
Metformin upregulates circadian
gene PER2 to inhibit growth and
enhance the sensitivity of
glioblastoma cell lines to
radiotherapy via SIRT2/G6PD
pathway

Hailiang Li1,2†, Zheng Ma3†, Wanfu Yang1, Yifan Zhang4,
Jinping Sun5, Haifeng Jiang5, Faxuan Wang6, Li Hou3* and
Hechun Xia2,4*
1Department of Radiation Oncology, General Hospital of Ningxia Medical University, Yinchuan, Ningxia,
China, 2Key Laboratory of Craniocerebral Diseases, Ningxia Medical University, Yinchuan, China,
3Department of Otolaryngology, Head and Neck Surgery, General Hospital of Ningxia Medical University,
YinChuan, Ningxia, China, 4Department of Neurosurgery, General Hospital of Ningxia Medical University,
Yinchuan, Ningxia, China, 5Department of Pathology, General Hospital of Ningxia Medical University,
Yinchuan, Ningxia, China, 6School of Public Health and Management, Ningxia Medical University,
Yinchuan, Ningxia, China

Introduction: Glioblastoma multiform (GBM) is considered the deadliest brain
cancer. Standard therapies are followed by poor patient’s survival outcomes, so
novel and more efficacious therapeutic strategies are imperative to tackle this
scourge. Metformin has been reported to have anti-cancer effects. However, the
precise mechanism underlying these effects remains elusive. A better
understanding of its underlying mechanism will inform future experimental
designs exploring metformin as a potential adjuvant therapy for GBM. This
research aimed to elucidate the potential molecular mechanism of metformin
in GBM by integrating proteomics and transcriptomics.

Methods: The study examined the effects of metformin on GBM cell lines using
various methods. The U87, U251 and HA1800 were cultured and modified
through PER2 knockdown and overexpression. Cell viability was assessed
using the CCK8 assay, and G6PDH activity and intracellular NADPH+ levels
were measured with specific kits. ROS levels, mitochondrial membrane
potential, cell cycle distribution and apoptosis were analyzed by flow
cytometry. RNA was extracted for transcriptomic analysis through RNA
sequencing, while proteomic analysis was performed on total protein from
treated cells. WB detected specific proteins, and RT-qPCR quantified gene
expression. In vivo experiments, GBM xenograft on nude mice treated with
metformin combining radiotherapy was evaluated and received IHC and
TUNEL staining for protein expression and apoptosis assessment. Statistical
analyses were conducted using Prism software to identify significant group
differences.

Results: We found that differential expressional genes and proteins relating to
circadian rhythm were enriched in proteomic or transcriptomic. The expression
of PER2, the key circadian gene, was up-regulated in GBM cell lines when treated
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with metformin. Furthermore, the expression of silent information regulator
2(SIRT2) was down-regulated, while the expression of the G6PD protein just
slightly increased in GBM cell lines. Meanwhile, NADPH+ production and
G6PDH enzyme activity significantly decreased. Further study validated that
metformin inhibited the cell growth of GBM cell lines through up-regulating
PER2 and inhibited SIRT2/G6PD signaling pathway, enhancing radiotherapy(RT)
sensitivity. We also found that the inhibition of SIRT2 caused by metformin is
mediated by PER2.

Discussion:We found the pivotal role ofmetformin as an effective circadian rhythm
regulator. Targeting circadian clock gene to modify and rescue the dysfunctional
circadian clock of GBM cells at molecular level might be an innovative way to
administer cancer chronotherapy and maintain metabolic homeostasis in real
world practice.

KEYWORDS

glioblastoma multiform (GBM), metformin, period circadian regulator 2 (PER2), silent
information regulator 2 (SIRT2), glucose-6-phosphate dehydrogenase (G6PD), pentose
phosphate pathway (PPP)

1 Introduction

Glioblastoma multiforme (GBM) is the most common intrinsic
malignant tumor of the central nerve system in adults, especially in
the brain, with an incidence of 6 cases per 100,000 population per
year (Shah, 2023). GBM is highly invasive and life-threatening, and
the median overall survival for these patients is very poor at
approximately 14.6 months, with a 5-year overall survival rate of
about merely 4.9% (Agata et al., 2023). Though some improvements
have been gained in maximum range tumor resection under
navigation of functional magnetic resonance imaging during
surgery, adjuvant radio-chemotherapy post-operation, adjuvant
chemotherapy, tumor electric field therapy, and targeted therapy
(Huang et al., 2021). Hence, a novel approach is desired for these
GBM patients.

Drug repurposing is a strategy that utilizing current approved
drugs for a novel alternative indication (Ashburn and Thor, 2004),
which often reducing costs on drug development and the time to
clinical translation (Pushpakom et al., 2018). Metformin, an oral
biguanide derived from the French lilac, is the first-line and widely
prescribed drug for type 2 diabetes mellitus patients (Benoit et al.,
2012). Many studies have demonstrated encouraging anti-
proliferative effect in vitro and could reduce tumor weight and
volume in animal models (Benoit et al., 2012; Ng et al., 2020; He
et al., 2020; Chen et al., 2021; Lv and Guo, 2020; Xiong ZS et al., 2019;
Gallez et al., 2024). However, some researchers pointed that

metformin might not be beneficial for recurrent or refractory
GBM (Yoon et al., 2023).

According to the current literature, metformin has been
proposed to have direct and indirect effects on cancer cells
involving the activation of AMPK (Wang et al., 2019), and there
have been many reports on this subject. For example, metformin has
been reported to have a dual effect on breast cancer patients (Cejuela
et al., 2022). The use of metformin has been linked to improved
overall survival and progression-free survival in high-grade gliomas
patients. Metformin can relieve brain edema and alter the
microenvironment of brain tumors through reducing vascular
permeability and mitigating edema-associated symptoms (Seliger
et al., 2018). The adjuvant therapy of metformin in high-grade
glioblastoma has been associated with improved outcomes,
particularly in patients with MGMT promoter methylation. The
synergistic effects of metformin with standard therapies could pave
the way for its utility into GBM treatment. However, the precise
mechanism underlying these effects remains elusive. Thus, a better
understanding of metformin’s anti-tumor activity would help to
optimize its clinical use for the benefit of GBM patients. In this
study, we found that metformin can inhibit the cell growth and
prompt death in U87/U251 GBM cell lines. Metformin upregulated
and rescued period circadian regulator 2 (PER2) in GBM cell lines,
inhibited their growth by inhibiting the silent information regulator
2 (SIRT2)/glucose-6-phosphate dehydrogenase (G6PD) signaling
pathway, and hence enhanced their radio sensitivity. The

TABLE 1 Sequences of the primer.

Gene Forward (5′-3′) Reverse (3′-5′)

PER2 CAGGTGAAAGCCAATGAAGA GGGAGGTGAAACTGTGGAAC

G6PD TCAGAGGTGCAGGCCAACAA CATAGAGGACGACGGCTGCA

SIRT2 CGCACGGCACCTTCTACACATC GGCTCTGACAGTCTTCACACTTGG

GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT
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inhibition of SIRT2 induced by metformin is mediated by the PER2
circadian gene. Here, we studied the effect of metformin and
PER2 on the pentose phosphate pathway (PPP) and postulated
that the strategy of using metformin to modify the circadian clock
may provide an innovative way to administer chronotherapy for
cancer treatment.

2 Results

2.1 Metformin inhibited the cell growth,
proliferation and promoted apoptosis in
GBM cell lines in vitro

To explore the role of metformin in GBM cell lines, CCK8 was
used to screen the optimal action concentration of metformin in

glioma cells using escalating concentrations of 5, 10, 20, 40, 80, 160,
320, and 640 mmol/L in vitro. The results showed that the cell
vitality of U87 and U251 glioma cell lines gradually decreased, and
the cell inhibition rate gradually increased inversely with the
increase in metformin concentration (Figure 1A). The optimal
metformin concentration to inhibit glioma cell lines was
20 mmol/L according to the CCK8 assay. Next, we used
20 mmol/L of metformin in the following study. The scratch test
and migration test were used to detect the effect of metformin on cell
migration in the U87 and U251 cell lines. Compared with the control
group, the scratch healing rate of the metformin treatment group
significantly decreased at 24h and 48h (P < 0.05) (Figure 1B). The
transwell migration test showed that the number of cells that
migrated in the metformin treatment groups of the U87 and
U251 cell lines significantly decreased compared with the control
group. Similarly, the number of cells that migrated through the

FIGURE 1
Metformin inhibited cell growth, proliferation, migration and invasion in GBM cell lines in vitro. (A) The effect of metformin on cell viability detected
by the CCK8 assay in U87 and U251 cell lines. (B) Scratch test of U87 and U251 cell lines treated with metformin at 24h and 48h, and quantified by the
healing rate. (C) Transwell assays to analyze the effect of metformin on the migration and invasion abilities of U87 and U251 (magnification, ×100), and
quantified by the cell number. Data are expressed as the means ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001. Ctrl: control,
Met: metformin.
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FIGURE 2
Metformin promoted apoptosis in GBMcell lines in vitro. (A)Cell cycle distribution detected by flow cytometry aftermetformin treatment at 24h, and
quantified by the cell distribution rates. (B) Cell apoptosis detected by flow cytometry in metformin treatment and control groups at 24h, as quantified by
the apoptosis rate. (C) JC-1 was detected by flow cytometry in metformin treatment and control groups at 24h, and quantified by the apoptosis rate. (D)
ROSwas detected by flow cytometry in themetformin treatment and control groups at 24h, and quantified by the apoptosis rate. Data are expressed
as the means ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001. Ctrl: control, Met: metformin.
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chamber treated with metformin in the U87 and U251 cell lines
significantly decreased in the transwell invasion test (P <
0.05) (Figure 1C).

Flow cytometry was performed to analyze the influence of
metformin on the cell cycle distribution and apoptosis. The
results showed that compared with the control groups, the
metformin treatment group had a significantly higher
proportion of U87 and U251 GBM cell lines arrested in
G1 phase (P < 0.05) (Figure 2A). The apoptosis rates of

U87 and U251 cells in the metformin treatment group
significantly increased compared with the control group
(Figure 2B). Further detection of early apoptosis using JC-1
showed that the apoptosis rate significantly increased (P <
0.05) (Figure 2C), and the intracellular reactive oxygen species
(ROS) production increased in the metformin treatment group
(P < 0.05) (Figure 2D). These results suggested that metformin
inhibited cell growth, proliferation, and migration, and promoted
apoptosis in GBM cell lines U87 and U251.

FIGURE 3
The mechanism of action of metformin in GBM cell lines. (A) Volcanic map of differentially expressed genes(DEGs) in transcriptomic. (B) GO
enrichment of DEGs in transcriptomic. (C) KEGG enrichment pathway of DEGs in transcriptomic. (D) GO enrichment of biological process in of DEGs in
transcriptomic. (E) Heat map of differentially expressed proteins in proteomic. (F, G) Integrative analysis was conducted on the proteomic and
transcriptomic data.
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2.2 Metformin upregulated PER2,
downregulated SIRT2, and inhibited the
enzyme activity of G6PD(H) in GBM cell lines

We next explored the mechanism involved in the anti-tumor
effect of metformin in GBM cell lines. First, transcriptomic detection
was performed on U87 cell lines treated with/without metformin.
The results showed that there were 11,935 differentially expressed
genes (DEGs), of which 6,806 were upregulated and 5,129 were
downregulated (Figure 3A). Gene Ontology (GO) enrichment
analysis and CIRCOS image containing molecular function,
biological process, and cellular component was seen in Figure 3B.
The top 20 signaling pathways in the comprehensive Kyoto
Encyclopedia of Genes and Genomes (KEGG) includes PPP
signaling pathway, which containing 14 of the DEGs is closely
related to cell proliferation (Figures 3C, D; Supplementary Fgiure
S1; Supplementary Table S1) and G6PD was included in the
14 DEGs (Supplementary Table S1). G6PD is the key rate-
limiting enzyme in the PPP signaling pathway, and SIRT2 is

essential for the active dimer of G6PD through deacetylating
G6PD protein at lysine 403 (Xu et al., 2016; Ye et al., 2016).
Proteomic results showed that there were 539 differential
expression protein, of which 200 were upregulated and 339 were
downregulated (Figure 3E). Then, integrative analysis was
conducted on the proteomic and transcriptomic data. The results
showed 345 DEGs at both transcriptional and protein levels,
11,577 DEGs at only the transcriptional level, and 194 only at
the protein level (Figures 3F, G).

We further estimated the expression of G6PD proteins
according to the proteomic data. The G6PD protein expression
level did not significantly change (Figure 4A). As is known to us,
G6PD protein acts as the first rate-limiting and the primary enzyme
in the PPP pathway, so NADPH+ production reflects the flux of this
pathway. Thus, we detected NADPH+ production in U87 and
U251 GBM cell lines treated with metformin to classify its effect
on the pathway. The results showed that NADPH+ production
decreased significantly in GBM cell lines when treated with
metformin (Figure 4B), suggesting that this drug might inhibit

FIGURE 4
The expression of PER2, G6PD and SIRT2 in proteomic and transcriptomic. (A) The expression levels of G6PD were analyzed in proteomic. (B)
NADPH production in U87 and U251 cells was measured before and after metformin treatment. (C) The activity of G6PDH in U87 and U251 cells was
measured with and without metformin treatment. (D) The expression level of SIRT2 were analyzed in proteomic treated with metformin. (E) The
expression level of circadian gene in transcriptomic. (F) The transcriptomic data showed that PER2, G6PD and SIRT2 expression in GBM cell lines
after metformin treatment. Data are expressed as the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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the PPP pathway. But we found that G6PD protein expression level
did not decline but increased slightly in U87 and U251 cell lines
when treated with metformin. This meant that metformin might
not inhibit G6PD protein expression. Did metformin depress the
G6PD enzyme activity in the PPP? Or was G6PD protein
inactivated in this situation? Thus, G6PDH enzyme activity
was measured in GBM cell lines with and without metformin
intervention. The results showed that G6PDH enzyme activity
decreased significantly after the metformin intervention
(Figure 4C). It suggested that metformin affected the enzyme
activity of G6PDH. Since G6PDH enzymatic activity is mainly

regulated by the deacetylase SIRT2, SIRT2 expression after
metformin was investigated. As is expected, the following
results revealed that SIRT2 expression level in GBM cell lines
decreased significantly after metformin treatment (Figures 4D,
F). Several studies have shown that SIRTs is regulated by
biorhythm (Rodríguez-Santana et al., 2023; Sun et al., 2019).
In our study, transcriptomic analysis showed that up to 10 of core
biorhythm gene changed significantly after metformin treatment,
especially the upregulation of PER2 (Figure 4E; Supplementary
Figure S2; Supplementary Table S2). The transcriptomic data also
showed that PER2 was upregulated, while G6PD and SIRT2

FIGURE 5
The expression of G6PD, SIRT2 and PER2 proteins treated with/without metformin. (A) Western blotting analysis of the expression of G6PD, SIRT2
and PER2 proteins over 24h with/without metformin treatment. (B) Densitometric quantification of PER2 proteins in 24h with/without metformin
treatment. (C) Densitometric quantification of G6PD proteins in 24h with/without metformin treatment. (D) Densitometric quantification of SIRT2
proteins in 24h with/without metformin treatment. (E) Densitometric quantification of PER2, G6PD and SIRT2 proteins in 24h without metformin.
Ctrl, control; Met, metformin.
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expression was downregulated in GBM cell lines after metformin
treatment (Figure 4F), which sparked our intense interest to
investigate what happened to G6PD, SIRT2, PER2, and
metformin in the PPP signaling pathway.

To further validate the expression levels of G6PD, SIRT2,
PER2 in GBM cell lines and explore the interaction among
G6PD, SIRT2, PER2, and metformin, we detected the expression
of these indicators dynamically during 24h in the condition of
metformin intervention or without (Figure 5A). The results
presented the rhythmic expression of PER2. After treatment with
metformin, the PER2 rhythms did not change, but the amplitude of
PER2 increased significantly (Figure 5B). we were pleasantly and
surprised to find that G6PD and SIRT2 also exhibited rhythmic
expression, besides that the amplitude of SIRT2 decreased
significantly, but there was no significant change in G6PD
(Figures 5C, D). Moreover, the rhythms of G6PD and
SIRT2 were similar to that of PER2’s (Figure 5E). Does this

phenotype mean that the rhythms of G6PD and SIRT2 is
modulated by PER2?

Next, lentivirus was used to construct and verify PER2-
knockdown (PER2-KD) and PER2-overexpression (PER2-OE) cell
models of the U87 and U251 (Figure 6).

Then, G6PDH enzyme activity and G6PD protein expression
level were detected in each model. The results showed that G6PDH
enzyme activity decreased significantly in PER2-OE GBM cell lines
and increased significantly in PER2-KD GBM cell lines (Figures 7A,
B). The SIRT2 protein decreased significantly in PER2-OE GBM cell
lines and increased significantly in PER2-KD cell lines, a same trend
with G6PDH. While, the G6PD protein changed slightly in these
GBM cell line models (Figures 7C–F). These results suggested that
PER2 might affect the protein expression of SIRT2 while affecting
the enzymatic activity of G6PDH.

To further clarify the relationship among metformin, PER2 and
SIRT2, we treated PER2-OE and PER2-KD U87 cell lines with

FIGURE 6
Verify PER2-KD and PER2-OE cell models of the U87 and U251. (A–D) The relative mRNA levels of PER2 in U87-PER2-KD, U87-PER2-OE, U251-
PER2-KD andU251-PER2-OE cells. (E–H)Western blotting analysis and densitometric quantification of the expression of PER2 proteins in U87-PER2-KD,
U87-PER2-OE, U251-PER2-KD and U251-PER2-OE cells. Data are expressed as themeans ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. KD, knock down; OE,
overexpression.

Frontiers in Pharmacology frontiersin.org08

Li et al. 10.3389/fphar.2025.1563865

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563865


metformin. The results showed that SIRT2 expression significantly
decreased in PER2-OE U87 cell lines but slightly decreased in PER2-
KD cell lines (Figures 8B, C). Immunofluorescence showed the same
results (Figure 8A). These results suggest that the inhibition of
SIRT2 caused by metformin is mediated by PER2.

2.3 Metformin inhibits the growth of GBM
xenograft tumors in nudemice via the PER2/
SIRT2/G6PD signaling pathway and
enhances radiotherapy sensitivity

To study the anti-tumor effects of metformin during GBM
radiotherapy, U87 and U251 cell lines treated with metformin for
24 h were exposed to 2Gy X-ray to detect JC-1 expression. The
results show that JC-1 increased more in the group treated with
radiotherapy and metformin than in the groups treated with

radiotherapy alone or metformin alone (Q-value, 1.15)
(Figure 9A). This suggests the synergistic effect of radiotherapy
and metformin on GBM cell lines.

To further verify the effect and mechanism underlying the
effects of metformin on GBM cell lines in vivo, 40 nude mice
were used to construct subcutaneous xenograft tumor model with
U87 cell lines and randomly divided into four groups (five in each
group): group 1 (metformin, 100 mg/kg·d, Met. L), group 2
(metformin, 200 mg/kg·d, Met. M), group 3 (metformin,
300 mg/kg·d, Met. H), and a saline group as control (saline,
200 uL, Saline) (Figure 9B). The nude mice were given
metformin or saline via gavage once a day from the day of
xenograft tumor formation on. Nude mice body weight and
tumor volume (length*width2)/2 were recorded after tumor
formation. There was no significantly difference in the weight of
nude mice among the experiment groups (Figure 9C). Tumor
volume decreased significantly with the increased metformin

FIGURE 7
Validate the expression level of G6PD, SIRT2, PER2 in GBM cell lines. (A) The activity of G6PDHwasmeasured in U87-PER2-KD, U87- PER2-OE cells.
(B) The activity of G6PDH was measured in U251-PER2-KD, U251- PER2-OE cells. (C) Western blotting analysis of the expression of G6PD and
SIRT2 proteins in U87- PER2-OE cells. (D) Western blotting analysis of the expression of G6PD and SIRT2 proteins in U87- PER2-OE cells. (E) Western
blotting analysis of the expression of G6PD and SIRT2 proteins in U251-PER2-KD cells. (F)Western blotting analysis of the expression of G6PD and
SIRT2 proteins in U251-PER2-OE cells. Data are expressed as the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. KD: knock down, OE: overexpression.
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dosage, and this trend was more obvious in the Met. L and Met. M
groups (Figure 9D).When the transplanted xenograft tumor volume
reached about 0.5cm3, the tumors in each group were divided into
external beam of radiotherapy (RT) group and control group. When
receiving RT, the xenograft tumors were given total dose of 18Gy of
X-ray radiation with dose fraction of 6Gy across three fractions on
an alternate day. After radiotherapy, anti-tumor effects among the
groups were analyzed. The results shown that tumor weight
receiving radiotherapy was significantly lower than that of the
control group, and the mean xenograft tumor weight of the
radiotherapy was lower than the control in each group (P < 0.05)
(Figure 9E). In non-RT group, the analyses result showed the
increasing tumor inhibition rate with the improvement of drug
dosage, but there is no significant difference between Met. M and
Met. H (Figure 9F). The analysis showed that there were static
differences between RT and non-RT group and also among the
different dose groups (Saline (16%), Met. L (23%), Met. M (38%),
and Met. H (27%)) which received radiotherapy (Figure 9G). The
combinational interaction of metformin and radiotherapy was
further calculated, and corresponding Q-values were obtained:

Met. L (1.39), Met. M (1.27), and Met. H (0.83). This suggested
that low-dose of metformin (100 mg/kg/d) and medium-dose of
200 mg/kg/d had synergistic effects on the xenografts, while the
high-dose metformin at 300 mg/kg/d (Met. H) had an antagonistic
effect with radiotherapy.

The corresponding expression levels of PER2, G6PD, and
SIRT2 in each group was detected via immunohistochemistry
(IHC). The figure below revealed the increasing PER2 protein
expression level in the Met. L, Met. M, and Met. H groups.
However, there was no significant difference in the G6PD
expression in vivo. SIRT2 expression in the tumor was
significantly downregulated with the increased drug dosage
(Figure 10A). Further detection of apoptosis-related markers
showed that BAX increased after radiotherapy; ROS increased
and Bcl-2 expression decreased in and between groups
(Figure 10B). Remarkable differences of ROS and Bcl-2
expression were noted in the Met. M group (200 mg/kg/d). We
also performed tunnel detection. Tunnel detection showed that the
fluorescence in all radiotherapy groups significantly increased, and
this was most prominent in the Met. M group (Figure 10C). Taken

FIGURE 8
Clarify the influence of metformin on PER2 and SIRT2. (A) Representative fluorescence and densitometric quantification intensity of SIRT2 in Ctrl,
U251-PER2-KD, U251-PER2-OE cells treated with/without metformin. (B). Western blotting analysis of the expression of G6PD and SIRT2 proteins in
U87-PER2-KD GBM cells treated with/without metformin. (C). Western blotting analysis of the expression of G6PD and SIRT2 proteins in U87-PER2-OE
GBM cells treated with/without metformin. Data are expressed as the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. KD: knock down, OE:
overexpression, Ctrl: control, Met: metformin.
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together, all these results suggest that metformin upregulates PER2,
inhibits transplanted xenograft tumor growth in nude mice by
inhibiting the SIRT2/G6PD signaling pathway and enhances
radiotherapy sensitivity.

3 Discussion

In mammals, biorhythms or circadian rhythms are formed and
influenced by many stimuluses such as the day–night cycle,

temperature, and diet, etc. These are essential for the health of
species (Lazar and Lazar, 2016). The intrinsic circadian clock
determines the rhythmic features of almost all physiological and
pathological processes, including blood pressure, heart rate,
hormone levels, breathing, carcinogens, and many more (Wolf
and Kramer, 2020). Many pathological events occur at specific
times of the day; for example, cardiovascular and cerebrovascular
events often happen at night (Sinturel et al., 2020). In mammals, the
circadian clock system is a complex and multiple layered structure,
containing the main clock housed in the suprachiasmatic nucleus

FIGURE 9
Metformin inhibits the growth of GBM xenograft tumors in nude mice. (A) In GBM cells, JC-1 were detected by flow cytometry in the metformin
treatment group and RT groups at 24 h. (B) Photographs of mice and tumor tissues collected from the four groups at the end of treatment. (C) Body
weights ofmice during the treatment period. (D) Tumors volumes in the four groups during the therapeutic period. (E) Tumor weight in the four groups in
control and radiotherapy group. (F) Tumor inhibition rates of in each control group according to tumor weight. (G) Tumor inhibition rates of in each
control and RT group according to tumor weigh. Ctrl: control, Met: metformin. Data are expressed as themeans ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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(SCN) and the sub clocks of peripheral tissue and organs. There are
14 core central circadian genes and numerus clock-controlled genes.
The core clock genes that control the central circadian network are
Brain and Muscle Arnt-like protein (BMAL1) and the PERs gene
family (Allada et al., 2021). These exist in multiple paralogs, the most
prominent is BMAL1 and PER2. BMAL1 stimulates
PER2 expression as an activator, and PER2 acts as a repressor,
causing REV-ERBs to repress BMAL1 and resulting in
approximately a 24 h daily rhythmic gene expression cycle
(Mohawk et al., 2012). As mentioned above, the rhythmic onset
can be influenced by the rhythmic expression of PER2. Actually, the
circadian clock regulates biological cycles across species and is
crucial for physiological activities and biochemical reactions,
including oncogenesis, cancer onset and development (Shafi and
Knudsen, 2019). The interplay between the circadian rhythm and
cancer involves cell division, DNA repair, immune function,
hormonal balance, and the treatment that is known as
chronotherapy (Altman and biology, 2016; Fuhr et al., 2018; Lu
et al., 2020; Koritala et al., 2021; Hou et al., 2020). This highlights the
importance of maintaining a healthy circadian rhythm for cancer
prevention and treatment.

Circadian misalignments are common and result in many
diseases owing to artificial lighting, day–night shift work, jet lag,

feeding time, etc., in modern society (Nam et al., 2023). Among these
effects, day–night shift work is approved strongly associated with
breast cancer (Gehlert et al., 2020). In pathological conditions, the
biological rhythms of organs and tissues are disturbed. Previous
studies of our team on GBM showed that multiple core clock genes
disturbances occur in these patients, including PER2, BMAL1, and
CLOCK. Some of these clock genes are related to the radiotherapy
and chemotherapy sensitivity of GBM (Ma et al., 2020; Zhang et al.,
2022; Niu et al., 2024; Xia et al., 2014; Yao et al., 2023; Zhanfeng
et al., 2016). The response to medication is often affected by the time
point that the medication was delivered. If the treatment is adapted
to daily variations, it is likely to be more effective. In our research
team, we found that GBM patients had a better outcome when
received radiotherapy in the afternoon compared to receiving
radiotherapy in the morning which is consistent with rhythmic
peak of PER2 gene expression (Niu et al., 2024). Hence,
comprehensive understanding of the underlying mechanism can
help us to prevent and treat diseases.

As is mentioned above, circadian rhythm systems consist of
central oscillators in the SCN of the brain and peripheral oscillators
in almost all cells throughout the body. Biological clock systems are
regulated through the transcription/translation feedback loops
(TTFLs) of biorhythm genes. TTFLs include positive and

FIGURE 10
Detection the levels of proteins in the section GBM xenograft tumor in four groups. (A) IHC was used to analyze the expression levels of PER2, G6PD
and SIRT2 proteins in the section GBM xenograft tumor in four groups. (B)H&E staining and Bax, Bcl-2, Ros staining of tumor sections after RT in the four
groups. (C) Immunofluorescencewas performed to TUNEL in the sectionGBM xenograft tumor, and densitometric quantification of fluorescence ratio of
TUNEL in the section GBM xenograft tumor. These results are expressed as themeans ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Magnification, ×400.
Ctrl: control, Met: metformin.
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negative feedbacks; for instance, the PER/CRY protein polymer is a
negative feed-back that inhibits BMAL1/CLOCK heterodimer
activity, which reversely inhibits PER/CRY and REV-ERBα gene
transcription. The negative feedback loop refers to the REV/ERB
polymer and the ROR reaction element of Bmal1 to control BMAL1/
CLOCK expression (David et al., 1997; Patke et al., 2020). Through
this feedback mechanism, biorhythms strictly control cell rhythm
and maintain cell function. Studies have shown that the biorhythm
system is crucial for glycogen synthesis in the liver, processing
glucose in skeletal muscle, and thermogenic integration processes
that guide glucose storage and utility in the energy cycle (Lazar and
Lazar, 2016). This may be because the main output involves the
rhythm control of enzymes involved in NAD+ biosynthesis. NAD+ is
a cofactor in DNA repair pathways involving poly (ADP-ribose)
polymerase (PARP) enzymes and sirtuin deacetylase (Rodríguez-
Santana et al., 2023; Sun et al., 2019; Xia et al., 2023; Li et al., 2023).
At the same time, cell metabolism and biorhythms interact, and
specific metabolic pathways are key regulators of peripheral
biorhythms. Oscillating metabolites can synchronize the
biological clock, regulate transcription and chromatin accessibility
(Lu et al., 2020; Mendez and Diaz-Munoz, 2018). Sensors with lower
energy and nutrient status in cells disrupt the biological clock’s
negative regulation of PERs and CRYs, changing the circadian
rhythm (Um et al., 2007). Metformin is a well-tolerated
hypoglycemic drug that can regulate many metabolic pathways.
It indirectly regulates the expression of biorhythms (Alex et al., 2020;
Miura et al., 2023; Albayrak et al., 2021). For example, metformin
can regulate the PER2 expression by regulating CK1 and the
expression of intracellular biorhythms in a tissue-dependent
manner (Barnea et al., 2012). In this study, our transcriptomic
results showed that PERs expression in GBM cell lines changed after
metformin intervention. PER2 expression increased significantly,
which confirmed that metformin can regulate the expression of
certain biological rhythm genes in glioma cells. However, the precise
underlying mechanism is elusive, which led us to explore it further.

Numerous studies have reported that metformin decreases
morbidity and mortality in various malignancies, including
prostate, endometrial, stomach, pancreatic, thyroid, breast, and
colon cancer (Ng et al., 2020; Gallez et al., 2024; He et al., 2020;
Lv and Guo, 2020; Papadakos et al., 2024; Marini et al., 2021;
DePeralta et al., 2016; Shankaraiah et al., 2019). It can inhibit the
proliferation and invasion of some tumors and has a sensitive effect
on radiotherapy and/or chemotherapy (Papadakos et al., 2024;
Coyle et al., 2016). Regarding this effect, the following
mechanisms are involved, including inhibiting insulin-like growth
factor-1 (IGF-1), activating adenosine monophosphate-activated
protein kinase (AMPK) (Wang et al., 2019), inhibiting
mammalian target rapamycin complex I (MTORC1), inhibiting
nuclear factor-κB (NF-kB) (Li et al., 2020), and inhibiting
oxidative phosphorylation in cancer cells. Metformin plays a
chemo-preventative role in the development of hepatocellular
carcinoma by inhibiting mTOR (Bhalla et al., 2012). It also
regulates tumor glucose metabolism, especially the glycolytic
pathway (Marini et al., 2021). However, its role in tumors varies
across tissues. In this study, metformin affected GBM cell lines by
regulating the SIRT2/G6PD signaling pathway and the PPP pathway
in a PER2-dependent manner. The main products of PPP consist of
reduced nicotinamide adenine dinucleotide (NADPH) and 5-

phosphoribose (R-5P). Adequate NADPH and R-5P are
necessary for cell growth and proliferation, especially for rapid-
growing tumor cells (Ghergurovich et al., 2020). G6PD is at the heart
of metabolic reprogramming in cancer (Yang et al., 2021). Previous
studies have shown that G6PD plays an important role in tumor
occurrence and development (Song et al., 2022). G6PD is usually
upregulated in solid tumors and is associated with poor prognosis,
making it a potential therapeutic target for cancer (Nagashio et al.,
2019;Wang et al., 2021;Wang et al., 2020; Ramirez-Nava et al., 2021;
Sun et al., 2021). Some studies have reported that G6PD is
upregulated in gliomas, and it might be related to poor prognosis
(Sun et al., 2021). Therefore, therapeutic strategies targeting G6PD
may be important for treating GBM patients.

Intracellular biorhythms play an important role in tumor
occurrence and development, and directly targeting biorhythm
molecules to reset or rescue circadian genes is a promising
strategy. Other potential research directions are regulating the
biological rhythm oscillation in the tumor, restoring the cell’s
rhythm to regulate and prevent tumors, and altering tumor cell
proliferation. The results of this study provide us with important
implications in this regard. Metformin upregulates the core clock
gene PER2 in GBM cell lines, regulates the SIRT2/G6PD signaling
pathway in a PER2-dependent manner, and has synergistic effects
on the radiotherapy sensitivity of GBM cell lines. Researchers have
reported that restoring the molecular clock has an inhibitory effect
on neuroblastoma (NB). Reactivation of RORα could significantly
improves the anti-tumor activity of etoposide and serve as a
therapeutic strategy for MYCN-amplified NBs by blocking the
dysregulation of molecular clock and cell metabolism mediated
by MYCN (Moreno-Smith et al., 2021). Hence, we postulated
that restoring the expression and oscillation of PER2 induced by
metformin could effectively block GBM tumor growth and sensitizes
GBM tumors to radiotherapy and or chemo-radiotherapy.

In this study, we found that metformin inhibited GBM cell lines
in a concentration-dependent manner to some extent. In in vivo
animal experiments, 200 mg/kg/day of metformin had a prominent
tumor suppression and radiosensitive effect on xenograft GBM
tumors in nude mice.

Several limitations should be noticed when translating these
animal or pre-clinical findings into clinical treatment. The in vitro
metformin doses used in studies are generally more concentrated
than the reported physiological concentrations in systemic
circulation, with one in vitro study using up to 100 mmol/L of
metformin (Sun et al., 2016). Therapeutic doses of metformin in
human systemic circulation, approximately 10–40 mmol/L may not
be sufficient to inhibit tumor growth (He and Wondisford, 2015).
Therefore, optimal strategy of delivering it to tumor cells may need
to be explored. Song et al. designed a metformin–cisplatin
nanoparticle activated by lasers and targets the ligand low-density
lipoprotein receptor, which is specific to the hypoxic regions of
HNSCC (Song et al., 2020; Zhao et al., 2019). Drug resistance in
tumors is a critical issue in treatment, such as cisplatin resistance
Wang et al., 2023). Metformin sensitizes the effect of cisplatin in cell
cultures and in vivo. This novel drug delivery method can target
xenograft tumors with high doses of cisplatin (10 mg/kg) combined
with metformin (1 mg/kg) to overcome low systemic concentrations
of metformin and reduce potential toxicities. Drug delivery methods
incorporating metformin in microparticles or nanoparticles are
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currently being explored to overcome its low oral bioavailability and
to target dose delivery for effective cancer treatment (Cetin and
Sahin, 2015).

Sensitivity of metformin is greatly influenced by nutrient
supply, which differs in in vivo and in vitro settings. Thus, it is
challenging to predict the drug concentrations needed to achieve
anti-tumor activity in vivo based on the existing in vivo research
data from animal experiments. So in future clinical applications,
determining what is the ideal drug concentration, how and when
to give to tumor regions without causing serious side effects will
be challenging and the most important aspects of our future
explorations.

In sum, circadian clock genes PER2 plays a pivotal role during
GBM tumor onset and development. A therapeutic strategy based
on the PER2/SIRT2/G6PD pathway might be a novel, effective, and
fascinating strategy for treating GBM patients. As a widely used
hypoglycemic drug in clinical, further exploration of the mechanism
of action is expected to provide new breakthroughs in regulating
circadian rhythms in vivo and even within tumors. The mechanisms
of metabolic reprogramming in tumors are complex (Xie et al.,
2024), in-depth research on the mechanisms of metformin in
tumors and its application in targeted control after
administration can be conducted with the hope that metformin
will play a greater role in chronotherapy on tumors in
clinical practice.

4 Materials and methods

4.1 Cell culture

Human GBM cell lines U87 and U251 and astrocytoma cell lines
HA1800 were purchased from the Cell Bank Type Culture
Collection of the Chinese Academy of Sciences and were frozen
in liquid nitrogen. The cell lines were authenticated with short
tandem repeat (STR) profiling by a third-party company in 2021.
GBM cell lines were cultured in DMEM (Biological Industries;
Israel) containing 10% fetal bovine serum (Biological Industries;
Israel) and 1% penicillin and streptomycin at 37°C in a humidified
atmosphere of 5% CO2 (v/v). HA1800 cell lines were cultured in
specialized astrocyte medium. PER2 knock-down and
overexpression lentivirus with green fluorescence protein (GFP)
were purchased from Shanghai GeneChem Co., Ltd. (Shanghai,
China), and the extent of GFP expression was observed with a
fluorescence microscope. The trans-infection efficiency of U87 and
U251 at 72 h following lentiviral transduction was confirmed via real
time qPCR and Western blotting (WB) analysis.

4.2 Cell counting Kit-8 (CCK8) assay

U87/U251 cells (1*105) in the logarithmic growth stage were
selected from a 5% CO2 cell culture at 37°C and treated with
metformin at escalating concentrations for 24 h. The cells were
washed twice with PBS at room temperature, 110 μL of medium
containing CCK8 was added (the ratio of medium to CCK8 was 10:
1), and incubation continued for 2 h. Then we detected the
absorbance at 450 nm and record the results.

4.3 G6PDH enzyme activity assay

U87/U251 cell lines in good state were treated with metformin
for 24 h. Then, the levels of G6PDH enzymatic activity were detected
using glucose-6-phosphate dehydrogenase (G6PDH) activity assay
kit (Cat#BC0265, Beijing Solarbio Science & Technology Co. Ltd).
The operating procedure is carried out according to the instructions.
G6PDH enzyme activity is proportionally related to and reflected by
the concentration of NADPH which is detected at 340 nm
absorbance.

4.4 Intracellular NADPH levels detection and
NADP+/NADPH ratio measurement

The intracellular NADPH levels of U87/U251 cell lines
treated with/without metformin were measured using the
NADP/NADPH assay kit (Cat#ab65349, Abcam, UK). The
operation procedure is carried out according to the kit
instructions. Intracellular NADPH levels can be quantified
using a plate reader at OD 450 nm.

4.5 ROS and JC-1 measurement

U87/U251 cell lines following treatment were detected using
ROS Asay Kit (Cat#S0033S, Beyotime Biotechnology, China) and
JC-1 levels were quantified using JC-1 Asay Kit (Cat#C2006,
Beyotime Biotechnology, China). The cell lines were detected via
flow cytometry.

4.6 Cell cycle distribution and
apoptosis analysis

U87/U251 cell lines following treatment were detected using
flow cytometry. The cell cycle distributions were detected with Cell
Cycle and Apoptosis Analysis Kit (Cat#C1052, Beyotime
Biotechnology, Shanghai). The apoptosis analyses were detected
stained with Annexin V-FITC (Cat#BB-4101–2, BestBio
Biotechnology, Shanghai) and Annexin V Alexa Fluor 660/7-
AAD (Cat#BB-41038, BestBio Biotechnology, Shanghai) and
analyzed in a Cytomic FC500 Flow Cytometry System (Beckman
Coulter, Krefeld, Germany).

4.7 Transcriptomic

Total RNA from U87 cell lines following treatment was
extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.,
United States) and treated with DEPC water. RNA Seq was
performed by Genechem Technology Co., Ltd. (Shanghai, China).
Differential expression analysis was conducted with
DEGseq2 software. Genes with adjusted P values (P adjust)
of ≤0.05 were considered DEGs. KEGG pathway and GO
analyses of DEGs were performed with cluster profiler. Genes
with an adjusted P-value < 0.05 found by DESeq2 were assigned
as differential expressed.
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4.8 Proteomic

Total protein fromU87 cell lines treated with metformin for24 h
was extracted for the following experiment. Proteomic was
performed by Genechem Technology Co., Ltd. (Shanghai, China).
Protein with fold change>1.2 and p value (Student’s t-test) <
0.05 were considered to be differential expressed proteins. The
results were analyzed using the UniProt database (Uniprot_
HomoSapiens_20387_20210928_9606_swissprot).

4.9 Western blot tests

Awhole-protein extraction kit was used to extract the proteins, and
the protein content was assessed using a BCA kit (KeyGEN Biotech,
Jiangsu, China) The protein samples underwent sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in equal quantities
(70 V, 30 min, switch to 120 V, 90 min), followed by polyvinylidene
difluoride (PVDF) membrane transfer at 300 mA for 130 min and
blocking in 5% BSA for 1 h. Next, the antibodies were incubated at 4°C
for the entire night on a shaking bed. The next day, the membrane was
treated with second antibody for 1 hour at room temperature on a
shaking bed. After the Western blot tests, chemiluminescence images
and ImageJ were used to evaluate the data. The antibodies used in the
study are as follows: anti-G6PD antibody (Cat#ab133525; Abcam, UK);
anti-PER2 antibody (Cat#ab179813; Abcam, UK); anti-SIRT2 antibody
(Cat#ab211033; Abcam, UK).

4.10 Real-time quantitative polymerase
chain reaction experiments (RT-qPCR)

Total RNA was extracted from the GBM cell lines. The
PrimeScript™ RT reagent Kit (Cat#RR037A, TaKaRa, China) was
used to reverse-transcribe the RNA into cDNA, and RT-qPCR was
conducted using FastFire qPCR premix. The primer sequences are
list below (Table 1). The primers were obtained from Shanghai
Bioengineering Company. iQ5 (Bio Rad Laboratories, Inc. Hercules,
CA, United States) was employed for PCR amplification. The 2−ΔΔCT

technique determined the relative expression of the genes. Three
iterations of these experiments were conducted.

4.11 In vivo experiment

An animal xenograft tumor formation experiment was conducted
on nude mice. The experiments were carried out at animal center with
the approval of the Ningxia Medical University Experimental Animals
Center IACUC. U87 cell lines in a good growth state at a concentration
of 1 × 107 cells/mL were inoculated into the subcutaneous skin of the
right buttock of total 40 nude mice. The nude mice were divided into
four group randomly and were given metformin at the dosage of
100mg/kg·d, 200mg/kg·d, 300mg/kg·d, or saline via intragastric gavage
administration respectively. The animal weight and tumor growth were
recorded. External beam radiotherapy of 6 MV X-Ray was delivered
when the xenograft tumor volume reached 0.5 cm3 with total dose of
18Gy/6Gy/3fractions. After radiotherapy, the tumor and animal organs
were dissected under inhalation anesthesia. The tumor mass was

measured, the tumor inhibition rate was calculated, and the
synergistic effect was evaluated using the Jung-average formula. HE,
IHC and immunofluorescence detection were performed.

4.12 Immunohistochemistry (IHC)

IHC was performed using the standard SP method. The
antibodies used were as follows: anti-G6PD antibody
(Cat#ab133525; Abcam, UK); anti-PER2 antibody (Cat#ab179813;
Abcam, UK); anti-SIRT2 antibody (Cat#ab211033; Abcam, UK);
anti-Bcl-2 antibody (Cat#WL01556; Wanleibio, China); anti-Bax
antibody (Cat#WL01637; Wanleibio, China); anti-ROS antibody
(Cat#ab189925; Abcam, UK). A Leica DM6 fluorescent
microscope (Leica camera AG, Wetzlar, Germany) was used to
capture images, and ImageJ was used for analyses.

4.13 TUNEL staining

The paraffin embedding and dewaxing processes followed the
procedure described above. Based on the kit’s instructions
(Cat#WLA030, Wanleibio, China; Cat# D106471, Aladdin, China),
the samples were first treated with a proteinase working solution. A
Leica DM6 fluorescent microscope (Leica Camera AG, Wetzlar,
Germany)was used to capture images, and ImageJwas used for analyses.

4.14 Statistical analysis

Prism9.5.1 was used to perform statistical analyses on all of the
data. Data are presented as the mean ± SD. Two independent groups
were compared using Student’s t-test, and the chi-square test was
used for variance analysis. One-way analysis of variance (ANOVA)
was used to compare data among more than two groups. P <
0.05 was considered to indicate a significant difference. The
results were considered statistically significant at P < 0.05 (*P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

5 Conclusion

Overall, our results suggest that metformin could inhibit the cell
growth, proliferation, invasion, and migration of GBM cell lines.
Metformin regulates GBM cell lines through the circadian gene
PER2 and the SIRT2/G6PD signaling pathway in a PER2-dependent
manner, as well as through synergies with the radiotherapy
sensitivity of glioma cells. Our findings can be summarized in
three points: First, pharmacologically regulating the biological
clock will be a research direction and goal in future joint
research. Metformin could regulate the expression of biological
rhythms of GBM cell at molecular level. That makes it possible
to rescue the misalignment of biological rhythms in tumors through
the drug re-purposing. And this may be a great progress of
chronotherapy toward its clinical application. Second, we
innovatively investigated the effect of metformin on the PPP
pathway. Metformin can inhibit the PPP flux on GBM cell lines
and reverse the metabolic reprogramming. Third, the key rate-
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limiting enzymes of the PPP pathway present rhythmic expression,
so this pathway can be modulated by circadian genes. This indicates
that further exploring these enzymes could provide potential
valuable and novel information on metformin’s impact on cancer
stem cells and tumor micro-environment.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
The animal study was approved by Ethics Committee of Ningxia
Medical University. The study was conducted in accordance with the
local legislation and institutional requirements.

Author contributions

HL: Conceptualization, Data curation, Methodology, Software,
Writing–original draft, Writing–review and editing, Formal
Analysis, Project administration. ZM: Data curation, Formal
Analysis, Methodology, Writing–original draft, Writing–review
and editing, Software. WY: Data curation, Methodology,
Writing–original draft. YZ: Formal Analysis, Investigation,
Writing–original draft. JS: Data curation, Formal Analysis,
Methodology, Writing–original draft. HJ: Data curation,
Investigation, Writing–original draft. FW: Methodology,
Validation, Writing–original draft. LH: Conceptualization,
Funding acquisition, Resources, Validation, Writing–review and
editing. HX: Funding acquisition, Project administration,
Resources, Supervision, Visualization, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by the Key Research and Development Plan of
Ningxia (grant No. 2023BEG03047, 2022BEG03105), the Natural
Science Foundation of Ningxia (grant No. 2019AAC03210,
2023AAC02065), and the National Natural Science Foundation
of China (grant No. 81660419, 82060457).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1563865/
full#supplementary-material

References

Agata, C., Magdalena, B., Kamil, D., Stefaan, V. G., Nadia, S.-G., Jakub, M.,
et al. (2023). Glioblastoma multiforme the latest diagnostics and treat source
pharmacology. Pharmacology 108 (5), 1–9. doi:10.1159/000531319

Albayrak, G., Konac, E., Dere, U., and Emmez, H. (2021). Targeting cancer cell
metabolism with metformin, dichloroacetate and memantine in glioblastoma (GBM).
Turk. Neurosurg. 31 (2), 233–237. doi:10.5137/1019-5149.JTN.29176-20.3

Alex, A., Luo, Q., Mathew, D., Di, R., and Bhatwadekar, A. (2020). Metformin corrects
abnormal circadian rhythm and Kir4.1 channels in diabetes. Investigative Ophthalmol.
Vis. Sci. 61 (6), 46. doi:10.1167/iovs.61.6.46

Allada, R., Longo, D. L., and Bass, J. (2021). Circadian mechanisms in medicine. N.
Engl. J. Med. 384 (6), 550–561. doi:10.1056/nejmra1802337

Altman, B. J. F. i. c., and biology, d. (2016). Cancer clocks out for lunch: disruption of
circadian rhythm and metabolic oscillation in cancer. Front. Cell. Dev. Biol. 4 (0), 62.
doi:10.3389/fcell.2016.00062

Ashburn, T. T., and Thor, K. B. (2004). Drug repositioning: identifying and developing new
uses for existing drugs. Nat. Rev. Drug Discov. 3 (8), 673–683. doi:10.1038/nrd1468

Barnea, M., Haviv, L., Gutman, R., Chapnik, N., Madar, Z., and Froy, O. (2012).
Metformin affects the circadian clock and metabolic rhythms in a tissue-specific manner.
Biochim. Biophys. Acta 1822 (11), 1796–1806. doi:10.1016/j.bbadis.2012.08.005

Benoit, V., Bruno, G., Nieves, S. G., Jocelyne, L., Marc, F., and Fabrizio, A. J. C. S.
(2012). Cellular and molecular mechanisms of metformin: an overview. Clin. Sci. 122
(6), 253–270. doi:10.1042/CS20110386

Bhalla, K., Hwang, B., Dewi, R., Twaddel, W., Goloubeva, O., Wong, K., et al.
(2012). Metformin prevents liver tumorigenesis by inhibiting pathways driving
hepatic lipogenesis. Cancer Prev. Res. 5 (4), 544–552. doi:10.1158/1940-6207.
CAPR-11-0228

Cejuela, M., Martin-Castillo, B., Menendez, J., and Pernas, S. (2022). Metformin and
breast cancer: where are we now? Int. J. Mol. Sci. 23 (5), 2705–2724. doi:10.3390/
ijms23052705

Cetin, M., and Sahin, S. (2015). Microparticulate and nanoparticulate drug delivery
systems for metformin hydrochloride. Drug Deliv. 23 (8), 2796–2805. doi:10.3109/
10717544.2015.1089957

Chen, Y. H., Wu, J. X., Yang, S. F., Chen, M. L., Chen, T. H., and Hsiao, Y. H.
(2021). Metformin potentiates the anticancer effect of everolimus on cervical
cancer in vitro and in vivo. Cancers (Basel) 13 (18), 4612. doi:10.3390/
cancers13184612

Coyle, C., Cafferty, F. H., Vale, C., and Langley, R. E. (2016). Metformin as an
adjuvant treatment for cancer: a systematic review and meta-analysis. Ann. Oncol. 27
(12), 2184–2195. doi:10.1093/annonc/mdw410

Frontiers in Pharmacology frontiersin.org16

Li et al. 10.3389/fphar.2025.1563865

https://www.frontiersin.org/articles/10.3389/fphar.2025.1563865/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1563865/full#supplementary-material
https://doi.org/10.1159/000531319
https://doi.org/10.5137/1019-5149.JTN.29176-20.3
https://doi.org/10.1167/iovs.61.6.46
https://doi.org/10.1056/nejmra1802337
https://doi.org/10.3389/fcell.2016.00062
https://doi.org/10.1038/nrd1468
https://doi.org/10.1016/j.bbadis.2012.08.005
https://doi.org/10.1042/CS20110386
https://doi.org/10.1158/1940-6207.CAPR-11-0228
https://doi.org/10.1158/1940-6207.CAPR-11-0228
https://doi.org/10.3390/ijms23052705
https://doi.org/10.3390/ijms23052705
https://doi.org/10.3109/10717544.2015.1089957
https://doi.org/10.3109/10717544.2015.1089957
https://doi.org/10.3390/cancers13184612
https://doi.org/10.3390/cancers13184612
https://doi.org/10.1093/annonc/mdw410
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563865


David, P., King, Y. Z., Sangoram, A. M., Wilsbacher, L. D., Tanaka, M., Antoch, M. P.,
et al. (1997). Positional cloning of the mouse circadian clock gene. Cell. 89 (4), 641–653.
doi:10.1016/s0092-8674(00)80245-7

DePeralta, D. K., Wei, L., Ghoshal, S., Schmidt, B., Lauwers, G. Y., Lanuti, M., et al.
(2016). Metformin prevents hepatocellular carcinoma development by suppressing
hepatic progenitor cell activation in a rat model of cirrhosis. Cancer 122 (8), 1216–1227.
doi:10.1002/cncr.29912

Fuhr, L., El-Athman, R., Scrima, R., Cela, O., Carbone, A., Knoop, H., et al. (2018).
The circadian clock regulates metabolic phenotype rewiring via HKDC1 and modulates
tumor progression and drug response in colorectal cancer. Cancer 33, 105–121. doi:10.
1016/j.ebiom.2018.07.002

Gehlert, S., Clanton, M., and On Behalf Of The Shift Work And Breast Cancer
Strategic Advisory Group (2020). Shift work and breast cancer. Int. J. Environ. Res.
Public Health 17 (24), 9544. doi:10.3390/ijerph17249544

Gallez, B., Mathieu, B., and Sonveaux, P. (2024). About metformin and its action on
the mitochondrial respiratory chain in prostate cancer. Transl. Androl. Urol. 13 (5),
909–914.

Ghergurovich, J. M., Esposito, M., Chen, Z., Wang, J. Z., Bhatt, V., Lan, T., et al. (2020).
Glucose-6-Phosphate dehydrogenase is not essential for K-Ras-Driven tumor growth or
metastasis. Cancer Res. 80 (18), 3820–3829. doi:10.1158/0008-5472.CAN-19-2486

He, L., and Wondisford, F. E. (2015). Metformin action: concentrations matter. Cell.
Metab. 21 (2), 159–162. doi:10.1016/j.cmet.2015.01.003

He, Y., Cao, L., Wang, L., Liu, L., Huang, Y., and Gong, X. (2020). Metformin inhibits
proliferation of human thyroid cancer TPC-1 cells by decreasing LRP2 to suppress the
JNK pathway. Onco Targets Ther. 13 (0), 45–50. doi:10.2147/OTT.S227915

Hou, L., Li, H., Ma, D., Wang, H., Liu, J., Ma, L., et al. (2020). The circadian clock gene
PER2 enhances chemotherapeutic efficacy in nasopharyngeal carcinoma when
combined with a targeted nanosystem. J. Mater. Chem. B. 8 (24), 5336–5350. doi:10.
1039/d0tb00595a

Huang, B., Li, X., Li, Y., Zhang, J., Zong, Z., and Zhang, H. (2021). Current
immunotherapies for glioblastoma multiforme. Front. Immunol. 11 (0), 603911.
doi:10.3389/fimmu.2020.603911

Koritala, B., Porter, K., Sarkar, S., Gaddameedhi, S. J. T., and pharmacology, a. (2021).
Circadian disruption and cisplatin chronotherapy for mammary carcinoma. Cells 436,
115863. doi:10.1016/j.taap.2022.115863

Lazar, J. B. a. M. A., and Lazar, M. A. (2016). Circadian time signatures of fitness and
disease. Science 354 (6315), 994–999. doi:10.1126/science.aah4965

Li, B., Chen, Q., Feng, Y., Wei, T., Zhong, Y., Zhang, Y., et al. (2023). Glucose
restriction induces AMPK-SIRT1-mediated circadian clock gene Per expression and
delays NSCLC progression. Cancer Lett. 576 (0), 216424. doi:10.1016/j.canlet.2023.
216424

Li, L., Wang, T., Hu, M., Zhang, Y., Chen, H., and Xu, L. J. F. i. o. (2020). Metformin
overcomes acquired resistance to EGFR TKIs in EGFR-mutant lung cancer via AMPK/
ERK/NF-κB signaling pathway, Front. Oncol., 10 (0), 1605. doi:10.3389/fonc.2020.
01605

Lu, D., Zhao, M., Chen, M., and Wu, B. (2020). Circadian clock-controlled drug
metabolism: implications for chronotherapeutics. Drug Metab. Dispos. 48 (5), 395–406.
doi:10.1124/dmd.120.090472

Lv, Z., and Guo, Y. (2020). Metformin and its benefits for various diseases. Front.
Endocrinol. 11 (0), 191. doi:10.3389/fendo.2020.00191

Ma, D., Hou, L., Xia, H., Li, H., Fan, H., Jia, X., et al. (2020). PER2 inhibits
proliferation and stemness of glioma stem cells via the Wnt/β‑catenin signaling
pathway. Oncol. Rep. 44 (2), 533–542. doi:10.3892/or.2020.7624

Marini, C., Cossu, V., Bauckneht, M., Lanfranchi, F., Raffa, S., Orengo, A. M., et al.
(2021). Metformin and cancer glucose metabolism: at the bench or at the bedside.
Biomolecules 11 (8), 1231. doi:10.3390/biom11081231

Mendez, I., and Diaz-Munoz, M. (2018). Circadian and metabolic perspectives in the
role played by NADPH in cancer. Front. Endocrinol. (Lausanne) 9 (0), 93. doi:10.3389/
fendo.2018.00093

Miura, K., Morishige, J.-i., Abe, J., Xu, P., Shi, Y., Jing, Z., et al. (2023). Imeglimin
profoundly affects the circadian clock in mouse embryonic fibroblasts. J. Pharmacol. Sci.
153 (4), 215–220. doi:10.1016/j.jphs.2023.10.001

Mohawk, J. A., Green, C. B., and Takahashi, J. S. (2012). Central and peripheral
circadian clocks in mammals. Annu. Rev. Neurosci. 35 (1), 445–462. doi:10.1146/
annurev-neuro-060909-153128

Moreno-Smith, M., Milazzo, G., Tao, L., Fekry, B., Zhu, B., Mohammad, M., et al.
(2021). Restoration of the molecular clock is tumor suppressive in neuroblastoma. Nat.
Commun. 12 (1), 4006. doi:10.1038/s41467-021-24196-4

Nagashio, R., Oikawa, S., Yanagita, K., Hagiuda, D., Kuchitsu, Y., Igawa, S., et al.
(2019). Prognostic significance of G6PD expression and localization in lung
adenocarcinoma. Biochim. Biophys. Acta. Proteins Proteom., 1867 (1), 38–46. doi:10.
1016/j.bbapap.2018.05.005

Nam,M.-W., Lee, Y., Mun, E., and Lee, W. (2023). The association between shift work
and the incidence of reflux esophagitis in Korea: a cohort study. Sci. Rep. 13 (1), 2536.
doi:10.1038/s41598-023-29567-z

Ng, C. W., Jiang, A. A., Toh, E. M. S., Ng, C. H., Ong, Z. H., Peng, S., et al. (2020).
Metformin and colorectal cancer: a systematic review, meta-analysis and meta-
regression. Int. J. Colorectal Dis. 35 (8), 1501–1512. doi:10.1007/s00384-020-03676-x

Niu, Z., Yang, Z., Sun, S., Zeng, Z., Han, Q., Wu, L., et al. (2024). Clinical analysis of
the efficacy of radiation therapy for primary high-grade gliomas guided by biological
rhythms. Transl. Oncol. 45 (0), 101973. doi:10.1016/j.tranon.2024.101973

Papadakos, S. P., Argyrou, A., Lekakis, V., Arvanitakis, K., Kalisperati, P., Stergiou, I.
E., et al. (2024). Metformin in esophageal carcinoma: exploring molecular mechanisms
and therapeutic insights. Int. J. Mol. Sci. 25 (5), 2978. doi:10.3390/ijms25052978

Patke, A., Young, M. W., and Axelrod, S. J. N. R. M. C. B. (2020). Molecular
mechanisms and physiological importance of circadian rhythms. Nat. Rev. Mol. Cell.
Biol. 21, 67–84. doi:10.1038/s41580-019-0179-2

Pushpakom, S., Iorio, F., Eyers, P. A., Escott, K. J., Hopper, S., Wells, A., et al. (2018).
Drug repurposing: progress, challenges and recommendations. Nat. Rev. Drug Discov.
18 (1), 41–58. doi:10.1038/nrd.2018.168

Ramirez-Nava, E. J., Hernandez-Ochoa, B., Navarrete-Vazquez, G., Arreguin-
Espinosa, R., Ortega-Cuellar, D., Gonzalez-Valdez, A., et al. (2021). Novel inhibitors
of human glucose-6-phosphate dehydrogenase (HsG6PD) affect the activity and
stability of the protein. Biochim. Biophys. Acta Gen. Subj. 1865 (3), 129828. doi:10.
1016/j.bbagen.2020.129828

Rodríguez-Santana, C., López-Rodríguez, A., Martinez-Ruiz, L., Florido, J., Cela, O.,
Capitanio, N., et al. (2023). The relationship between clock genes, sirtuin 1, and
mitochondrial activity in head and neck squamous cell cancer: effects of melatonin
treatment. Int. J. Mol. Sci. 24 (19), 15030. doi:10.3390/ijms241915030

Seliger, C., Luber, C., Gerken, M., Schaertl, J., Proescholdt, M., Riemenschneider, M.
J., et al. (2018). Use of metformin and survival of patients with high-grade glioma. Int.
J. Cancer 144 (2), 273–280. doi:10.1002/ijc.31783

Shafi, A. A., and Knudsen, K. E. (2019). Cancer and the circadian clock. Cancer Res. 79
(15), 3806–3814. doi:10.1158/0008-5472.CAN-19-0566

Shah, S. (2023). Novel therapies in glioblastoma treatment: review of glioblastoma;
current treatment options; and novel oncolytic viral therapies. Med. Sci. 12 (1), 1–22.
doi:10.3390/medsci12010001

Shankaraiah, R. C., Callegari, E., Guerriero, P., Rimessi, A., Pinton, P., Gramantieri, L.,
et al. (2019). Metformin prevents liver tumourigenesis by attenuating fibrosis in a
transgenic mouse model of hepatocellular carcinoma. Oncogene 38 (45), 7035–7045.
doi:10.1038/s41388-019-0942-z

Sinturel, F., Petrenko, V., and Dibner, C. (2020). Circadian clocks make metabolism
run. J. Mol. Biol. 432 (12), 3680–3699. doi:10.1016/j.jmb.2020.01.018

Song, C., Tang, C., Xu, W., Ran, J., Wei, Z., Wang, Y., et al. (2020). Hypoxia-targeting
multifunctional nanoparticles for sensitized chemotherapy and phototherapy in head
and neck squamous cell carcinoma. Int. J. Nanomedicine 15, 347–361. doi:10.2147/IJN.
S233294

Song, J., Sun, H., Zhang, S., and Shan, C. (2022). The multiple roles of glucose-6-
phosphate dehydrogenase in tumorigenesis and cancer chemoresistance. Life (Basel) 12
(2), 271. doi:10.3390/life12020271

Sun, M., Sheng, H., Wu, T., Song, J., Sun, H.,Wang, Y., et al. (2021). PIKE-A promotes
glioblastoma growth by driving PPP flux through increasing G6PD expression mediated
by phosphorylation of STAT3. Biochem. Pharmacol. 192 (0), 114736. doi:10.1016/j.bcp.
2021.114736

Sun, R., Ma, X., Cai, X., Pan, X., and Liu, D. (2016). The effect and mechanism of
action of metformin on in vitro FaDu cell proliferation. J. Int. Med. Res. 44 (5),
1049–1054. doi:10.1177/0300060516642645

Sun, S., Liu, Z., Feng, Y., Shi, L., Cao, X., Cai, Y., et al. (2019). Sirt6 deacetylase activity
regulates circadian rhythms via Per2. Biochem. Biophysical Res. Commun. 511 (2),
234–238. doi:10.1016/j.bbrc.2019.01.143

Um, J., Yang, S., Yamazaki, S., Kang, H., Viollet, B., Foretz, M., et al. (2007). Activation
of 5’-AMP-activated kinase with diabetes drug metformin induces casein kinase
Iepsilon (CKIepsilon)-dependent degradation of clock protein mPer2. J. Biol. Chem.
282 (29), 20794–20798. doi:10.1074/jbc.C700070200

Wang, Y., An, H., Liu, T., Qin, C., Sesaki, H., Guo, S., et al. (2019). Metformin
improves mitochondrial respiratory activity through activation of AMPK. Cell. Rep. 29
(6), 1511–1523. doi:10.1016/j.celrep.2019.09.070

Wang, Y., Li, Q., Niu, L., Xu, L., Guo, Y., Wang, L., et al. (2020). Suppression of G6PD
induces the expression and bisecting GlcNAc-branched N-glycosylation of E-Cadherin
to block epithelial-mesenchymal transition and lymphatic metastasis. Br. J. Cancer 123
(8), 1315–1325. doi:10.1038/s41416-020-1007-3

Wang, Z., Fu, Y., Xia, A., Chen, C., Qu, J., Xu, G., et al. (2021). Prognostic and
predictive role of a metabolic rate-limiting enzyme signature in hepatocellular
carcinoma. J. Cell. Prolif. 54 (10), e13117. doi:10.1111/cpr.13117

Wang, Y., Zhu, H., Xu, H., Qiu, Y., Zhu, Y., and Wang, X. (2023). Senescence-related
gene c-Myc affects bladder cancer cell senescence by interacting with HSP90B1 to
regulate cisplatin sensitivity. Aging (Albany NY) 15 (5), 7408–7423. doi:10.18632/aging.
204863

Wolf, E., and Kramer, A. (2020). Circadian regulation: from molecules to physiology.
J. Mol. Biol. 432 (12), 3423–3425. doi:10.1016/j.jmb.2020.05.004

Frontiers in Pharmacology frontiersin.org17

Li et al. 10.3389/fphar.2025.1563865

https://doi.org/10.1016/s0092-8674(00)80245-7
https://doi.org/10.1002/cncr.29912
https://doi.org/10.1016/j.ebiom.2018.07.002
https://doi.org/10.1016/j.ebiom.2018.07.002
https://doi.org/10.3390/ijerph17249544
https://doi.org/10.1158/0008-5472.CAN-19-2486
https://doi.org/10.1016/j.cmet.2015.01.003
https://doi.org/10.2147/OTT.S227915
https://doi.org/10.1039/d0tb00595a
https://doi.org/10.1039/d0tb00595a
https://doi.org/10.3389/fimmu.2020.603911
https://doi.org/10.1016/j.taap.2022.115863
https://doi.org/10.1126/science.aah4965
https://doi.org/10.1016/j.canlet.2023.216424
https://doi.org/10.1016/j.canlet.2023.216424
https://doi.org/10.3389/fonc.2020.01605
https://doi.org/10.3389/fonc.2020.01605
https://doi.org/10.1124/dmd.120.090472
https://doi.org/10.3389/fendo.2020.00191
https://doi.org/10.3892/or.2020.7624
https://doi.org/10.3390/biom11081231
https://doi.org/10.3389/fendo.2018.00093
https://doi.org/10.3389/fendo.2018.00093
https://doi.org/10.1016/j.jphs.2023.10.001
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1038/s41467-021-24196-4
https://doi.org/10.1016/j.bbapap.2018.05.005
https://doi.org/10.1016/j.bbapap.2018.05.005
https://doi.org/10.1038/s41598-023-29567-z
https://doi.org/10.1007/s00384-020-03676-x
https://doi.org/10.1016/j.tranon.2024.101973
https://doi.org/10.3390/ijms25052978
https://doi.org/10.1038/s41580-019-0179-2
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1016/j.bbagen.2020.129828
https://doi.org/10.1016/j.bbagen.2020.129828
https://doi.org/10.3390/ijms241915030
https://doi.org/10.1002/ijc.31783
https://doi.org/10.1158/0008-5472.CAN-19-0566
https://doi.org/10.3390/medsci12010001
https://doi.org/10.1038/s41388-019-0942-z
https://doi.org/10.1016/j.jmb.2020.01.018
https://doi.org/10.2147/IJN.S233294
https://doi.org/10.2147/IJN.S233294
https://doi.org/10.3390/life12020271
https://doi.org/10.1016/j.bcp.2021.114736
https://doi.org/10.1016/j.bcp.2021.114736
https://doi.org/10.1177/0300060516642645
https://doi.org/10.1016/j.bbrc.2019.01.143
https://doi.org/10.1074/jbc.C700070200
https://doi.org/10.1016/j.celrep.2019.09.070
https://doi.org/10.1038/s41416-020-1007-3
https://doi.org/10.1111/cpr.13117
https://doi.org/10.18632/aging.204863
https://doi.org/10.18632/aging.204863
https://doi.org/10.1016/j.jmb.2020.05.004
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563865


Xia, H.-c., Niu, Z.-f., Ma, H., Cao, S.-z., Hao, S.-c., Liu, Z.-t., et al. (2014). Deregulated
expression of the Per1 and Per2 in human gliomas. Can. J. Neurological Sci./J. Can. des
Sci. Neurologiques 37 (3), 365–370. doi:10.1017/s031716710001026x

Xia, Y., Yao, B., Fu, Z., Li, L., Jin, S., Qu, B., et al. (2023). Clock genes regulate skeletal
muscle energy metabolism through NAMPT/NAD+/SIRT1 following heavy-load
exercise. Am. J. Physiology-Regulatory, Integr. Comp. Physiology 325 (5), R490–R503.
doi:10.1152/ajpregu.00261.2022

Xie, H., Xi, X., Lei, T., Liu, H., and Xia, Z. (2024). CD8(+) T cell exhaustion in the
tumor microenvironment of breast cancer. Front. Immunol. 15 (0), 1507283.

Xiong Zs, G. S., Si, W., Jiang, T., Li, Q. L., Wang, T. J., Wang, W. J., et al. (2019). Effect
of metformin on cell proliferation, apoptosis, migration and invasion in A172 glioma
cells and its mechanisms.Mol. Med. Rep. 20 (2), 887–894. doi:10.3892/mmr.2019.10369

Xu, S., Wang, T., Li, X., and Wang, Y. (2016). SIRT2 activates G6PD to enhance
NADPH production and promote leukaemia cell proliferation. Sci. Rep. 6 (0), 32734.
doi:10.1038/srep32734

Yang, H. C., Stern, A., and Chiu, D. T. (2021). G6PD: a hub for metabolic
reprogramming and redox signaling in cancer. Biomed. J. 44 (3), 285–292. doi:10.
1016/j.bj.2020.08.001

Yao, J., Hui, J.-w., Chen, Y.-j., Luo, D.-y., Yan, J.-s., Zhang, Y.-f., et al. (2023). Lycium
barbarum glycopeptide targets PER2 to inhibit lipogenesis in glioblastoma by

downregulating SREBP1c. Cancer Gene Ther. 30 (8), 1084–1093. doi:10.1038/
s41417-023-00611-4

Ye, H., Huang, H., Cao, F., Chen, M., Zheng, X., and Zhan, R. (2016).
HSPB1 enhances SIRT2-mediated G6PD activation and promotes glioma cell
proliferation. PLoS One 11 (10), e0164285. doi:10.1371/journal.pone.0164285

Yoon, W.-S., Chang, J. H., Kim, J. H., Kim, Y. J., Jung, T.-Y., Yoo, H., et al. (2023).
Efficacy and safety of metformin plus low-dose temozolomide in patients with recurrent
or refractory glioblastoma: a randomized, prospective, multicenter, double-blind,
controlled, phase 2 trial (KNOG-1501 study). Discov. Oncol. 14 (1), 90. doi:10.1007/
s12672-023-00678-3

Zhanfeng, N. C. W., Hechun, X., Jun, W., Lijian, Z., Dede, Ma., Wenbin, L., et al.
(2016). Period2 downregulation inhibits glioma cell apoptosis by activating the MDM2-
TP53 pathway. Oncotarget 7 (19), 27350–27362. doi:10.18632/oncotarget.8439

Zhang, Y., Hu, X., Li, H., Yao, J., Yang, P., Lan, Y., et al. (2022). Circadian Period 2
(Per2) downregulate inhibitor of differentiation 3 (Id3) expression via PTEN/AKT/
Smad5 axis to inhibits glioma cell proliferation. Bioengineered 13 (5), 12350–12364.
doi:10.1080/21655979.2022.2074107

Zhao, Z., Xu, H., Li, S., Han, Y., Jia, J., Han, Z., et al. (2019). Hypoxic radiosensitizer-
lipid coated gold nanoparticles enhance the effects of radiation therapy on tumor
growth. J. Biomed. Nanotechnol. 15 (9), 1982–1993. doi:10.1166/jbn.2019.2830

Frontiers in Pharmacology frontiersin.org18

Li et al. 10.3389/fphar.2025.1563865

https://doi.org/10.1017/s031716710001026x
https://doi.org/10.1152/ajpregu.00261.2022
https://doi.org/10.3892/mmr.2019.10369
https://doi.org/10.1038/srep32734
https://doi.org/10.1016/j.bj.2020.08.001
https://doi.org/10.1016/j.bj.2020.08.001
https://doi.org/10.1038/s41417-023-00611-4
https://doi.org/10.1038/s41417-023-00611-4
https://doi.org/10.1371/journal.pone.0164285
https://doi.org/10.1007/s12672-023-00678-3
https://doi.org/10.1007/s12672-023-00678-3
https://doi.org/10.18632/oncotarget.8439
https://doi.org/10.1080/21655979.2022.2074107
https://doi.org/10.1166/jbn.2019.2830
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1563865

	Metformin upregulates circadian gene PER2 to inhibit growth and enhance the sensitivity of glioblastoma cell lines to radio ...
	1 Introduction
	2 Results
	2.1 Metformin inhibited the cell growth, proliferation and promoted apoptosis in GBM cell lines in vitro
	2.2 Metformin upregulated PER2, downregulated SIRT2, and inhibited the enzyme activity of G6PD(H) in GBM cell lines
	2.3 Metformin inhibits the growth of GBM xenograft tumors in nude mice via the PER2/SIRT2/G6PD signaling pathway and enhanc ...

	3 Discussion
	4 Materials and methods
	4.1 Cell culture
	4.2 Cell counting Kit-8 (CCK8) assay
	4.3 G6PDH enzyme activity assay
	4.4 Intracellular NADPH levels detection and NADP+/NADPH ratio measurement
	4.5 ROS and JC-1 measurement
	4.6 Cell cycle distribution and apoptosis analysis
	4.7 Transcriptomic
	4.8 Proteomic
	4.9 Western blot tests
	4.10 Real-time quantitative polymerase chain reaction experiments (RT-qPCR)
	4.11 In vivo experiment
	4.12 Immunohistochemistry (IHC)
	4.13 TUNEL staining
	4.14 Statistical analysis

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


