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INTRODUCTION 
 

Glioblastoma (GBM) is the most common and highly 

lethal malignancy of the central nervous system [1]. 

Standard treatment for GBM includes total tumor resection 

and postoperative adjuvant radiotherapy and chemotherapy 

[1, 2]. In clinical practice, we have found that even after 

aggressive treatment, the recurrence of GBM is almost 

inevitable. Temozolomide (TMZ), as the first-line 

chemotherapeutic drug for gliomas, is widely used in 

patients with recurrent GBM, although most tumors are 

insensitive to this drug. Lack of effective treatment for 

recurrent GBM is one of the main causes of poor 

prognosis [3, 4]. Therefore, a mechanistic understanding of 

early warning signals that predict recurrence may help to 

prolong the survival of GBM patients.  

 

In recent years, exploration of pathogenesis and 

development of novel treatments of recurrent GBM has 

become an increasingly active area of research [5]. 

Previous studies have identified many markers 

associated with tumor recurrence, which were used to 

develop corresponding targeted therapies [6–8]. 

However, due to the selective and variable expression 

of most molecular markers, molecular targeted therapy 

cannot benefit most GBM patients [9, 10]. Therefore, 

finding the biological functions on which tumor 

recurrence depends and applying the corresponding 

targeted drugs may provide benefits to a wider range of 

patients.  

 

Prediction of tumor recurrence is an important area of 

GBM research, and many GBM recurrence prediction 
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ABSTRACT 
 

Background: Tumor recurrence is the main cause of poor prognosis of GBM. Finding the characteristics of 
recurrent GBM that provide early warning of tumor recurrence can provide guidance for the clinical treatment 
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Results: Reactive oxygen species (ROS) biosynthetic processes was significantly elevated in recurrent GBM. The 
recurrent risk score based on the ROS biosynthetic process was closely related to tumor purity and tumor 
immune functions. The quantitative risk assessment system could be used to predict the recurrence time of 
GBM. Gallic acid, a compound with high anti-oxidation activity and low cytotoxicity, was screened as a 
potential chemotherapy sensitizer for recurrent GBM.  
Conclusion: The quantitative risk assessment system based on ROS biosynthetic process could be used for early 
warning of GBM recurrence. Combination of low-dose gallic acid and temozolomide could improve therapeutic 
outcomes in recurrent GBM. 
Methods: A total of 663 primary and recurrent GBM samples with clinical and microarray data were included in 
this study. GSVA, LASSO-COX, and Kaplan-Meier survive curve were performed to construct and verify a 
quantitative risk assessment system for GBM recurrence prediction. An antioxidant capacity test and cell 
viability test were used to discover potential drugs for recurrent GBM.  
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models have been established over the past decades 

[11–13]. Unfortunately, most prediction models cannot 

be clinically applied due to poor accuracy or 

complexity. Currently, the monitoring of GBM 

recurrence in the clinic is still by regular MRI review 

and symptom changes. However, this traditional method 

is inefficient and costly. Therefore, it is imperative to 

establish a simple, easy-to-detect and highly accurate 

prediction model for early prediction of tumor 

recurrence in the clinic.  

 

Natural medicines, especially Chinese herbal medicine, 

are widely used in tumor therapy [14]. The application 

of arsenic trioxide, an extract of arsenic, significantly 

improved the clinical cure rate of acute promyelocytic 

leukemia patients [15]. Many other herbs have been 

used as immunomodulators or chemoradiotherapy 

sensitizers in adjuvant therapy for many tumors, such as 

lung cancer [16], melanoma [17] and glioma [18]. 

However, there is still no research on the application of 

herbs to recurrent GBM, even though it is not sensitive 

to traditional therapy. 

 

In our study, functional analysis was applied to screen 

for specific elevated biological functions in recurrent 

GBM. It was found that ROS biosynthetic processes 

were steadily elevated in recurrent GBM. Subsequently, 

the recurrent risk score was constructed by 

dimensionality analysis of the ROS biosynthetic 

process-related genes. Functional analysis found that 

ROS biosynthetic process was closely related to tumor 

immune checkpoints in GBM. Based on the recurrent 

risk score and other recurrence-related risk factors, a 

quantitative risk assessment (QRA) system for GBM 

recurrence time prediction was constructed. Finally, we 

found that among 12 kinds of Chinese herbal extracts 

with antioxidant effects, gallic acid showed the 

strongest ROS scavenging ability. The combination of 

low-dose gallic acid and TMZ could significantly 

improve the chemosensitivity of TMZ in TMZ-resistant 

glioma cell line. This prediction model and 

chemosensitizer could be of potential value in the clinic. 

 

RESULTS 
 

Reactive oxygen species biosynthetic processes were 

highly enriched in recurrent GBM 

 

In order to find highly activated functions in recurrent 

gliomas, a GSVA analysis of 4,436 biological processes 

of primary and recurrent GBM were performed. Of 

these, only 6 biological processes were significantly 

increased in recurrent GBM in samples in the CGGA 

and TCGA databases (Figure 1A). Next, the specificity 

of the above biological process enrichment in recurrent 

GBM was revealed by ROC analysis. Three specific 

enriched processes were regarded as candidates for 

further analysis (Figure 1B). In order to make the results 

more reliable, the above results were verified against 

primary/recurrent matched GBM samples. Finally, only 

ROS biosynthetic process showed high stability and 

specific enrichment in recurrent GBM (Supplementary 

Figure 1). Among 23 genes involved in ROS 

biosynthetic process, 6 most important genes were 

screened by LASSO-COX dimensional analysis to 

determine feasibility of clinical translation (Figure 1C). 

According to the expression of the above 6 genes and 

their corresponding lambda values (Figure 1D), the 

recurrent risk score for each patient could be calculated. 

Details in Methods section.  

 

The landscape of recurrent risk scores and 

clinicopathologic characteristics in GBM 

 

The recurrent risk scores and clinicopathologic 

characteristics of 545 GBMs are displayed in  

Figure 2A. As shown in the heatmap, progression-free 

survival time gradually shortens as recurrent risk scores 

increase. In addition, we also noticed that transcriptome 

subtype of GBM showed asymmetric distribution 

characteristics with an increase of risk score. However, 

gender, Age, KPS Scores, MGMT promoter status, and 

postoperative adjuvant therapy showed no significant 

correlation with risk score. The distribution of the 6 

representative genes is also shown in the heatmap. 

Subsequently, statistical analysis of these findings was 

conducted. 

 

The recurrent risk score was closely related to the 

molecular subtype of GBM 

 

There was no close correlation between the recurrent risk 

score and clinical features, such as gender and age, of 

GBM (Figure 2B and 2C). The transcriptome subtype is 

one of the most important molecular features of GBM. As 

shown in Figure 2D, GBM classified as the mesenchymal 

subtype have significantly higher recurrent risk scores. 

MGMT promoter status was an important indicator of the 

chemotherapy sensitivity of GBM. There were no 

significant differences in recurrent risk scores between 

GBMs with different MGMT promoter statuses (Figure 

2E). Importantly, the above results were verified 

independently in CGGA database (Figure 2F–2I).  

 

The recurrent risk score reflected the proportion of 

lymphocytes in GBM 

 

Subsequently, in-depth analysis of the recurrent risk 

score in GBM was performed. At the DNA level, there 

was no significant correlation between the risk score 

and gene mutations, including total mutations, non-

silent mutations or silent mutations (Figure 3A–3C). At 
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the chromosome level, the risk score was also not 

related to changes in chromosomes, including 

chromosome amplification or deletion (Figure 3D–3F). 

Tumor purity, a concept that has received wide attention 

in recent years, has important biological significance in 

GBM. Our results showed that the higher the risk score, 

the lower the tumor purity (Figure 3G and 3H). Further 

studies found that the risk score was closely related to 

the proportion of leukocytes in the stroma of GBM 

(Figure 4I). The above results indicated that the risk 

score may be closely related to tumor immunity. To 

verify this speculation, further analysis was conducted. 

 

 

Patients with higher risk scores suffered from 

stronger tumor immunosuppression 

 

To explore the relationship between the risk score and 

immune functions, a correlation analysis between the 

risk score and immune process scores was performed. 

The risk score was significantly positively correlated 

with almost all immune functions, but significantly 

negatively correlated with T cell-mediated immune 

responses to tumor cells in both the TCGA and CGGA 

databases (Figure 4A and 4B). This result made us think 

of the immunosuppressive function of the immune 

checkpoint pathways. Interestingly, the risk scores were 

significantly positively correlated with the expression of 

immunological checkpoint receptors and ligands in the 

CGGA and TCGA databases (Figure 4C and 4D).  

 

The quantitative risk assessment system could 

predict the probability of postoperative recurrence 

of GBM at various time points 

 

To facilitate the clinical transformation of these results, 

a fracture map of the quantitative risk assessment 

system was constructed. As shown in Figure 5, the 

fracture map was divided into two parts. The upper part 

was used for point scoring and the lower part was used 

 

 
 

Figure 1. Reactive oxygen species biosynthetic processes were significantly elevated in recurrent GBM. (A) Significantly 

elevated biological functions in recurrent GBM. pGBM represents primary GBM and rGBM represents recurrent GBM. *p<0.05, **p<0.01, 
***p<0.001. (B) AUC values of recurrent GBM enriched biological functions in TCGA and CGGA databases. (C) The most representative genes 
were obtained by LASSO-COX dimensionality analysis of ROS related genes. (D) The lambda value of 6 most representative genes. 
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for the resulting prediction. First, a GBM patient was 

scored based on his or her MGMT promoter status, 

postoperative therapy, and recurrence score. Then, 

clinicians could predict the recurrence probability for 

that patient over 6 months, 12 months, 18 months,  

24 months, and 36 months after the intracranial tumor 

resection. Importantly, the quantitative risk 

assessment system showed high prediction accuracy 

in both TCGA and CGGA databases (Supplementary 

Figure 2).  

 

 
 

Figure 2. The relationship between recurrence score and clinical pathologic characteristics of GBM. (A) The heatmap presented 

PFS days, clinical pathology, and 6 representative genes of ROS for each GBM patient in ascending order of the recurrence score. PFS days, 
transcriptome subtype, and 6 ROS related genes showed asymmetry distribution. (B, F) The recurrence score showed no significant 
difference in different genders in the TCGA and CGGA databases. NSp>0.05. (C, G) Age showed no significant difference in recurrence risk 
groups in TCGA database. NS means p>0.05. Patients in the high risk recurrence group were older than the low risk group. **p<0.01. (D, H) 
The mesenchymal and neural subtypes showed significant higher recurrence scores in th TCGA and CGGA databases. NSp>0.05, **p<0.01, 
***p<0.001, ****p<0.0001. (E, I) The recurrence score showed no significant difference in different MGMT promoter status GBM samples in 
TCGA and CGGA databases. NSp>0.05. 
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The quantitative risk assessment system could 

predict overall survival and progression-free 

survival of GBM in retrospective analysis 

 

In a retrospective analysis, Kaplan-Meier Curves 

showed that GBM patients in TCGA with a higher total 

score on the quantitative risk assessment system have 

shorter overall survival and progression-free survival 

time (Figure 6A and 6B). The cutoff was defined as  

the median of the total points of all patients. In addition, 

the above results could be independently verified in the 

CGGA database (Figure 6C and 6D). The CGGA and 

TCGA databases used the same cutoff value. In 

summary, the quantitative risk assessment system not 

only predicted the progression free survival but also 

predicted overall survival in GBM patients.  

 

 
 

Figure 3. The relationship between recurrence score and gene mutation, aneuploidy scores, and tumor purity of GBM. (A–C) 
The gene mutation counts showed no significant difference in different recurrence risk groups. NSp>0.05. (D–F) The aneuploidy score showed 
no significant difference in different recurrence risk groups. NSp>0.05. (G–I) High recurrence risk group with lower tumor purity, higher stroma 
proportion and higher leukocyte proportion. ****p<0.0001. 
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Figure 4. The relationship between recurrence score and tumor immune functions of GBM. (A, B) Correlation matrix of 

recurrence score and tumor immune functions in the TCGA and CGGA databases. The numbers were the R value of the Pearson correlation 
analysis. GO1: Immune response. GO2: B cell activation involved in immune response. GO3: T cell activation involved in immune response. 
GO4: Cytokine production involved in immune response. GO5: Cytokine secretion involved in immune response. GO6: Immune response to 
tumor cell. GO7: Leukocyte activation involved in immune response. GO8: Natural killer cell-mediated immune response to tumor cell. GO9:  
T cell-mediated immune response to tumor cell. GO10: Natural killer cell activation involved in immune response. GO11: Myeloid cell 
activation involved in immune response. (C, D) Correlation matrix of recurrence score and immune checkpoints in TCGA and CGGA databases. 
Red strips represent positive correlations and green strips represent negative correlations. The wider the strip, the stronger the correlation. 
The p-value of the correlation analysis between recurrence score and tumor immune functions was provided in Supplementary Table 2. 

 

 
 

Figure 5. The quantitative risk assessment for PFS prediction in GBM. The nomogram was the quantitative risk assessment for PFS 

prediction in GBM. The upper part is the scoring system and the lower part is the prediction system. The probability of recurrence time of 
each GBM patient after surgery could be predicted according to total points. 
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Gallic acid increases the sensitivity of glioma cells to 

temozolomide by ROS scavenging 

 

Compared with wild-type U87, we found that the ROS of 

TMZ-resistant U87 was significantly elevated in vitro. 

After treating TMZ-resistant U87 with 12 kinds of 

Chinese herbal extracts with antioxidant effects, we found 

that all herbs except pachymic acid can scavenge ROS of 

glioma cells in vitro. Gallic acid showed the strongest 

antioxidant effect in TMZ-resistant U87 (Figure 7A). 

Gallic acid appeared to have a dose dependent antioxidant 

effect (Figure 7B). In addition, we found that gallic acid 

has non-selective cytotoxicity, which was also dose-

dependent (Figure 7C). The tumor cell-killing effect of 

TMZ was significantly enhanced by the combination of 

low-dose gallic acid and TMZ (Figure 7D).  

 

 
 

Figure 6. Prediction effect of the quantitative risk assessment in GBM. (A, B) Kaplan-Meier Curves showed that GBM patients 
classified in the high points group have a shorter overall survival and progression-free survival in TCGA database. (C, D) Kaplan-Meier Curves 
showed that GBM patients classified in the high points group have a shorter overall survival and progression-free survival in CGGA database.  
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DISCUSSION 
 

GBM, as a highly heterogeneous tumor, is resistant to 

traditional therapy and is often highly recurrent [19–21]. 

However, with the rapid development of sequencing 

technology in the past years, a large number of drug 

resistance molecular markers have been discovered  

[22–24]. Based on these new targets, the sensitivity of 

GBM to chemotherapeutic drugs can be predicted. For 

example, the sensitivity of GBM to temozolomide can 

be predicted by the methylation level of the MGMT 

promoter region [25, 26]. In addition, numerous 

molecular targeted drugs have also been developed due 

to the discovery of new targets [23, 27, 28]. However, 

these drugs usually benefit only a small number of 

patients due to the heterogeneity of tumors among 

patients. Therefore, therapeutic targets with wide 

applicability need to be discovered. Unlike many 

previous studies, biological functions of GBM were the 

basis of our research in this study. After a series of 

comparative analyses, we found that ROS biosynthetic 

processes were significantly elevated in recurrent GBM. 

This finding was verified in paired primary/recurrent 

GBM samples.  

Dimensionality analysis on ROS-related genes was carried 

out. ROS-related genes were reduced from 23 to 6 by 

LASSO-COX dimensionality reduction analysis [29–31]. 

By detecting the expression of these 6 genes, the 

recurrence score for each GBM patient could be obtained. 

We found that the recurrence score was closely related to 

the molecular pathology of GBM. The recurrence score 

was significantly elevated in mesenchymal and neural 

subtypes of GBM. Meanwhile, GBM with higher 

recurrence score often had lower tumor purity and higher 

leukocyte ratios. Both of these findings suggested that the 

recurrence score may be associated with tumor immune 

functions. We assessed this hypothesis by correlation 

analysis between the recurrence score and tumor immune 

functions. Interestingly, we found that the recurrence score 

was positively correlated with all immune functions except 

T cell mediated immune responses to tumor cells. This 

phenomenon made us think of the functional features of 

immune checkpoints [32]. As expected, subsequent 

analysis revealed a significant positive correlation between 

the recurrence score and receptors and ligands of common 

immune checkpoints in GBM. Further analysis also found 

that the recurrence score has the strongest correlation 

with TIM-3, a novel immune checkpoint with great

 

 
 

Figure 7. Gallic acid was screened out as a TMZ chemotherapy sensitizer in TMZ-resistant glioma cells. (A) Gallic acid showed 

the strongest ROS scavenging ability in 12 kinds of herbs extracts in U87 TMZ-R. Herb1: Atractylenolide I, Herb2: Curcumin, Herb3: Gallic acid, 
Herb4: Nuzhenide, Herb5: Pachymic acid, Herb6: Pulchinenoside C, Herb7: Paeoniflorin, Herb8: Curcumol, Herb9: Polydatin, Herb10: 
Danshensu, Herb11: Artemisinin, Herb12: Scutellarin. (B) The ROS scavenging capacity increased with increasing concentration of gallic acid 
in U87 TMZ-R. (C) The cytotoxicity increased with increasing concentration of gallic acid in HA, U87, and U87 TMZ-R. (D) A low dose of gallic 
acid (20 µM and 40 µM) could restore chemosensitivity of U87 TMZ-R to temozolomide.  
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potential for clinical application [33–35]. The above 

results indicated that the recurrence score has potential 

clinical value in guiding the immunotherapy of GBM. 

 

Tumor recurrence is the main cause of failure of GBM 

treatment. Early warnings of tumor recurrence and early 

intervention of recurrent tumors are important for 

prolonging the survival time of GBM patients. At 

present, regular MRI review and monitoring of patient 

symptoms are the most common way to determine 

whether a tumor has recurred. However, this method 

relies upon detecting a tumor that has already recurred, 

which can lead to an increase in the patient's medical 

expenses or significant delays in treatment. To solve 

this clinical problem, we tried many risk prediction 

models and found a quantitative risk assessment (QRA) 

system based on nomogram was the most appropriate 

model for prediction of tumor recurrence time. QRA 

has been widely used in risk prediction in many fields 

due to its simplicity and reliability [36, 37]. When 

constructing the predictive model, several known 

prognostic correlation factors such as age, KPS, MGMT 

promoter status, radiotherapy, chemotherapy, and the 

recurrence score were included, and finally obtained a 

predictive model based on three predictors. The 

probability of recurrence of GBM at various time points 

after surgery could be predicted by this QRA system. 

The prediction system could guide the establishment of 

individualized review programs for postoperative GBM 

patients and improve the effective utilization of medical 

resources.  

 

In the treatment of recurrent GBM, we screened ROS 

scavengers in Chinese herbal extracts with anti-oxidant 

properties. Gallic acid has the strongest ROS scavenging 

activity and was selected as the candidate drug for further 

study. Unexpectedly, we found that high dose gallic acid 

has a strong antioxidant effect as well as cytotoxicity in 

both an astrocyte cell line (HA) and a GBM cell line 

(U87). In previous reports, gallic acid was found to inhibit 

the proliferation of GBM [38, 39]. However, we found 

that the inhibition of cell proliferation by gallic acid was 

not tumor-specific. Fortunately, our results showed low-

dose gallic acid, with its high anti-oxidant effects and low 

cytotoxicity, could significantly improve the 

chemosensitivity of TMZ-resistant glioma cells. Fewer 

side effects and stronger therapeutic effects make gallic 

acid a potential drug for adjuvant treatment of patients 

with recurrent GBM.  

 

In conclusion, this study found that ROS biosynthetic 

processes were significantly increased in recurrent GBM. 

A QRA system was constructed for prediction of 

recurrence time. Gallic acid, a ROS scavenger, was 

identified as a potential drug for the treatment of recurrent 

GBM. 

METHODS 
 

Sample and data collection 

 

A total of 663 primary and recurrent GBM samples were 

included in this study. In the CGGA database, the 

transcriptome microarray data of 118 GBM samples were 

collected. The clinical information and molecular 

pathology information of each patient were downloaded 

from the portal sites of CGGA (http://www.cgga.org.cn/). 

In the TCGA database, transcriptome microarray data of 

545 GBM samples and corresponding clinical information 

were obtained from the portal sites of TCGA 

(https://cancergenome.nih.gov). Clinical information of 

patients was provided as Table 1. Transcriptome 

microarray data of primary/recurrent paired GBM 

samples were obtained from GSE62153.  

 

Functional enrichment analysis 

 

The functional enrichment method used in this study 

was Gene Set Variation Analysis (GSVA). The analysis 

process was performed by gsva package in R under the 

default parameters. The p-value of the correlation 

analysis between recurrence score and tumor immune 

functions was provided in Supplementary Table 2. The 

gene list of biological processes was downloaded from 

AmiGO 2 Web portals (http://amigo.geneontology. 

org/amigo/landing).  

 

Receiver Operating Characteristic (ROC) analysis 

 

The ROC analysis was performed using the pROC 

package in R under the default parameters. The 

specificity of functional enrichment was represented by 

AUC value and p value. Drawing of ROC results of 

CGGA and TCGA was performed by the ggplot2 

package in R. 

 

Construction of the recurrent risk score 

 

Firstly, LASSO-COX analysis was performed by 

glmnet and survival package in R. Lambda value of 

each ROS related gene was obtained by dimensionality 

analysis based on progression-free survival of TCGA 

GBM patients. The recurrent risk score was the sum of 

the product of gene expression and their corresponding 

lambda value As follows:  

 

Risk score = exprgene1 × λgene1 + exprgene2 × λgene2 + … + 

exprgenen × λgenen 

 

exprgene: expression values of genes. λgene: 

corresponding lambda values of genes. The prognostic 

value of ROS related genes was provided as 

Supplementary Table 1. 

http://www.cgga.org.cn/
http://www.cgga.org.cn/
https://cancergenome.nih.gov/
https://cancergenome.nih.gov/
http://amigo.geneontology.org/amigo/landing
http://amigo.geneontology.org/amigo/landing
http://amigo.geneontology.org/amigo/landing
http://amigo.geneontology.org/amigo/landing
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Table 1A. Clinical information of patients in CGGA. 

Characteristics (CGGA) No. of Patients (CGGA) 

Hisopathology diagnosis  

Primary Glioblastoma 109 

Recurrent Glioblastoma 9 

Gender  

Female 47 

Male 71 

Age at diagnosis  

<65 112 

≥65 6 

MGMG Status  

Methylation 45 

Unmethylation 55 

Not Available 18 

TCGA Subtypes  

Proneural  14 

Neural  7 

Classical  19 

Mesenchymal  63 

Not Available 15 

Postoperative Therapy  

Radiotherapy+TMZ Chemotherapy 63 

Radiotherapy 33 

TMZ Chemotherapy 6 

Others 16 

 

Table 1B. Clinical information of patients in TCGA. 

Characteristics (TCGA) No. of Patients (TCGA) 

Hisopathology diagnosis  

Primary Glioblastoma 529 

Recurrent Glioblastoma 16 
Gender  

Female 213 

Male 332 
Age at diagnosis  

<65 360 

≥65 185 
Preoperative KPS score  

≥80 297 

<80 101 

Not Available 147 
TCGA Subtypes  

Proneural  99 

Neural  85 

Classical  152 

Mesenchymal  161 

G-CIMP 35 
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Not Available 13 
MGMG Status  

Methylation 163 

Unmethylation 199 

Not Available 183 
Postoperative Therapy  

Radiotherapy+TMZ Chemotherapy 358 

Radiotherapy 159 

TMZ Chemotherapy 11 

Others 17 

 

Construction of the quantitative risk assessment 

(QRA) system 

 

The QRA system was built based on nomogram. The 

nomogram was performed by rms package in R. The 

age, KPS, MGMT promoter status, radiotherapy, 

chemotherapy, and the recurrence score were included 

as risk factors for recurrence of GBM. Validation 

analysis of prediction accuracy used default parameters.  

 

Cell culture 

 

GBM cell line U87 and astrocyte cell line HA were 

obtained from the Institute of Biochemistry and Cell 

Biology, Chinese Academy of Science. U87 was cultured 

in the culture medium containing DMEM (Gibco) 

supplemented with 10% Fetal Bovine Serum (Gibco) and 

HA was cultured in Astrocyte Medium (Gibco). TMZ-

resistant U87 (U87 TMZ-R) was derived from U87 by 

culturing in serum-containing medium with gradually 

increased temozolomide (Sigma Aldrich) to the final 

concentration of 1,000 µM. U87 TMZ-R was 

enzymatically dissociated into single cells using 

Trypsin/EDTA Solution (Gibco) and cultured in the 

serum and TMZ-containing medium every 4–6 days. Cell 

passage of U87 and HA were performed every 3–4 days. 

 

Antioxidant capacity test of Chinese herbs 

 

Antioxidant capacity test of Chinese herbs was 

assessed by ROS assay kit (C1300, applygen). The 

experimental process was carried out strictly in 

accordance with the instructions of the kit. The final 

concentration of DCFH-DA was 10 µM. The cells 

were incubated at 37 °C for 60 minutes after the 

addition of the reaction reagent. The excitation 

wavelength and the emission wavelength of the 

multiscan spectrum (M200 Pro, Tecan) were set to 

500 nm and 525 nm respectively for results detecting. 

Extracts of herbs were purchased from reagent 

company (Details in Supplementary Table 3). The test 

results of U87 WT and U87 TMZ-R were used as a 

negative control and positive control in this study. 

ROS detection was performed 3 hours after the 

addition of 50 µM of every herb in U87 TMZ-R. The 

lower the fluorescence intensity, the stronger the 

antioxidant capacity of the herb. 

 

Cell viability test 

 

Cell viability of cell lines was assessed by Cell 

Counting Kit-8 (Dojindo). The experimental process 

was carried out strictly in accordance with the 

instructions of the kit. First, 1*105 cells were cultured in 

96-well plates 12–24 hours before the experimental 

intervention. Cell viability testing was performed after 

72 hours of exposure to experimental drugs. The cells 

were incubated at 37 °C for 120 minutes after the 

addition of the reaction reagent. Absorbance detection 

of each test was performed by multiscan spectrum 

(M200 Pro, Tecan). Four parallel controls were set up 

for every test.  

 

Statistical analysis 

 

Statistical analyses and drawings were performed by R 

(https://www.r-project.org/, v3.5.0), GraphPad Prism 

software and Microsoft office 365. Lambda values of 

ROS related genes were shown by GraphPad Prism and 

the clinical pathological characteristics were drawn by 

Microsoft Office 365. Other statistical computations 

and figures were generated by several R packages. A p 

value less than 0.05 was considered statistically 

significant. All statistical tests were two-sided. 

 

Abbreviations 
 

GBM: Glioblastoma; ROS: Reactive oxygen species; 

TMZ: Temozolomide; QRA: the quantitative risk 

assessment; GSVA: Gene set variation analysis; 

MGMT: O6-Methylguanine-DNA methyltransferase; 

KPS: Karnofsky performance score. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 

 
 

Supplementary Figure 1. Reactive oxygen species biosynthetic process was significantly elevated in recurrent GBM 
compared to paired primary one. (A) ROS biosynthetic process scores significantly increased in recurrent tumors. (B and C) Scores of 

response to lithium ion and regulation of synaptic dopaminergic transmission showed no significant change with tumor recurrence. Black 
lines represent elevation and gray lines represent decline of functional scores. 

 

 

 
 

Supplementary Figure 2. Predictive power of the quantitative risk assessment in GBM. The quantitative risk assessment showed 

good predictive effects on the probability of recurrence in 6, 12, 18, 24, and 36 months after surgery in the TCGA and CGGA databases. 
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Supplementary Tables 
 

 

Supplementary Table 1A. The prognostic value of ROS related genes in CGGA GBM OS. 

Gene HR 
95%  CI 

p-value 
lower upper 

AKT1 1.118 0.754 1.657 0.579 

ARG2 1.122 0.842 1.497 0.432 

CYBA 1.158 0.801 1.676 0.435 

CYBB 1.001 0.723 1.386 0.995 

CYP1A1 0.740 0.515 1.063 0.103 

CYP1A2 0.914 0.679 1.230 0.553 

CYP1B1 1.061 0.951 1.182 0.289 

DDAH2 1.026 0.695 1.515 0.896 

DUOX1 0.970 0.806 1.167 0.747 

DUOX2 0.980 0.752 1.276 0.879 

GBF1 1.031 0.792 1.343 0.819 

GCH1 1.316 1.009 1.716 0.043 

GCHFR 1.536 1.194 1.975 0.001 

MAOB 1.151 0.995 1.330 0.058 

MPO 1.146 0.918 1.431 0.230 

NOS1 0.991 0.742 1.326 0.954 

NOS3 1.142 0.786 1.660 0.486 

NQO1 1.044 0.822 1.326 0.724 

RORA 0.978 0.626 1.529 0.923 

SLC7A2 0.969 0.729 1.287 0.826 

SOD1 0.925 0.639 1.338 0.678 

SPR 1.235 0.856 1.783 0.259 
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Supplementary Table 1B. The prognostic value of ROS related genes in CGGA GBM PFS. 

Gene HR 
95%  CI 

p-value 
lower upper 

AKT1 1.177 0.804 1.724 0.402 

ARG2 1.078 0.819 1.419 0.592 

CYBA 1.016 0.716 1.442 0.928 

CYBB 0.976 0.705 1.350 0.883 

CYP1A1 0.776 0.557 1.082 0.135 

CYP1A2 0.876 0.652 1.177 0.379 

CYP1B1 1.039 0.934 1.157 0.479 

DDAH2 1.158 0.783 1.714 0.462 

DUOX1 0.933 0.777 1.119 0.452 

DUOX2 0.943 0.726 1.225 0.660 

GBF1 0.993 0.758 1.301 0.960 

GCH1 1.194 0.916 1.557 0.189 

GCHFR 1.345 1.062 1.702 0.014 

MAOB 1.119 0.973 1.287 0.116 

MPO 1.118 0.905 1.381 0.299 

NOS1 1.013 0.762 1.348 0.929 

NOS3 1.139 0.787 1.649 0.490 

NQO1 0.974 0.774 1.226 0.824 

RORA 0.959 0.625 1.473 0.849 

SLC7A2 0.901 0.687 1.183 0.453 

SOD1 0.865 0.614 1.218 0.405 

SPR 1.098 0.758 1.589 0.621 
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Supplementary Table 1C. The prognostic value of ROS related genes in TCGA GBM OS 

Gene HR 
95%  CI 

p-value 
lower upper 

AKT1 1.119 0.991 1.262 0.069 
ARG2 0.985 0.877 1.107 0.802 
CYBA 1.009 0.890 1.145 0.888 
CYBB 1.087 0.987 1.198 0.091 
CYP1A1 0.813 0.696 0.950 0.009 
CYP1A2 0.800 0.564 1.134 0.209 
CYP1B1 1.007 0.953 1.063 0.815 
DDAH2 0.981 0.820 1.174 0.836 
DUOX1 0.990 0.864 1.134 0.883 
DUOX2 0.654 0.451 0.947 0.025 
GBF1 0.933 0.762 1.143 0.505 
GCH1 0.942 0.809 1.098 0.444 
GCHFR 1.107 0.973 1.260 0.123 
MAOB 1.112 1.039 1.190 0.002 
MPO 1.176 1.021 1.355 0.024 
NOS1 1.017 0.633 1.632 0.946 
NOS3 0.729 0.592 0.898 0.003 
NQO1 0.994 0.885 1.115 0.913 
RORA 0.989 0.896 1.092 0.826 
SLC7A2 0.966 0.835 1.119 0.646 
SOD1 0.947 0.787 1.138 0.558 
SPR 1.096 0.951 1.264 0.206 

 

Supplementary Table 1D. The prognostic value of ROS related genes in TCGA GBM PFS. 

Gene HR 
95%  CI 

p-value 
lower upper 

AKT1 1.016 0.888 1.161 0.822 

ARG2 1.094 0.966 1.239 0.155 

CYBA 1.006 0.878 1.152 0.933 

CYBB 1.126 1.014 1.251 0.027 

CYP1A1 0.928 0.778 1.106 0.403 

CYP1A2 0.742 0.512 1.074 0.113 

CYP1B1 1.045 0.983 1.111 0.158 

DDAH2 0.828 0.676 1.015 0.069 

DUOX1 0.900 0.774 1.046 0.170 

DUOX2 0.808 0.536 1.216 0.307 

GBF1 0.959 0.773 1.191 0.706 

GCH1 1.168 0.997 1.368 0.054 

GCHFR 1.025 0.885 1.187 0.742 

MAOB 1.119 1.039 1.205 0.003 

MPO 1.114 0.948 1.308 0.190 

NOS1 0.890 0.528 1.502 0.663 

NOS3 0.864 0.689 1.085 0.208 

NQO1 1.153 1.016 1.308 0.027 

RORA 0.991 0.888 1.107 0.876 

SLC7A2 0.993 0.849 1.162 0.931 

SOD1 1.071 0.871 1.317 0.513 

SPR 1.075 0.920 1.258 0.363 
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Supplementary Table 2A.  Recurremt score and immune response (TCGA GBM). 

Terms 
R-value 

(Pearson ) 
95% confidence 

interval 
P-value 

Immune response 0.5973 0.5392 to 0.6498 <0.0001 

B cell activation involved in immune response 0.4144 0.3408 to 0.483 <0.0001 

T cell activation involved in immune response 0.5039 0.437 to 0.5652 <0.0001 

Cytokine production involved in immune response 0.5977 0.5396 to 0.6501 <0.0001 

Cytokine secretion involved in immune response 0.5105 0.4442 to 0.5713 <0.0001 

Immune response to tumor cell 0.3471 0.2694 to 0.4204 <0.0001 

Leukocyte activation involved in immune response 0.6013 0.5435 to 0.6533 <0.0001 

Natural killer cell mediated immune response to tumor cell 0.4526 0.3817 to 0.5183 <0.0001 

T cell mediated immune response to tumor cell -0.2789 -0.3561 to -0.1979 <0.0001 

Natural killer cell activation involved in immune response 0.3899 0.3147 to 0.4603 <0.0001 

Myeloid cell activation involved in immune response 0.6093 0.5524 to 0.6605 <0.0001 

 
Supplementary Table 2B. Recurremt score and immune response (CGGA GBM). 

Terms R-value(Pearson ) 95% confidence interval P-value 

Immune response 0.513 0.3662 to 0.6349 <0.0001 

B cell activation involved in immune response 0.476 0.323 to 0.6047 <0.0001 

T cell activation involved in immune response 0.4002 0.2365 to 0.5417 <0.0001 

Cytokine production involved in immune response 0.5401 0.3982 to 0.6567 <0.0001 

Cytokine secretion involved in immune response 0.533 0.3898 to 0.6511 <0.0001 

Immune response to tumor cell 0.2925 0.1179 to 0.4495 0.0013 

Leukocyte activation involved in immune response 0.5174 0.3713 to 0.6384 <0.0001 

Natural killer cell mediated immune response to tumor cell 0.331 0.1598 to 0.4828 0.0003 

T cell mediated immune response to tumor cell -0.3358 -0.487 to -0.1651 0.0002 

Natural killer cell activation involved in immune response 0.2384 0.06027 to 0.4019 0.0093 

Myeloid cell activation involved in immune response 0.5352 0.3924 to 0.6528 <0.0001 

 
Supplementary Table 2C. Recurremt score and immune checkpoints. 

Immune Checkpoints Gene 
CGGA GBM TCGA GBM 

R-value (Pearson) P-value R-value (Pearson) P-value 

CD47 CD47 0.381281364 2.05E-05 0.26475689 3.41E-10 

SIPRα SIRPA 0.430000493 1.18E-06 0.262529541 4.84E-10 

PD-1 PDCD1 0.329448749 0.000269607 0.285301926 1.15E-11 

PD-L1 CD274 0.399617189 7.36E-06 0.270888019 1.28E-10 

TIM-3 HAVCR2 0.583241346 4.20E-12 0.669030442 5.36E-72 

Galectin-9 LGALS9 0.407260225 4.72E-06 0.533192414 2.32E-41 
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Supplementary Table 3. 

ID Herbs (English) 
Herbs 

(Chinese) 

Extract of Herbs 

(English) 

Extract of Herbs 

(Chinese) 

Drug 

Company 
Item No 

Herb1 
Atractylodes 

Macrocephala Koidz 
白术 Atractylenolide I 白术内酯 MCE HY-N0201 

Herb2 Curcuma longa 姜黄 Curcumin 姜黄素 Selleck S7501 

Herb3 Nutgall 五倍子 Gallic acid 没食子酸 MCE HY-N0523 

Herb4 Glossy Privet Fruit 女贞子 Nuzhenide 女贞子甙 Selleck S9473 

Herb5 Poria 茯苓 Pachymic acid 茯苓酸 MCE HY-N0371 

Herb6 Pulsatilla Chinensis 白头翁 Pulchinenoside C 白头翁皂苷 C MCE HY-N0205 

Herb7 Radix Paeoniae Alba 白芍 Paeoniflorin 芍药苷 MCE HY-N0293 

Herb8 Rhizoma Curcumae 莪术 Curcumol 莪术醇 MCE HY-N0104 

Herb9 
Rhizoma Polygoni 

Cuspidati 
虎杖 Polydatin 虎杖苷 MCE 

HY-

N0120A 

Herb1

0 
Salviamiltiorrhiza 丹参 Danshensu 丹参素 MCE HY-N1913 

Herb1

1 
Sweet Wormwood Herb 青蒿 Artemisinin 青蒿素 MCE HY-B0094 

Herb1

2 
Wild Skullcaps 野生黄芩 Scutellarin 野黄芩苷 MCE HY-N0751 

 

 

 

 


