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Abstract. The features of high heterogeneity and aggressive‑
ness of glioblastoma (GBM) predispose it to temozolomide 
(TMZ) resistance, which notably impairs therapeutic effi‑
cacy. Cytokine family members have been shown to activate 
pro‑survival pathways in GBM cells and facilitate the forma‑
tion of immunosuppressive microenvironments, contributing 
to TMZ resistance in GBM. The present study aimed to 
investigate the role of cytokine IL‑37 in the malignant 
progression and TMZ resistance of GBM. Recombinant 
human IL‑37b (rIL‑37) enhanced the survival of TMZ‑treated 
GBM U251 cells. IL‑37 silencing or overexpression notably 
reduced or increased the survival rate of U251 cells exposed 
to TMZ, respectively. In TMZ‑resistant U251 (U251‑TR) 
cells, IL‑37 knockdown also improved cellular sensitivity 
to TMZ. Consistent with these findings, rIL‑37 treatment 
promoted proliferation and suppressed apoptosis of U251 cells 
under TMZ exposure, whereas IL‑37 silencing significantly 
suppressed growth and enhanced the apoptotic responses of 
U251‑TR cells receiving TMZ. To explore the underlying 
mechanisms, RNA sequencing was performed and revealed 
that the U251 cells undergoing TMZ exposure and rIL‑37 
treatment exhibited an altered transcriptomic profile, char‑
acterized by the activation of both mitogen‑activated protein 
kinase (MAPK) pathways and senescence‑related pathways. 
After confirming the activation of cellular MAPK cascades 
and senescence, Adezmapimod, a p38 MAPK‑specific inhib‑
itor, effectively counteracted rIL‑37‑induced improvements 
in cellular survival and proliferative capacity, suppression of 
apoptosis and activation of senescence in U251 cells under 
TMZ exposure, indicating the necessity of the MAPK pathway 

in TMZ resistance. The present study expands the current 
knowledge of the roles of IL‑37 during the malignant progres‑
sion of GBM and demonstrates that IL‑37 enhances TMZ 
resistance in GBM cells by activating the MAPK pathway 
and inhibiting apoptosis, suggesting that targeted inhibition 
of MAPK cascades in GBM is promising in future clinical 
practice.

Introduction

Gliomas, a series of malignant tumors originating from the 
neuroglial tissues, primarily occur in the brain and spinal 
cord. As the most common primary malignant tumor of the 
central nervous system (CNS), gliomas exhibit a relatively 
high incidence rate of 6.6 to 7.4 per 100,000 individuals and 
are particularly prevalent among adults, accounting for ~75% 
of all brain malignancies (1,2). Gliomas are typically classified 
into several subtypes, among which glioblastoma (GBM), a 
highly aggressive variant characterized by rapid growth and 
invasive behavior, is the most prevalent (3). Due to its complex 
anatomical location within the CNS, surgical resection of 
GBM poses a notable challenge (4).

Temozolomide (TMZ), an alkylating chemotherapeutic 
agent, has shown marked clinical efficacy in the treatment of 
gliomas (5). TMZ induces tumor cell apoptosis and inhibits 
DNA synthesis and repair in tumor cells. Moreover, it has been 
widely incorporated into glioma chemotherapy regimens, with 
notable survival benefits in clinical trials, extending median 
overall survival in newly diagnosed patients with glioblastoma 
to ~15 months (6,7). However, the responses of patients with 
GBM to TMZ vary, with certain individuals developing drug 
resistance, which greatly limits therapeutic effectiveness (8). 
Therefore, novel therapeutic strategies are being explored to 
enhance TMZ efficacy and overcome drug resistance.

As TMZ chemotherapy failure in gliomas is primarily 
attributed to acquired drug resistance, research suggests 
that immunosuppressive cytokines serve notable roles in the 
progression of gliomas and TMZ resistance acquisition in 
gliomas (9). However, the precise mechanisms by which these 
cytokines mediate TMZ resistance remain poorly understood.

IL‑19, an immunosuppressive cytokine associated 
with poor GBM prognosis, has been reported to promote 
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invasiveness via the IL‑19/WNT1‑inducible signaling pathway 
protein 1 pathway, whilst its blockade suppressed tumor 
growth by enhancing antitumor immunity and reducing 
tumor‑associated macrophage (TAM)‑mediated suppres‑
sion (9). Moreover, elevated IL‑18 expression in GBM cells 
has been demonstrated to induce TMZ resistance and form 
an immunosuppressive microenvironment by activating the 
PI3K/Akt pathway and upregulating CD274 expression (10). 
These findings emphasize that targeting cytokines may be 
a critical strategy for overcoming TMZ resistance in GBM, 
providing the foundation for novel therapeutic approaches.

IL‑37, another immunosuppressive cytokine, has emerged 
as a potential prognostic biomarker in gliomas, where reduced 
IL‑37 expression is associated with the poor survival of 
patients (11). Among the five transcriptional variants of IL‑37, 
IL‑37b is the most extensively studied  (12). Concurrently, 
TMZ‑resistant gliomas secrete immunosuppressive factors 
such as the cytokine IL‑10 to recruit regulatory T cells 
(Tregs) and subsequently suppress the functions of cytotoxic 
T lymphocytes and natural killer cells, which fosters an 
immunosuppressive microenvironment (13,14). This suggests 
that IL‑37 may similarly contribute to the immune evasion and 
chemoresistance of GBM through similar mechanisms.

Dysregulated mitogen‑activated protein kinase (MAPK) 
signaling drives oncogenic proliferation, invasion and metas‑
tasis by activating downstream effectors such as VEGF (15). 
The MAPK signaling pathway includes three major categories 
of kinases: MAPK kinase kinase (MAPKKK), MAPK kinase 
(MAPKK) and MAPK (16). MAPKKK family proteins are the 
upstream kinases of MAPK cascades and are responsible for 
activating the downstream MAPKK, including rapidly accel‑
erated fibrosarcoma (RAF)‑like kinases, MAPK/ERK kinase 
kinases and other members such as apoptosis signal‑regulating 
kinase 1 (17,18). MAPKs are the terminal kinases of MAPK 
cascades and are mainly divided into extracellular signal‑regu‑
lated kinase‑1/2 (ERK‑1/2), c‑Jun N‑terminal kinase‑1/2/3, p38 
MAPK and ERK5, which are activated by extracellular cyto‑
kines, neurotransmitters, hormones and stress signals (19,20). 
Mutated RAF‑like kinases in tumor cells often lead to consti‑
tutive activation of the MAPK signaling pathway and drive the 
uncontrolled proliferation of tumors (21), whereas mutations in 
melanomas result in persistent activation of the RAS/MAPK 
pathway, aberrantly hyperactivated CDK12 and enhanced 
DNA repair capability, eventually promoting the establish‑
ment of drug resistance (22). Activation of ERK signaling also 
protects leukemic monocytes from chronic myelomonocytic 
leukemia by upregulating the anti‑apoptotic protein myeloid 
cell leukemia‑1 (23). For TMZ resistance in GBM, inhibiting 
expression of MAPK8 and subsequent activation of the MAPK 
signaling pathway were reported to markedly induce apoptotic 
responses in GBM cells (24).

To address this, the present study aimed to investigate 
the functional role of IL‑37 in the malignant progression and 
TMZ resistance of GBM. Using a combination of in vitro gain‑ 
and loss‑of‑function approaches in GBM cell lines, including 
rIL‑37 treatment, gene silencing and overexpression alongside 
transcriptomic profiling via RNA sequencing, the present 
study aimed to elucidate the underlying mechanisms by which 
IL‑37 modulates cellular survival and apoptotic responses 
under chemotherapeutic stress. 

Materials and methods

Cell culture and treatments. The human GBM cell lines 
U‑251 MG (U251; cat.  no.  SCSP‑559), U‑87 MG (U87; 
cat.  no.  TCHu138; glioblastoma of unknown origin) and 
A172 (TCHu171) were obtained from The Cell Bank of Type 
Culture Collection of The Chinese Academy of Sciences, and 
maintained in high‑glucose DMEM/MEM (Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin/strepto‑
mycin under standard conditions (37˚C and 5% CO2). All cell 
lines have been STR validated. To establish TMZ‑resistant 
(TR) sublines, parental cells were chronically exposed to 
progressively increasing concentrations of TMZ (starting 
from 5 µM, with a 5 µM increment every 2 weeks) over a 
period of 6 months. The resistant phenotype was confirmed 
by Cell Counting Kit‑8 (CCK‑8) assay (cat. no. HY‑K0301; 
MedChemExpress) and remained stable for at least 10 
passages in the absence of TMZ. For TMZ treatment, varying 
concentrations of TMZ (cat. no. HY‑17364; MedChemExpress) 
dissolved in DMSO, corresponding to log concentrations of 0, 
1.5, 2, 2.5, 3 and 3.5 µM, were added to the culture medium of 
U251 cells for 48 h. To evaluate the effects of IL‑37 on cellular 
response to TMZ, U251 cells received recombinant human 
IL‑37b (rIL‑37; 10 ng/ml; cat. no. 7585‑IL; R&D Systems, 
Inc.) dissolved in sterile PBS in combination with TMZ and 
finally harvested for the subsequent analysis. To evaluate the 
necessity of MAPK signaling, cells were pretreated with the 
MAPK inhibitor Adezmapimod (10 µM; cat. no. HY‑10256; 
MedChemExpress) for 1  h prior to TMZ incubation or 
co‑incubation with TMZ and rIL‑37 at 37˚C for 48 h.

Transfection of small interfering (si)RNAs and plasmids. 
siRNAs targeting IL‑37/single immunoglobulin interleukin‑1 
related receptor (SIGIRR) and human IL‑37 overexpression 
plasmids were manufactured by GenScript Biotech Corporation 
using the pcDNA3.1 backbone. U251 or U251‑TR cells were 
transfected with siRNAs (50 nM) or plasmids (1 µg/µl) using 
Lipofectamine 2000™ (cat. no. 11668‑019; Invitrogen; Thermo 
Fisher Scientific, Inc.), and subsequent experiments were 
performed 48 h post‑transfection following standardized proto‑
cols provided by the manufacturer. The siRNA targeting IL‑37 
(si‑IL‑37) consisted of a sense strand 5'‑CAA​UGU​GUU​UCC​
UGU​UCU​C‑3' and an antisense strand 5'‑GAG​AAC​AGG​AAA​
CAC​AUU​G‑3'. The siRNA targeting SIGIRR (si‑SIGIRR) 
consisted of a sense strand 5'‑AUG​AAG​UUC​ACG​AAC​UUG​
C‑3' and an antisense strand 5'‑GCA​AGU​UCG​UGA​ACU​UCA​
U‑3'. The negative control siRNA (si‑NC) consisted of a sense 
strand 5'‑ACG​UGA​CAC​GUU​CGG​AGA​A‑3' and an antisense 
strand 5'‑UUC​UCC​GAA​CGU​GUC​ACG​U‑3'.

Flow cytometry. Apoptosis in TMZ‑treated U251 cells with or 
without rIL‑37 was analyzed using flow cytometry. After resus‑
pension, the harvested cells were incubated with an annexin 
V‑FITC and propidium iodide kit (PI; cat. no. 40302ES60; 
Shanghai Yeasen Biotechnology Co., Ltd.) for 20  min in 
the dark at room temperature. The samples were analyzed 
using a CytoFLEX flow cytometer (Beckman Coulter, Inc.) 
with excitation at 488 nm to detect early apoptotic (annexin 
V+/PI‑) and late apoptotic (annexin V+/PI+) populations, which 
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were quantified as the total apoptosis rate. Data analysis 
was performed using FlowJo software (version 10.8.1; BD 
Biosciences).

Senescence‑associated (SA)‑β‑galactosidase staining. Cellular 
senescence was detected using a SA‑β‑galactosidase staining 
kit (cat. no. HY‑K1089; MedChemExpress). After finishing 
corresponding treatments, 1.0x106 U251 cells were fixed with 
paraformaldehyde for 15 min at room temperature and then incu‑
bated with β‑galactosidase staining solution overnight at 37˚C. 
The following day, U251 cells were captured using a bright‑field 
microscope (Nikon Corporation). Senescent cells exhibited blue 
cytoplasmic precipitates, and the ratio of cellular senescence was 
calculated by comparing blue‑stained cells to total cells using 
Fiji software (version 2.9.0; National Institutes of Health).

Immunofluorescence staining. SA DNA damage in U251 
cells was determined using a DNA Damage Assay Kit by 
γ‑H2A histone family member X (H2AX) immunofluores‑
cence (cat. no. C2035S; Beyotime Biotechnology). Briefly, 
after TMZ and rIL37 treatments, U251 cells were fixed with 
paraformaldehyde (cat. no. P0099; Beyotime Biotechnology) 
for 15 min at room temperature and permeabilized with 0.1% 
Triton X‑100 (cat. no. BL934B; Biosharp Life Sciences) for 
another 15 min at room temperature. After blocking with 5% 
bovine serum albumin (BSA) for 1 h at room temperature, 
the samples were incubated with anti‑γ‑H2AX antibodies 
(cat. no. C2035S‑4; Beyotime Biotechnology) at 4˚C over‑
night, followed by AF488‑labeled goat anti‑rabbit IgG 
(cat. no. C2035S‑5; Beyotime Biotechnology) for 1 h at room 
temperature in the dark. The samples were counterstained with 
DAPI (cat. no. C2035S‑6; Beyotime Biotechnology) for 5 min 
and then subjected to fluorescence microscopy (Zeiss AG) to 
capture the images. The mean immunofluorescence intensities 
of γ‑H2AX‑positive nuclei were quantified using Fiji software 
(version 2.9.0; National Institutes of Health).

Colony formation assay. The proliferative capabilities of 
U251 cells were assessed using a colony formation assay. 
Briefly, U251 cells seeded in 6‑well plates (1x103 cells/well) 
underwent TMZ or rIL‑37 treatment and were cultured at 37˚C 
for 2 weeks. The aforementioned culture medium (Gibco; 
Thermo Fisher Scientific, Inc.) was refreshed every 3 days 
to maintain the nutrient supply. Colonies were fixed with 
paraformaldehyde (cat. no. P0099; Beyotime Biotechnology) 
for 15  min and stained with 0.1% crystal violet solution 
(cat. no. C0121; Beyotime Biotechnology) for 20 min at room 
temperature. Visible colonies (>50 cells/colony) were quanti‑
fied using ImageJ software (National Institutes of Health) 
under bright‑field microscopy.

CCK‑8 assay. The survival of TMZ‑treated U251 cells, with 
or without rIL‑37, was determined using the CCK‑8 assay. 
U251 cells were seeded in 96‑well plates at a density of 
5x103 cells/well. After TMZ treatments, 10 µl CCK‑8 reagent 
(cat. no. BS350A; Biosharp Life Sciences) was added to each 
well and incubated for another 4 h in the dark at 37˚C. Optical 
density at 450 nm was determined using a microplate reader 
(Thermo Fisher Scientific, Inc.) every 1 h during a 4 h‑incuba‑
tion period.

Reverse transcription‑quantitative PCR (RT‑qPCR) assay. 
The efficiency of IL‑37 knockdown and overexpression was 
assessed using RT‑qPCR. U251 cells were lysed with TRIzol® 
reagent (cat. no. RC202‑01; Vazyme Biotech Co., Ltd.) to 
extract total RNA. The total RNA concentrations were quanti‑
fied using NanoDrop™ 2000 (Thermo Fisher Scientific, Inc.) 
and the quality was determined by the A260/A280 ratio. 
Reverse transcription was performed using PrimeScript™ 
RT Master Mix (cat.  no.  RR036B; Takara Bio, Inc.) to 
synthesize cDNA templates, and qPCR was performed using 
SYBR® Premix Ex Taq II (cat. no. RR390A; Takara Bio, Inc.) 
following the manufacturer’s instructions on a QuantStudio™ 
6 Flex Real‑Time PCR System (Thermo Fisher Scientific, 
Inc.). Relative expression of target genes was calculated using 
the 2‑ΔΔCq method (25) and normalized to GAPDH. The RNA 
primers used were as follows: IL‑37‑forward (F), 5'‑TTC​
TTT​GCA​TTA​GCC​TCA​TCC​TT‑3' and reverse (R), 5'‑CGT​
GCT​GAT​TCC​TTT​TGG​GC‑3'; IL‑1B‑F, 5'‑AAT​CTG​TAC​
CTG​TCC​TGC​GTG​TT‑3' and R, 5'‑TGG​GTA​ATT​TTT​GGG​
ATC​TAC​ACT​CT‑3'; IL‑6‑F, 5'‑TTC​TCC​ACA​AGC​GCC​TTC​
GGT​C‑3' and R, 5'‑TCT​GTG​TGG​GGC​GGC​TAC​ATC​T‑3'; 
and SIGIRR‑F, 5'‑CTC​CCC​GTC​TGA​AGA​CCA​G‑3' and R, 
5'‑CCC​CAA​TTC​CCA​ATG​GAA​GC‑3' GAPDH‑F,  5'‑AGA​
TCC​CTC​CAA​AAT​CAA​GTG​G‑3' and R, 5'‑GGC​AGA​GAT​
GAT​GAC​CCT​TTT‑3'. 

RNA‑sequencing (RNA‑seq) analysis. RNA‑seq analyses were 
performed by GENE DENOVO (https://www.genedenovo.
com/). After TMZ exposure with or without rIL‑37 treatment 
with three biological replicates set for each treatment group, the 
total RNA of U251 cells was extracted using a Trizol reagent 
kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. RNA quality was assessed on 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.) and 
checked using RNase free agarose gel electrophoresis. After 
the total RNA was extracted, eukaryotic mRNA was enriched 
using Oligo(dT) beads. Then the enriched mRNA was frag‑
mented into short fragments using fragmentation buffer and 
reverse transcribed into cDNA by using NEBNext Ultra RNA 
Library Prep Kit for Illumina (cat. no. #7530; New England 
BioLabs, Inc.). The purified double‑stranded cDNA fragments 
were end repaired, A base added and ligated to Illumina 
sequencing adapters. The ligation reaction was purified with the 
AMPure XP Beads (1.0X) and PCR amplified. The resulting 
cDNA library was sequenced using Illumina Novaseq6000 
by GENE DENOVO. Differentially expressed genes (DEGs) 
were identified with a threshold set at a false discovery rate 
(FDR) of <0.05 and fold‑change (FC) of >2 (|log2FC|>1), 
followed by functional enrichment analysis of DEGs using 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (Metascape; National Institutes of Health). 
Heatmap visualization was performed using the pheatmap 
function from the ‘pheatmap’ package (version  1.0.12). 
Bioinformatics analyses were performed using R software 
(version 4.2.1; R Foundation for Statistical Computing). The 
raw sequencing data are provided in ScienceDB database 
(https://doi.org/10.57760/sciencedb.32976).

Western blotting. Western blot analysis was performed 
following established protocols as previously described (26). 
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Briefly, proteins derived from cell samples were separated using 
10% SDS‑PAGE and transferred to PVDF membranes, which 
were then blocked with 5% BSA at room temperature for 1 h, 
followed by incubation with corresponding primary antibodies 
at 4˚C overnight and secondary antibodies at room temperature 
for 1 h. The intensities of the protein bands were analyzed using 
an Fiji software (version 2.9.0; National Institutes of Health). 
The following antibodies were used: p16‑INK4A (1:1,000; 
cat. no. 80772; Cell Signaling Technology, Inc.), p21 (1:1,000; 
cat. no. 10355‑1‑AP; Proteintech Group, Inc.), p38 MAPK 
(1:2,000; cat. no. 14064‑1‑AP; Proteintech Group, Inc.), phos‑
phorylated‑p38 MAPK (p‑p38; 1:1,000; cat. no. 28796‑1‑AP; 
Proteintech Group, Inc.), β‑tubulin (1:5,000; cat. no. ab179513 
Abcam) and HRP‑conjugated anti‑Rabbit IgG (1:5,000; 
cat. no. SA00001‑2; Proteintech Group, Inc.).

ELISA. SA‑secretory phenotype (SASP) factors in 
U251 cells were quantified using the IL‑1β ELISA Kit 
(cat. no. CSB‑E08053h; Cusabio Technology, LLC) and IL‑6 
ELISA Kit (cat.  no.  CSB‑E04638h; Cusabio Technology, 
LLC), following the manufacturer's protocols.

Statistical analysis. Data are presented as the mean ± standard 
deviation. GraphPad Prism software (version 9.0; Dotmatics) 
was used to perform the statistical analyses. For two‑group 
comparisons, an unpaired two‑tailed Student's t‑test was 
employed, whilst one‑way ANOVA with the Bonferroni 
method was applied to compare multi‑group differences. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

IL‑37 modulates the sensitivity of GBM cells to TMZ. The 
role of IL‑37 in modulating TMZ resistance in GBM is 
unclear; therefore, to address this, the present study first 
validated the efficiency of IL‑37 knockdown and overex‑
pression in U251 cells using RT‑qPCR, which demonstrated 
~70% silencing and 7‑fold upregulation of IL‑37 expression 
(Fig. 1A and B). The subsequent CCK‑8 assays revealed that 
IL‑37 overexpression enhanced the survival of U251 cells 
treated with log concentrations of 0, 1.5, 2, 2.5, 3 and 3.5 µM 
TMZ treatment for 24 h, whilst IL‑37 knockdown markedly 
reduced cell viability (Fig. 1C and D). As extracellular IL‑37 
has been reported to aid in forming an immunosuppressive 
microenvironment for immune escape (27,28), rIL‑37 was 
co‑incubated with U251 cells which further diminished 
cellular TMZ sensitivity (Fig. 1E). Moreover, to explore 
the role of IL‑37 in the established TMZ‑resistance, the 
U251‑TR cell line was first generated using prolonged and 
elevated TMZ exposure. This cell line exhibited markedly 
higher survival rates than the TMZ‑sensitive U251 cells 
under TMZ exposure (Fig. 1F). Notably, IL‑37 knockdown 
potentiated TMZ sensitivity in U251‑TR cells (Fig.  1G), 
indicating a partial restoration of drug responsiveness. 
These data collectively establish IL‑37 as a critical mediator 
of TMZ resistance in GBM.

IL‑37 suppresses TMZ efficacy by promoting proliferation 
and inhibiting apoptosis of GBM cells. To elucidate the role 

of IL‑37 in TMZ‑induced cytotoxicity and chemoresistance 
in GBM, the present study assessed the modulatory effects 
of IL‑37 on the proliferation and apoptotic responses of both 
U251 and U251‑TR cells. Colony formation assays revealed 
that rIL‑37 co‑incubation significantly mitigated TMZ‑induced 
suppression of U251 cell proliferation, with a ~1.4‑fold 
increase in the colony number (53 vs. 67; Fig. 2A). Conversely, 
IL‑37 knockdown in U251‑TR cells potentiated TMZ‑induced 
inhibitory effects on cellular proliferation and reduced colony 
formation (71 vs. 52; Fig. 2B). Furthermore, flow cytometry 
demonstrated that rIL‑37 significantly inhibited TMZ‑induced 
apoptosis in U251 cells (61 vs. 30%; Fig. 2C), whereas si‑IL‑37 
augmented apoptosis in U251‑TR cells (15 vs. 20%; Fig. 2D). 
These findings suggest that IL‑37 sustains GBM cell survival 
under TMZ pressure by promoting proliferation and blunting 
apoptosis.

RNA‑seq reveals the activated MAPK signaling and senes‑
cence‑related pathways in rIL‑37 induce TMZ resistance. To 
assess the molecular mechanisms underlying rIL‑37‑mediated 
TMZ resistance in U251 cells, RNA‑seq was performed to 
identify DEGs and their functional enrichment pathways. 
The violin plots comparing RNA‑seq data of the control 
group (TMZ exposure without rIL‑37; n=3) and rIL‑37 group 
(TMZ exposure with rIL‑37 treatment; n=3) exhibited nearly 
identical shape symmetry and median alignment, suggesting 
a comparable global transcript abundance between the two 
groups. The high consistency in violin shapes within each 
group further validated experimental reproducibility (Fig. 3A). 
Moreover, the principal component analysis 3D score plot of 
RNA‑seq data revealed a pronounced segregation between 
the control and rIL‑37 groups along the PC1 axis, indicating 
the remodeling of genome‑wide expression profiles induced 
by rIL‑37 (Fig. 3B). The pheatmap of RNA‑seq data also 
displayed clear clustering separation between groups along 
principal components, confirming rIL‑37‑induced profound 
alterations in global gene expression, whilst high consistency 
among biological replicates within each group again under‑
scored reproducibility (Fig. 3C). The DEGs were identified 
with thresholds set at |log2FC|>1 and FDR<0.05, and the 
volcano plot showed 2,075 upregulated and 444 downregu‑
lated genes respectively (Fig. 3D). The heatmap of DEGs also 
demonstrated that there were more DEGs upregulated in 
U251 cells undergoing TMZ exposure and rIL‑37 treatment, 
and good repeatability was evidenced by highly consistent 
gene expression patterns among samples within each group 
(Fig. 3E).

GO enrichment analysis revealed notable enrichment 
of DEGs in cellular processes and biological regulation, 
suggesting that rIL‑37 treatment evoked multiple biological 
processes to establish TMZ resistance in U251 cells (Fig. 4A). 
KEGG enrichment analysis further indicated that upregulated 
DEGs were mainly clustered in the ‘cell cycle’, ‘cellular 
senescence’, ‘DNA replication’, ‘fatty acid degradation’ 
and the ‘p53 signaling pathway’. This implies the potential 
involvement of senescence in rIL‑37‑induced TMZ resistance 
in U251 cells (Fig. 4B and C). Moreover, the chord diagram 
illustrated the specific DEGs related to the top five enriched 
KEGG pathways (Fig. 4D). Gene set enrichment analysis 
further demonstrated that the MAPK signaling pathway 
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(ID, KO04010) was markedly enriched between the rIL‑37 
and control groups (Fig. 4E). Overall, the RNA‑seq results 
indicate the activation of MAPK signaling pathway and 
senescence‑related pathways in U251 cells undergoing TMZ 
exposure and rIL‑37 treatment, suggesting involvement in 
rIL‑37‑induced TMZ.

rIL‑37 activates the p38 MAPK pathway and SA pathways 
in GBM cells under TMZ exposure. To validate the gener‑
alizability of the sequencing findings, rIL‑37 treatment also 
suppressed TMZ‑induced apoptosis in both U87 and A172 
cell lines, as evidenced by a downregulation of BAX and 
an upregulation of BCL‑2 expression (Fig. 5A). RT‑qPCR 

Figure 1. IL‑37 modulates the sensitivity of glioblastoma cells to TMZ. (A) qPCR analysis of the expression of IL‑37 in U251 cells treated with si‑NC, and 
si‑IL‑37 (n=3). (B) qPCR analysis of the expression of IL‑37 in U251 cells treated with OE‑NC and OE‑IL‑37 (n=3). (C) CCK‑8 assay of the survival rates 
of U251 cells receiving si‑IL‑37 under TMZ exposure (n=3). (D) CCK‑8 assay of the survival rates of U251 cells receiving OE‑IL‑37 under TMZ exposure 
(n=3). (E) CCK‑8 assay of the survival rates of U251 cells receiving rIL‑37 under TMZ exposure (n=3). (F) The establishment of U251‑TR and U251‑TS cells 
confirmed by CCK‑8 assay (n=3). (G) CCK‑8 assay of the survival rates of U251‑TR cells receiving si‑IL‑37 or si‑NC under TMZ exposure (n=3). Data are 
expressed as mean ± SD. Statistical significance was set at *P<0.05. **P<0.01; ***P<0.001; ****P<0.0001. TMZ, temozolomide; si, small interfering RNA; NC, 
negative control; OE, overexpression; U251‑TR, temozolomide‑resistant U251; U251‑TS, temozolomide‑sensitive U251; qPCR, quantitative PCR; CCK‑8, Cell 
Counting Kit‑8; rIL‑37, recombinant human IL‑37. 
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Figure 2. IL‑37 suppresses TMZ efficacy by promoting proliferation and inhibiting apoptosis of glioblastoma cells. (A) The proliferative capability of 
TMZ‑treated U251 cells treated with rIL‑37 or PBS was assessed by colony formation assay (magnification, x40). (n=3). (B) The proliferative capability of 
TMZ‑treated U251 cells treated with and si‑NC or si‑IL‑37 was assessed by colony formation assay (n=3). (C) The apoptosis rates of U251 cells or U251‑TR 
cells undergoing TMZ exposure and rIL‑37 were examined using flow cytometry (n=3). (D) The apoptosis rates of U251 cells or U251‑TR cells undergoing 
or TMZ exposure and si‑IL‑37 were examined using flow cytometry (n=3). Data are expressed as mean ± SD. Statistical significance was set at P<0.05. 
*P<0.05; ****P<0.0001. si, small interfering RNA; NC, negative control; TMZ, temozolomide, U251‑TR, temozolomide‑resistant U251; rIL‑37, recombinant 
human IL‑37. 
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and ELISA assays demonstrated that SASP components of 
U251/U87/A172 cells exposed to TMZ, including IL‑1β and 
IL‑6, were induced by rIL‑37 treatment (Fig. 5B and C). 

Senescence‑associated DNA damage was identified by 
immunofluorescence staining of γ‑H2AX, and rIL‑37 
increased γ‑H2AX signals in the nuclei of rIL‑37‑treated 

Figure 3. RNA‑seq analysis indicates greater upregulated DEGs in rIL‑37‑treated U251 cells exposed to TMZ. (A) Violin plot of RNA‑seq data of control 
group (TMZ exposure alone) and rIL‑37 group (TMZ exposure and rIL‑37 treatment). (B) Principal components analysis 3D score plot of RNA‑seq data of 
control group and rIL‑37 group. (C) The heatmap of RNA‑seq data of control group and rIL‑37 group. The DEGs were identified with the threshold set at 
|log2FC|>1 and FDR <0.05. (D) The distribution of DEGs were shown by the volcano plot . (E) The distribution of DEGs were shown as a heatmap. Data was 
expressed as mean ± SD. Statistical significance was set at P<0.05. DEGs, differentially expressed genes; FC, fold‑change; FDR, false discovery rate, PC1, 
principal component 1; PC2, principal component 2; PC3, principal component 3; RNA‑seq, RNA sequencing; TMZ, temozolomide; TPM, transcripts per 
million; rIL‑37, recombinant human IL‑37.

https://www.spandidos-publications.com/10.3892/ol.2026.15677
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Figure 4. RNA sequencing reveals activated MAPK signaling pathway and senescence‑related pathways in rIL‑37‑treated TMZ resistance. (A) GO enrichment 
analysis of the main pathways that DEGs were clustered in (B) KEGG enrichment analysis of the main pathways that DEGs were clustered in. (C) Bubble map 
of the top 5 enriched pathways of DEGs in rIL‑37‑treated U251 cells exposed to TMZ. (D) Chord diagram of specific DEGs clustered in the top five enriched 
KEGG pathways. (E) Gene set enrichment analysis of the enrichment of MAPK signaling pathway. Data are expressed as mean ± SD. Statistical significance 
was set at P<0.05. ES, enrichment score; DEGs, differentially expressed genes; FDR, false discovery rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of 
Genes and Genomes; TMZ, temozolomide; MAPK, mitogen‑activated protein kinase; rIL‑37, recombinant human IL‑37.
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Figure 5. rIL‑37 activated p38 MAPK pathway and senescence‑associated pathways in glioblastoma cells. (A) The expression of BAX and BCL2 in U87 and 
A172 cells exposed to TMZ with or without rIL‑37. (B) Quantitative‑PCR analysis of SASP factors IL‑1β and IL‑6 in TMZ‑stimulated U251, U87 and A172 
cells with or without rIL‑37 treatment (n=3). (C) ELISA analysis of SASP factor IL‑1β and IL‑6 in TMZ‑stimulated U251, U87 and A172 cells with or without 
rIL‑37 treatment (n=3). (D) γ‑H2AX immunostaining (scale bar, 5 µm) and (E) corresponding statistical data of TMZ‑stimulated U251, U87 and A172 cells 
with or without rIL‑37 treatment. White bar represents 5 µm. (F) The expression of p21 and p16 in U251, U87 and A172 cells. (G) p‑p38 MAPK and t‑p38 
MAPK in U251, U87 and A172 cells. (H) The mRNA expression of SIGIRR in U251, U87 and A172 cells treated with si‑SIGIRR. (I) The expression of 
p‑p38 MAPK and t‑p38 MAPK in U251, U87 and A172 cells exposed to TMZ with or without si‑SIGIRR. Con, control; p‑p38, phosphorylated‑p38; SASP, 
senescence‑associated secretory phenotype; TMZ, temozolomide; t‑p38, total p38; MAPK, mitogen‑activated protein kinase; si, small interfering RNA; 
rIL‑37, recombinant human IL‑37; γ‑H2AX, γ‑H2A histone family member X. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

https://www.spandidos-publications.com/10.3892/ol.2026.15677
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U251/U87/A172 cells exposed to TMZ (Fig.  5D  and  E). 
Western blot analysis indicated that rIL‑37 upregulated 
the expression of senescence‑related p21 and p16 (Fig. 5F). 
Meanwhile, rIL‑37 treatment significantly activated the 
MAPK pathway in TMZ‑exposed U251/U87/A172 cells, 
which was marked by increased phosphorylation of p38 
MAPK (p‑p38 MAPK) (Fig.  5G). To verify the direct 
activating effect of rIL‑37, siRNA was used to knock 
down the IL‑37 receptor IL‑1R8 (SIGIRR) (Fig. 5H) and 
found that SIGIRR knockdown effectively reversed 
rIL‑37‑induced MAPK pathway activation (Fig. 5I). These 
findings indicate that IL‑37 potentiates TMZ resistance by 
synchronously activating MAPK‑driven survival signals and 
senescence‑associated secretory reprogramming.

Inhibition of the MAPK pathway reverses senescence and 
TMZ resistance in rIL‑37‑treated GBM cells. To assess the 
importance of the MAPK signaling pathway in rIL‑37‑in‑
duced TMZ resistance and senescence, the MAPK signaling 
pathway was blocked using the inhibitor Adezmapimod. 
γ‑H2AX immunostaining (Fig. 6A and B) and SASP factors 
(Fig. 6C and D) were markedly attenuated by Adezmapimod 
in U251/U87/A172 cells. Consistently, the suppression 
of TMZ‑induced apoptosis by rIL‑37 was reversed by 
Adezmapimod, as evidenced by the restoration of pro‑apop‑
totic BAX upregulation and the attenuation of anti‑apoptotic 
BCL2 expression in U251/U87/A172 cells (Fig. 6E). These 
findings demonstrate that MAPK activation is indispensable 
for rIL‑37‑mediated TMZ resistance and senescence repro‑
gramming, providing a rationale for targeting IL‑37/MAPK 
axis to overcome therapeutic evasion.

Discussion

The results of the present study illustrate the pro‑survival 
roles of IL‑37b, the current primary research target among 
IL‑37 splice variants (IL‑37a‑e), in GBM and explored the 
underlying mechanisms. The major findings are summa‑
rized as follows: First, the application of rIL‑37 significantly 
increased the survival rates of GBM U251 cells exposed to 
TMZ. Notably, the present study also evaluated the func‑
tions of endogenous IL‑37 and revealed that IL‑37 was 
negatively associated with the sensitivity of U251 cells 
to TMZ; IL‑37 overexpression significantly promoted the 
survival of U251 cells upon TMZ exposure, whereas IL‑37 
knockdown enhanced TMZ sensitivity. Consistently, IL‑37 
knockdown potentiated the sensitivity of U251‑TR cells to 
TMZ. Secondly, rIL‑37 promoted the proliferative capacity 
of U251 cells, as demonstrated by the increased colony 
formation of U251 cells treated with rIL‑37 and TMZ. 
Moreover, rIL‑37 suppressed TMZ‑induced apoptotic 
responses in U251 cells by decreasing the total apoptosis 
rate. Conversely, silencing IL‑37 expression significantly 
inhibited cellular proliferation and promoted the activation 
of apoptotic responses in U251‑TR cells upon TMZ expo‑
sure. Thirdly, RNA sequencing results revealed significant 
activation of the MAPK signaling pathway and senes‑
cence‑related pathways in TMZ‑stimulated U251 cells 
treated with rIL‑37 when compared with those treated with 
TMZ alone. Finally, TMZ resistance of U251 cells driven 

by rIL‑37 depended on activation of the MAPK signaling 
pathway, as the p38 MAPK inhibitor Adezmapimod mark‑
edly reversed both rIL‑37‑induced TMZ resistance and 
cellular senescence, and rIL‑37‑suppressed apoptosis of 
U251 cells under TMZ exposure. In summary, the results 
of present study highlight the pro‑tumorigenic roles of 
IL‑37 in GBM against TMZ cytotoxicity by promoting 
proliferation and inhibiting apoptosis by activating MAPK 
signaling.

Although TMZ is a well‑recognized cornerstone of GBM 
therapy, the features of high heterogeneity and aggressiveness 
of GBM make it easy to develop chemoresistance to TMZ, 
contributing to the poor prognosis of patients (29). The acqui‑
sition of TMZ resistance in GBM cells involves multifaceted 
mechanisms, including enhanced DNA repair capabilities, 
abnormal activation of pro‑survival pathways and formation 
of an immunosuppressive microenvironment (30). Research 
further highlights the roles of nano strategy‑enhanced drug 
delivery (31), oxygen‑stimulated phenotypic plasticity  (32) 
and intercellular adhesion molecule‑1‑mediated ATP binding 
cassette subfamily B member 1 membrane assembly  (33) 
in modulating TMZ sensitivity. Therefore, the strategy 
of combining TMZ and inhibitors targeting the pathways 
modulating the DNA damage response (34), inflammatory 
response (35) and immune microenvironment (36) for GBM 
therapy has become an important and promising method to 
improve efficacy and overcome drug resistance.

Cytokines are a diverse group of proteins secreted by 
immune or non‑immune cells, including lymphocytes, 
macrophages and tumor cells, to orchestrate intercellular 
communication to regulate immune responses, cellular 
proliferation, differentiation and inflammation by binding 
to specific receptors  (37‑39). Cytokine family proteins 
serve crucial roles in regulating the proliferation, invasion 
and treatment resistance of tumor cells through complex 
signaling networks (40). For instance, IL‑1β derived from 
cancer‑associated fibroblasts (CAFs) not only acts on CAFs 
to form the fibrotic tumor microenvironment but also stimu‑
lates pancreatic ductal adenocarcinoma cells to proliferate, 
survive and develop chemoresistance (41). Similarly, cyto‑
kine family members are closely involved in gliomagenesis, 
progression and TMZ resistance through multifaceted 
signaling pathways (9,42,43). The pro‑inflammatory cytokine 
IL‑17 has been reported to have pro‑tumorigenic functions, 
as it enhances the proliferative and migratory capabilities of 
glioma cells through the PI3K/Akt1/NF‑κB pathway (44). 
IL‑10 promotes the immune escape of gliomas as IL‑10 
released by myeloid cells results in the dysfunction of T cells 
and the final formation of an immunosuppressive microenvi‑
ronment (13). Additionally, TMZ‑resistant glioma cells have 
also been reported to be capable of releasing IL‑10, which 
together with TGF‑β, drive the formation of an immunosup‑
pressive microenvironment to assist in the invasion of glioma 
cells (36).

The present study focused on the biological functions 
of IL‑37 in the sensitivity of GBM cells to TMZ. IL‑37, an 
anti‑inflammatory cytokine of the IL‑1 family, serves an 
important role in shaping the tumor microenvironment and 
displays several functions in different tumors. IL‑37 can 
drive tumor progression by fostering an immunosuppressive 
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microenvironment and suppressing CD8+ T cell activity 
in colorectal cancer  (27). Conversely, IL‑37 can inhibit 
tumorigenesis by inhibiting pro‑inflammatory signals and 
enhance antitumor immunity by inducing the M1 macro‑
phage phenotype and dendritic cell maturation in non‑small 
cell lung cancer (45). The present study revealed that rIL‑37 
treatment markedly reduced the sensitivity of U251 cells to 
TMZ, which may be explained by the enhanced proliferation 
and suppressed apoptosis of GBM cells mediated by rIL‑37. 
As the complexity of the microenvironment consisting of 
tumor cells, fibroblasts and immune cells renders the sources 
of IL‑37 diverse, IL‑37 in the immune microenvironment 

may come from tumor cells themselves, in addition to classic 
sources such as TAMs or Tregs (46,47). The present study then 
explored the roles of endogenous IL‑37 in GBM development 
and chemoresistance and demonstrated that IL‑37 knockdown 
significantly enhanced the sensitivity of both U251 cells 
and U251‑TR cells to TMZ, as shown by decreased survival 
rates of the tumor cells exposed to TMZ. By contrast, IL‑37 
overexpression rendered U251 cells more resistant to TMZ. 
Furthermore, IL‑37 knockdown markedly attenuated prolif‑
eration and exacerbated TMZ‑induced apoptosis in U251‑TR 
cells. These results highlight the pro‑survival effects of both 
intracellular and extracellular IL‑37 on GBM cells.

Figure 6. MAPK pathway inhibition reversed senescence and TMZ resistance in rIL‑37‑treated glioblastoma cells. (A) γ‑H2AX immunostaining (scale bar, 
5 µm) and (B) corresponding statistical data of IL‑37 treated U251, U87 and A172 cells exposed to TMZ with or without Ade. White bar represents 5 µm. 
(C) qPCR analysis and (D) ELISA analysis of IL‑1β and IL‑6 in IL‑37‑treated U251, U87 and A172 cells exposed to TMZ with or without Ade (n=3). (E) The 
expression of BAX and BCL2 in IL‑37‑treated U251, U87 and A172 cells exposed to TMZ with or without Adezmapimod. Ade, Adezmapimod; con, control; 
TMZ, temozolomide; rIL‑37, recombinant human IL‑37; γ‑H2AX, γ‑H2A histone family member X. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

https://www.spandidos-publications.com/10.3892/ol.2026.15677
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RNA‑seq analysis was used to explore the mecha‑
nisms underlying the pro‑survival role of rIL‑37 in GBM. 
Enrichment analysis of DEGs revealed that rIL‑37 treatment 
notably activated MAPK and senescence‑related pathways 
in U251 cells exposed to TMZ. MAPK signaling has been 
reported to serve a central role in malignant progression 
and drug resistance in several tumors (48,49); for instance, 
the mutated and persistently activated NRAS/MAPK 
signaling pathway in melanoma serves as the critical target 
of long non‑coding RNA T‑RECS to inhibit apoptosis and 
tumor growth  (50). Therefore, combined interventions 
targeting this pathway, such as synergistic treatment with 
MEK inhibitors and immunotherapy (51‑53), may become 
a new strategy to improve the prognosis of patients. After 
revealing the activation of the MAPK signaling pathway 
with elevated p‑p38 MAPK, the present study then evalu‑
ated the necessity of MAPK cascades in rIL‑37‑induced 
TMZ‑resistance in U251 cells and demonstrated that inhib‑
iting MAPK pathways reversed drug resistance, as shown 
by reduced survival rates and enhanced apoptotic responses 
of U251 cells under TMZ exposure. This indicates that acti‑
vated MAPK pathways may be essential for rIL‑37‑induced 
therapeutic resistance. The induced senescence‑related 
pathways primarily manifest as activation of p21 and p16‑Rb 
signaling axes, leading to permanent cell cycle arrest, 
which serves complex roles in tumor progression, including 
limiting malignant proliferation and facilitating immune 
evasion and acquired drug resistance (54). The present study 
observed significant upregulation of p21 and p16 proteins 
and elevation of SASP factors, including IL‑1β and IL‑6, 
and increased SA‑β‑galactosidase staining in U251 cells 
treated with TMZ and rIL‑37. Cellular SA DNA damage was 
confirmed by γ‑H2AX staining. Although blocking cellular 
senescence was previously proposed to inhibit tumor prolif‑
eration (55,56), senescent cells have also been reported to 
promote prostate cancer progression through SASP repro‑
gramming induced by deletion of the metalloproteinase 
inhibitor, tissue inhibitor of metalloproteinases 1 (57,58). 
The present study also demonstrated that Adezmapimod, 
a p38 MAPK inhibitor, abolished the activation of senes‑
cence markers p16 and p21 and SASP factors, as well as 
enhanced positive rates of both SA‑β‑galactosidase and 
γ‑H2AX staining of U251 cells receiving TMZ and rIL‑37. 
This suggests that cellular senescence may be involved in 
rIL‑37‑induced TMZ resistance in GBM.

It should be noted that the present study has certain limita‑
tions. First, although the results demonstrated that activated 
MAPK cascade signaling is indispensable for rIL‑37‑induced 
TMZ resistance, the pleiotropic and context‑dependent 
nature of cytokines complicates therapeutic targets, and a 
heterogeneous tumor microenvironment may also critically 
limit cytokine efficacy. This makes the presence of other 
potential targets for IL‑37 undeniable. Second, given that 
the diverse receptors on cell membranes are the core basis 
of cytokines to exert different biological functions, and the 
highly heterogeneous feature of gliomas inevitably leads 
to spatially varied expression of cytokine receptors across 
glioma subclones, elucidating the well‑identified receptors of 
rIL‑37 such as IL‑18Rα (59) and IL‑1R8 (60) in other tumors 
to guarantee treatment predictability of GBM should be the 

focus of future work. Third, the redundancy of cytokine 
signaling networks and the activation of compensatory path‑
ways often compromise therapeutic outcomes. For instance, 
compensatory activation of NF‑κB downstream pathways may 
undermine the therapeutic efficacy of C‑X‑C motif chemokine 
ligand‑12/C‑X‑C chemokine receptor type 4 in enhancing 
TMZ sensitivity (61). The activated senescence‑related path‑
ways in TMZ‑stimulated U251 cells with rIL‑37 treatment may 
be a compensatory downstream pathway of MAPK signaling 
activation, and its roles in TMZ resistance or functional asso‑
ciations with MAPK cascades in GBM cells should also be the 
focus of subsequent studies.

In conclusion, the results of the present study indicate 
that the anti‑inflammatory cytokine IL‑37 enhanced TMZ 
resistance in GBM cells by activating MAPK signaling to 
maintain cellular anti‑apoptotic capacity and induce cellular 
senescence‑related pathways. This highlights the IL‑37‑MAPK 
axis as a critical mediator of tumorigenesis and therapeutic 
resistance in GBM. Therefore, the strategy of integrating TMZ 
with targeted inhibition of MAPK cascades is promising for 
GBM therapy in the clinic.
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