrome C, Bax and Caspase 3, and decreased the expression level of the anti-apoptotic pro-
tein Bcl-2. Besides, compared with the control cells, knockdown of GLUD1 in HCC cells significantly inhibited expression 
of pro-apoptotic proteins such as p53, Cytochrome C, Bax and Caspase 3, and promoted expression of anti-apoptotic 
protein Bcl-2 (Fig. 6D). Collectively, these results suggest that GLUD1 overexpression activates the mitochondrial apop-
totic pathway in HCC cells.

To further confirm the function of ROS in inducing mitochondrial apoptosis of HCC cells, we treated GLUD1 overex-
pressing cells with NAC, which is a ROS scavenger, and examined its effect on mitochondrial apoptosis abilities of HCC 
cells. As shown in Fig. 6E, NAC treatment markedly decreased ROS content in GLUD1 overexpressing cells. In addition, we 
detected the expression levels of key factors involved in mitochondrial apoptosis process. Results in Fig. 6F showed that 
the expression levels of pro-apoptosis proteins including p53, Cytochrome C, Bax and Caspase 3 were decreased, while 
the expression level of anti-apoptosis protein Bcl-2 was up-regulated after NAC treatment in GLUD1 overexpressing cells. 
It indicates that mitochondrial apoptosis of HCC cells induced by GLUD1 overexpression was rescued by ROS elimination.

3.7 � ROS activates p38/JNK MAPK signaling pathway in GLUD1 overexpressing HCC cells

 Earlier studies found that ROS-induced apoptosis was related to the activation of p38/JNK MAPK signaling pathway in 
tumor tissues including HCC [23, 24]. Then we detected the expression levels of p38/JNK MAPK signaling pathway-related 
proteins. Results in Fig. 7A and B showed that there were no significant differences in protein expression levels of p38 
and JNK whether GLUD1 was overexpressed or knockdown. However, both the phosphorylation levels of p38 and JNK 
were increased in GLUD1 overexpressing cells, while GLUD1 knockdown inhibited the phosphorylation of p38 and JNK. 
These results demonstrate that overexpression of GLUD1 can activate the p38/JNK MAPK signaling pathway in HCC cells. 
Moreover, we detected the phosphorylation levels of p38 and JNK in GLUD1 overexpressing HCC cells after NAC treat-
ment. Results in Fig. 7C showed that NAC treatment reduced the expression levels of phosphorylated p38 and JNK in 
GLUD1 overexpressing HCC cells. In conclusion, our findings demonstrate that GLUD1 overexpression promotes excess 
ROS generation and oxidative stress, which activates p38/JNK pathway and induces mitochondrial apoptosis of HCC cells.

Fig. 6   GLUD1 overexpression promotes HCC cells apoptosis via ROS. A and B Cell apoptosis rates detection of GLUD1 overexpressing and 
control cells. C and D Expression levels detection of p53, Cytochrome C, Bax, Caspase 3, and Bcl-2 by western blot in GLUD1 overexpres-
sion or knockdown HCC cells. E Detection of ROS content in GLUD1 overexpressing HCC cells after treatment with NAC. Scale bars, 200 μm. 
F Expression levels detection of p53, Cytochrome C, Bax, Caspase 3, and Bcl-2 by western blot in GLUD1 overexpressing HCC cells after treat-
ment with NAC. GLUD1-OE represents GLUD1 overexpressing HCC cell line, LV-NC represents control HCC cell line, GLUD1-sh represents 
GLUD1 knockdown HCC cell line, sh-NC represents control HCC cell line. NAC: N-acetylcysteine. *p < 0.05, **p < 0.01, ***p < 0.001
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4 � Discussion

GLUD1 functions in glutamine metabolism progress and provides α-KG for tricarboxylic acid (TCA) cycle, which is the 
central metabolic link which connects glucose, fatty acids, and amino acid metabolism [25]. Reports showed that dys-
regulation of both the expression level and activity of GLUD1 affected α-KG generation, and then regulated tumor cells 
proliferation and metastasis through affecting cellular metabolism [26]. Here we performed untargeted metabolomics 
study of GLUD1 overexpressing and control HCC cells and found that GLUD1 overexpression had an influence on cel-
lular metabolism mainly including amino acid, fatty acid, and nucleoside metabolism pathways. These data suggest that 
GLUD1 participates in HCC progression through regulating cellular metabolism. Moreover, KEGG pathway enrichment 
showed that mitochondrial OXPHOS was one of the main metabolic pathways where differentially expressed metabolites 
were enriched in. Enhancement of OXPHOS capacity often leads to increased ROS content, which usually accompanies 
by decreased expression levels of antioxidant genes and aggravates the oxidative stress state of cancer tissues [27]. Here 
we found that GLUD1 overexpression not only enhanced mitochondrial OXPHOS function and ROS content, but also 

Fig. 7   GLUD1 overexpression activates p38/JNK MAPK signaling pathway which is counteracted by NAC treatment. A and B Expression lev-
els detection of p38, JNK, p-p38, and p-JNK by western blot in GLUD1 overexpression or knockdown HCC cells. C Expression levels detection 
of p38, JNK, p-p38, and p-JNK by western blot in GLUD1 overexpressing HCC cells after treatment with NAC. GLUD1-OE represents GLUD1 
overexpressing HCC cell line, LV-NC represents control HCC cell line, GLUD1-sh represents GLUD1 knockdown HCC cell line, sh-NC represents 
control HCC cell line. NAC: N-acetylcysteine. *p < 0.05, ***p < 0.001
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decreased the expression levels of antioxidant genes including SOD1, SOD2, CAT, and GPX1 in HCC cells. These findings 
suggest that GLUD1 contributes to the cellular redox balance in HCC tissues, and GLUD1 overexpression aggravates 
oxidative stress state through enhancing OXPHOS activity and ROS content.

Usually, slightly higher levels of ROS act as signaling molecules and promote cancer development [28]. However, when 
excessive ROS are produced, they promote cell apoptosis and finally inhibit cancer cells proliferation and growth [29]. 
Here we found that Cytochrome C and Bax were up-regulated while Bcl-2 was down-regulated in GLUD1 overexpressing 
cells. The release of mitochondrial Cytochrome C is a critical step in mitochondrial apoptosis pathway as it is essential 
for the aggregation of adaptor molecule Apaf1 [30]. Besides, Bcl-2 family members including Bax form ion channels 
that allow the excretion of Cytochrome C, and induce sustained activation of caspase family proteins that are necessary 
for mitochondrial apoptosis [31]. Thus, our findings demonstrate that GLUD1 overexpression promotes mitochondrial 
apoptosis of HCC cells. It has been demonstrated in many kinds of cancers that inducing ROS production could induce 
cells apoptosis and prevent cancer cell proliferation and metastasis. Some ROS-promoting drugs showed inhibitory effect 
on HCC cells proliferation and tumor growth, which are expected to be candidates for clinical treatment of HCC, such as 
sorafenib, paclitaxel, curcumin, 5-fluorouracil, and so on [32–35]. Therefore, ROS content enhancement of cancer cells is 
an important and promising strategy for clinical treatment of HCC.

MAPKs signaling pathway consists of a serious of serine-threonine protein kinases, and participates in cell apoptosis 
and proliferation processes [36]. ERK, p38, and JNK are the main components of MAPKs signaling pathway, and it was 
reported that activation of MAPKs signaling pathway was closely related to mitochondrial apoptosis of HCC cells [37]. In 
this study, we found that GLUD1 overexpression promotes HCC cells apoptosis through ROS induced MAPKs signaling 
pathway activation. In recent years, studies on the activation of p38/JNK MAPK signaling pathway and the induction of 
tumor cell apoptosis have been confirmed and explored in liver cancer, lung cancer, pancreatic cancer, colorectal cancer, 
and so on [38–40]. MAPKs signaling pathway are taken as promising targets for cancer therapy, and some compounds 
that act as activators of MAPKs signaling pathway exhibit inhibitory effects on cancer progression through inducing 
mitochondrial apoptosis of cancer cells [41, 42]. Our findings verify the activation of MAPKs signaling pathway in inhibit-
ing HCC progression and provide optional strategy for clinical HCC treatment. Besides, researches showed that MAPKs 
signaling pathway impacts the response of cancer cells to clinical therapy and is associated with drug resistance [43], 
which not only highlights the importance of MAPKs signaling pathway in cancer progression, but also indicates the 
influence of MAPKs signaling pathway on HCC treatment.

 In conclusion, our study demonstrates that GLUD1 is down-regulated in tumor tissues of HCC patients and inhibits 
HCC progression both in vitro and in vivo. GLUD1 overexpression affects cellular metabolism and OXPHOS capacity 
which induces excess ROS generation and oxidative stress in HCC cells. Furthermore, p38/JNK MAPK signaling pathway 
is activated by ROS and induces mitochondrial apoptosis in GLUD1 overexpressing cells (Fig. 8). These findings provide 

Fig. 8   Schematic model of 
GLUD1 in promoting the p38/
JNK MAPK signaling pathway 
activation and HCC cell apop-
tosis via enhanced mitochon-
drial OXPHOS capacity and 
ROS generation
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GLUD1 as a promising biomarker for HCC prognosis, and suggest that ROS generation and MAPKs signaling pathway 
activation could be taken as candidate targets for HCC treatment.
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