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Metformin as an Adjunct Treatment to Temozolomide for High-Grade Gliomas: A

Systematic Review and Meta-Analysis

Eloisa Bittencurt Thomaz de Assis’, Marcio Yuri Ferreira®, Jéssica Sales de Oliveira®, Lucas Pari Mitre®,
Eduardo Mendes Correa da Silva®, Luciano Lobao Salim Coelho®, Daniel Antunes Moreno’, Allan Dias Polverini®

OBJECTIVE: High-grade gliomas (HGGs) are aggressive
tumors known for their poor prognosis. Despite research
into its molecular and clinical aspects, current manage-
ment minimally impacts survival. It is unclear whether
combining temozolomide (TMZ) with metformin (MET)
could enhance survival in this population.

METHODS: A systematic search on PubMed, Embase,
and Cochrane Library databases was conducted for studies
comparing TMZ+MET versus TMZ alone for HGG. The
outcomes of interest were overall survival, progression-
free survival, and subgroup analysis with 06-
methylguanine-DNA methyltransferase and patients with
diabetes. The analysis comprised outcomes reported as
hazard ratios (HRs) and odds ratios with corresponding
95% confidence intervals (Cls) as all the outcomes are
continuous. A significance level of P < 0.05 was considered
statistically significant. Heterogeneity was assessed using
the |2 statistic with P values inferior to 0.10, and I > 25%
were considered significant for heterogeneity. The random
effects model was employed for all outcomes.

RESULTS: Ten studies were included, comprising 3623
patients, of which 346 (9.5%) were assigned for
TMZ + MET. The TMZ + MET group was associated with a
significant reduction in mortality rates when compared
to the TMZ alone group (HR 0.74; 95% Cl 0.59, 0.93; P <
0.01; 12 29%). There was no significant difference be-
tween groups for progression-free survival (HR 0.87; 95%
Cl1 0.68—1.12; P = 0.29). In a subgroup analysis restricted
to patients who received TMZ + MET, the diabetic sub-
group had a significantly higher mortality rate than the
normoglycemic subgroup (odds ratio 1.25; 95% CI 1.10,
1.41; P < 0.01; 1> 79%).

CONCLUSIONS: Our results showed that patients who
received TMZ+MET had a significantly higher overall
survival than patients who received TMZ alone. These
findings support the use of MET along with TMZ for the
treatment of HGGs.
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AMP: Adenosine monophosphate

AMPK: AMP-activated protein kinase

ATP: Adenosine triphosphate

Cl: Confidence interval
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HGG: High-grade glioma

HR: Hazard ratio

IDH: Isocitrate dehydrogenase

MET: Metformin

MGMT: 06-methylguanine-DNA methyltransferase
mTOR: Mammalian target of the rapamycin

NADP: Nicotinamide adenine dinucleotide phosphate
0S: Overall survival

PFS: Progression-free survival

ROBINS I: Risk Of Bias in Non-Randomized Studies of Interventions

T2DM: Type 2 diabetes mellitus
TMZ: Temozolomide
WHO: World Health Organization
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INTRODUCTION

igh-grade gliomas (HGGs) are a group of aggressive,
H malignant, and diffuse brain tumors with rapid pro-

gression. These encompass a variety of entities such as
glioblastoma, isocitrate dehydrogenase (IDH)-wildtype (grade 4);
astrocytoma, IDH-mutant (grades 3 and 4); oligodendroglioma,
IDH-mutant, 1p/19q-codeleted (grade 3). Glioblastoma, the most
common malignant primary brain tumor in adults, typically affects
individuals between the ages of 55 and 60 years old." The
incidence of HGG is estimated to be around 3 to 4 cases per
100,000 people annually in the US.”

The prognosis of patients with HGG is influenced by factors
such as age and Karnofsky’s Performance Status, extent of
resection, and subsequent treatments. The initial step in man-
agement is maximal safe resection, followed by radiation therapy
and chemotherapy with alkylating agents, such as temozolomide
(TMZ).>°

Unfortunately, there has been little improvement in survival
rates over recent years, with the prognosis remaining dismal. The
median overall survival (OS) for patients with glioblastoma,
based on population-based studies, is approximately 10 to
17 months.” In this context, metformin (MET) has been
considered as a potential novel therapy to improve survival in
HGG.” Lowering glucose levels has been associated with
apoptosis of cancer cells and a reduction in tumor progression;
also, MET activates adenosine monophosphate (AMP)-kinase
and inhibits the mammalian target of the rapamycin (mTOR)
pathway, inhibiting protein biosynthesis and tumor cell
growth.®™® It may directly inhibit tumor cells and indirectly
impede cancer cell growth by reducing circulating glucose and
insulin levels, consequently affecting insulin-like growth-factor
signaling. Experimental studies have demonstrated that the
combination of TMZ+MET is superior to monotherapy in terms
of cell viability and survival."""> However, the clinical impact on
patient prognosis is still unknown." Therefore, our study aimed
to conduct an updated systematic review and meta-analysis
comparing the effectiveness of TMZ+MET versus TMZ alone
for patients with HGG.

METHODS

This systematic review adhered to the recommendations of the
Cochrane Handbook for Systematic Reviews of Interventions.™
The findings were reported following the guidelines set forth
by the Preferred Reporting of Systematic Reviews and Meta-
Analyses guideline.” The study was prospectively registered
in the “International Prospective Register of Systematic
Reviews” in 2023 under the identification CRD42023432149.

Search Strategy

A search was performed on PubMed, Embase, and Cochrane Li-
brary databases using the following search strategy: (GBM OR
glioblastoma OR gliomas OR astrocytomas OR HGG) AND
(metformin OR antidiabetic* OR Axpinet OR Diagemet OR

Glucient OR Glucophage OR Metabet) AND ("standard treatment"
OR "gold-standard treatment" OR TMZ OR temozolomide OR
"alquilating agent" OR "alkylating agent"). The search was carried
out in May 2023 and was updated in December 2023. A search on
the reference lists of all included studies was done, as well as prior
systematic reviews.

Selection Procedure and Data Extraction

The triage of studies was done manually by two authors (E.B.T.A.
and M.Y.F.) with any disagreement resolved through discussion
with the senior author (A.D.P.).

Study Selection and Eligibility Criteria

Only the studies that satisfied all the following specified eligibility
criteria were included: 1) studies in patients diagnosed with HGG;
2) that compared TMZ+MET versus TMZ alone; and 3) reported at
least 1 outcome of interest. We included both observational and
randomized studies. Our endpoints of interest were OS and
progression-free survival (PFS). We also performed a subgroup
analysis based on O6-methylguanine-DNA methyltransferase
(MGMT) status and patients with type 2 diabetes mellitus (T2DM).
Our exclusion criteria comprised preclinical investigations (with
animals or in vitro), studies that included low-grade gliomas, and
studies not published in English. There were no restrictions in
terms of year of publication.

Statistical Analysis

To preserve time-to-event data, we computed pooled hazard
ratios (HRs) with 95% confidence intervals (CIs) in the com-
parison of OS and PFS between TMZ+MET versus TMZ alone.
Subgroup analysis was conducted for studies that evaluated
MGMT and patients with T2DM. When appropriate, comparative
analyses were executed, with the chosen statistic as the odds
ratio for the event in consideration. Outcomes were pooled with
a random-effects model. Review Manager version 5.4.I
(Cochrane Center, The Cochrane Collaboration) was used for
statistical analysis. Statistical significance was defined as P
values of <o.05.

Heterogeneity

Heterogeneity was examined with I” statistics and P values inferior
to 0.10 or I* > 25% were considered statistically significant for
heterogeneity, based on Cochrane’s Handbook for Systematic
Reviews of Interventions thresholds.

Risk of Bias Assessment

Risk of bias was evaluated using the Cochrane Risk Of Bias In
Non-randomized Studies of Interventions (ROBINS-I) tool. The
ROBINS-I categorizes studies as having a low, moderate, serious,
critical risk of bias, or no information.’® Randomized studies were
analyzed using the Risk of Bias 2 tool and classified in high, low,
or some concerns of bias in 5 domains: selection, performance,
detection, attrition, and reporting biases.'*

2 WWW.SCIENCEDIRECT.cOM

WORLD NEUROSURGERY, HTTPS://DOI.ORG/10.1016/4.WNEU.2025.123842


www.sciencedirect.com/science/journal/18788750
https://doi.org/10.1016/j.wneu.2025.123842

ELOISA BITTENCURT THOMAZ DE ASSIS ET AL.

ORIGINAL ARTICLE

TMZ PLUS MET VERSUS TMZ ALONE IN HGG

RESULTS

Study Selection and Baseline Characteristics

As detailed in Figure 1, our search yielded 1516 studies, of which
203 were excluded as duplicates, and an additional 1279 were
excluded during the screening based on title and abstract. A
total of 34 studies were fully reviewed. After this final step, a
total of 10 studies were included, of which 1 was a
randomized controlled trial.'7® A total of 3623 patients were
included, as reported in Table 1, of whom 3277 (90.5%) received
only the standard treatment with TMZ, whereas 346 (9.5%) were
treated with a combination of TMZ with MET. All patients
received the optimal treatment in terms of tumor resection

and radiotherapy. The TMZ dose varied between 25 and
50 mg/day, while the MET dose ranged from 400 mg/day to
2550 mg/day.

Systematic Review

In total, ten included studies analyzed OS in the patient popu-
lation receiving TMZ+MET versus TMZ alone (Table 2). Among
these studies, in four of them, a statistically significant
difference was observed between the groups, with the results
of three studies being associated with an improvement in the
MET-treated group, and 1 study reporting overall better out-
comes for the TMZ-alone group. Additionally, another four ar-
ticles reported no statistical difference compared to the control

PubMed search: 419 results

Embase search: 1,084 results

Cochrane search: 13 results

Number screened: 1,516 results

— Duplicate reports (n = 203)

— Excluded by title/abstract (n = 1,279)

Full-text reviewed: 34 studies

— Not high-grade gliomas only (n = 11)

— Absent TMZ + MET group (n=9)

— Not fulfilled inclusion criteria (n = 4)

10 included studies

diagram of study screening and selection.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
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Study Study Design Intervention Control Agei, y Follow-Up, mo Location Period
Adeberg 2015 Retrospective study 20 20 63 N/A Germany 2006—2013
Fuentes-Fayos 2023 Retrospective study 25 60 N/A N/A Spain 2016—2022
Henderson 2015 Retrospective study 6 220 N/A N/A Scotland 2010—2012
Mohammad 2023* Retrospective study 40 66 N/A N/A Canada N/A
Porper 2021 Retrospective study 10 3 61 18 Israel 2014—2020
Razak 2019 Retrospective study 7 115 60.8 N/A England 2013—2014
Seliger 2019 Retrospective study 55 1038 59 88 Germany 1998—2013
Seliger 2020 Retrospective study 122 1609 60 24 Germany N/A
Welch 2013 Retrospective study 18 108 66 N/A USA 1998—2010
Yoon 2023 RCT 43 38 57.5 N/A Korea 2006—2020
N/A, not available; RCT, randomized controlled trial.

*Conference abstracts.
tMean or median.

Table 2. Individual Conclusion of the Studies Included in the Systematic Review

Study Glioma Type Outcome (TMZ vs. TMZ + MET)

Adeberg 2015 Glioblastoma (n = 276) MET use was not associated with improvement in 0S (P = 0.326).

Fuentes-Fayos 2023 Glioblastoma (n = 85) The use of MET was not associated with significant differences in OS compared to not using
MET (13 vs. 12.2 months; P = 0.30).

Henderson 2015 Glioblastoma (n = 226) The use of MET was associated with increased OS relative to patients who were not treated

with MET (19.4 vs. 15.1 months, the P value was not reported). The use of MET was also
associated with better OS outcomes in nondiabetic patients with
MGMT+ (195 vs. 14.1 months; P = 0.01).

Mohammad 2023 Glioblastoma (n = 288) MET use was not associated with a statistically significant improvement in OS patients with
MGMT+- (22.0 vs. 14.7 months; P = 0.13).
Porper 2021 Glioblastoma (n = 10) MET was associated with a decrease in OS relative to patients without MET, but without
Anaplastic astrocytoma (n = 3) statistical proof (7.9 vs. 11.4 months)
Razak 2019 Glioblastoma (n = 122) The use of MET was associated with increased OS relative to patients who were treated

with TMZ only in relation to months of survival, but without statistical significance
(21.1 vs. 11.9 months; P = 0.12).

Seliger 2019 Glioblastoma (n = 862) The addition of MET was associated with significantly better OS compared to patients
High grade glioma WHO Il (n = 231) without MET (HR = 0.62)

Seliger 2020 Newly diagnosed glioblastoma (n=1731) MET treatment was associated with a decrease in OS relative to patients without
MET (14.5 vs. 18.5 months, HR = 0.90).

Welch 2013 Glioblastoma (n = 123) The use of MET was not associated with significantly better OS compared to patients
without MET (10 vs. 6 months, P = 0.09).

Yoon 2023 Recurrent or refractory The use of MET was associated with increased OS relative to patients who were not treated

glioblastoma (n = 81) with MET in relation to months of survival, but without statistical significance for the

treatment of recurrent GBM (17.2 vs. 7.7 months; P = 0.47).

The types of high-grade glioma from each study were analyzed in addition to the available outcomes. Each study reported on a specific outcome, with only OS time being a common data among
them.
MET, metformin; OS, overall survival; GBM, glioblastoma; HR, hazard ratio; WHO, World Health Organization; MGMT, 06-methylguanine-DNA methyltransferase; TMZ, temozolomide.
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Hazard Ratio Hazard Ratio
Study or Subgroup _log[Hazard Ratio] SE_Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Adeberg 2015 0.0816 0.2536 21.2% 1.09[0.66, 1.78] —_—
Mohammad 2023 -0.8892 04298 7.4% 0.41[0.18,0.95) S
Seliger 2019 -0.478 0.175 44.4% 0.62[0.44,0.87] ——
Seliger 2020 -0.1054 0.2898 16.2% 0.90 [0.51, 1.59] I
Yoon 2023 -0.2485 0.3537 10.9% 0.78[0.39, 1.56] - 1
Total (95% Cl) 100.0% 0.74 [0.59, 0.93) &
Heterogeneity: Chi® = 5.65, df = 4 (P = 0.23); I = 29% + + + ¥ + ¥
01 02 0.5 1 2 5 10
Test for overall effect: Z = 2.61 (P = 0.009) Favors TMZ+MET Favours TMZ
Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE_Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Adeberg 2015 0.0816 0.2536 22.8% 1.09[0.66, 1.78] —_—
Seliger 2019 -0.478 0.175 47.9% 0.62[0.44,0.87] ——
Seliger 2020 -0.1054 0.2898 17.5%  0.90[0.51, 1.59] .
Yoon 2023 -0.2485 0.3537 11.7% 0.78[0.39, 1.56] Y
Total (95% Cl) 100.0% 0.77 [0.61, 0.98] <>
Heterogeneity: Chi2 = 3.65, df = 3 (P = 0.30); I? = 18% t t t t t t
R 5 0.1 0.2 0.5 1 2 5 10
Test for overall effect: Z = 2.13 (P = 0.03) Favors TMZ+MET Favours TMZ
Figure 2. (A) The temozolomide (TMZ + metformin (MET) (B) The sensitivity analysis associated the TMZ-+MET group
group was associated with a significant increase in overall with a significant increase in OS.
survival (OS), when compared to the TMZ alone group.

and intervention groups for OS outcome. Two studies only re-
ported qualitative analysis, without measuring statistical
significance.

Meta-Analysis

The meta-analysis included five out of the ten studies. The
outcomes analyzed were OS and PFS for patients who received
TMZ+MET treatment versus TMZ alone. Our analysis also
explored subgroups, including patients with and without
T2DM, as well as those with and without MGMT+ genetic
markers.

OS was significantly improved in patients treated with
TMZ+MET relative to TMZ alone (HR 0.74; 95% CI 0.59, 0.93; P <
o0.01; I* = 29%; Figure 2A). MET, commonly prescribed for the
treatment of T2DM, has shown potential therapeutic benefits for
cancer. Currently, HGG has a low survival rate even following
the gold standard treatment. The result of the analysis
demonstrated an increase in OS for patients in the TMZ+MET

group, which suggests that the addition of MET to TMZ
treatment may be an effective strategy to improve OS in patients
with HGG.

A sensitivity analysis was conducted to ensure the reliability
of the OS analysis. In this context, the study of Mohammad
et al. was excluded due to a scarcity of data, as it was pub-
lished only as an abstract.” After excluding this study, the P
value remains significant and favorable for the TMZ-+MET
combination. The heterogeneity analysis I was reduced from
29% to 18% (HR 0.77; 95% CI 0.61, 0.98; P = 0.003; I* =
18%; Figure 2B).

The comparative study between patients with HGG treated
with TMZ alone and those who received the combination of
TMZ+MET revealed different results. While OS showed a sig-
nificant improvement in those treated with the TMZ+MET
combination compared to the TMZ-alone group, PFS showed no
statistically significant differences between the groups (HR 0.87;
95% CI 0.68, 1.12; P = 0.29; I* = 0%; Figure 3). These results
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Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Adeberg 2015 -0.1165 9.2978  0.0% 0.89 [0.00, 73064497.43] * >
Seliger 2019 -0.3425 0.1789 51.2% 0.71[0.50, 1.01] ——
Seliger 2020 0.0488 0.2526 25.7% 1.05 [0.64, 1.72) —
Yoon 2023 0.1133 0.2659 23.2% 1.12[0.67, 1.89] =
Total (95% Cl) 100.0% 0.87 [0.68, 1.12] q
Heterogeneity: Chi? = 2.75, df = 3 (P = 0.43); I = 0% (=J p 0=2 0:5 H 2 5 p 6
Test for overall effect: Z = 1.07 (P = 0.29) : Févors TM2+MET Favors MET

Figure 3. Progression-free survival did not show significantly
different results between patients with high-grade gliomas

treated with temozolomide (TMZ) and metformin (MET) as
compared with TMZ alone.

indicate that although the TMZ+MET combination may improve
overall patient survival, it does not appear to have as substantial
an impact on disease progression as measured by PFS. This
discrepancy highlights the importance of evaluating multiple
outcomes in clinical trials to obtain a comprehensive
understanding of the effect of a given therapeutic intervention
in patients with HGGs.

Subgroup analysis for OS, including only patients with T2DM
at baseline compared with those without this diagnosis, revealed
distinct results. OS was significantly increased in patients
without a diagnosis of T2DM at baseline compared to those who
had T2DM (HR 1.25; 95% CI 1.10, 1.41; P < 0.01; I* = 79%;
Figure 4). These findings suggest that not all antidiabetics may
be associated with a positive impact on the survival of patients
with HGG. The analysis highlights the uniqueness of MET for

the treatment of gliomas. The high heterogeneity (I* = 79%)
observed may result from differences in study design,
variations in sample size, and differences in patient baseline
characteristics. The studies analyzed employed diverse
methodologies, including retrospective data collection and
prospectively collected clinical trial data, leading to variations
in treatment administration, follow-up durations, and data
completeness. Additionally, differences in sample sizes across
studies contributed to statistical variability, as some studies had
only a few hundred patients while others included over a thou-
sand, affecting effect size estimates and statistical power. Stan-
dardizing patient selection criteria, harmonizing data collection
methods, and performing stratified analyses based on prognostic
factors in future research may help clarify these sources of
heterogeneity.

Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Adeberg 2015 0.26 0.18 12.1% 1.30[0.91, 1.85] -T- -
Seliger 2019 04 0.09 485% 1.49[1.25,61.78] ——
Seliger 2020 -0.01 0.1 39.3% 0.99[0.81, 1.20] —
Total (95% CI) 100.0% 1.25[1.10, 1.41] e
Heterogeneity: Chi? = 9.34, df = 2 (P = 0.009); I = 79% t t t t

0.5 0.7 1 1.5 2

Test for overall effect: Z = 3.54 (P = 0.0004) Favors T2DM Favors Non-T2DM

Figure 4. Overall survival (OS) was significantly superior in patients without T2DM prior to initiating combined chemotherapy.
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Subgroup analysis of patients with a positive versus negative
MGMT+ genetic marker revealed a significant difference in OS
between patients treated with MET compared with those who
did not receive this treatment, particularly among individuals
with the genetic marker positive. Patients with positive MGMT+
who received MET showed a significant increase in OS compared
to those who did not receive treatment (HR 0.44; 95% CI 0.37,
0.51; P < o.01; I* = 74%, Figure 5). These results indicate that
the addition of MET to the therapeutic regimen may have a
particularly positive impact on the survival of patients with
HGGs expressing the MGMT+ genetic marker. This finding is
clinically relevant as it suggests that MET may play a crucial
role in improving outcomes in a specific subpopulation of
glioma patients, highlighting the importance of personalizing
treatment based on specific genetic markers. However, the
high heterogeneity observed (I* = 74%) suggests the need for
further investigation to fully understand the underlying
mechanisms and confirm the robustness of these results.

Quality Assessment

When we evaluated the risk of bias for nonrandomized
studies using the ROBINS-I tool, two studies were classified
as critical, six as serious, and 1 as low risk of bias overall.
Thus, the analysis of the results revealed a diversity of levels
of bias in the examined studies. The inclusion of the "Crit-
ical" and "Serious" categories demonstrates a potentially
significant influence of biases on the observed results. These
results may be due to factors such as nonrandom selection of
treatment groups, confounding of uncontrolled variables, and
methodological approaches susceptible to systematic bias. In
the only randomized study, the RoB-II tool was applied,
obtaining an overall result of "some concerns" for risk of
bias. These results show an important limitation for our
analysis due to the overall risk of bias of the included
studies.

Risk of bias summary for non-randomized studies (ROBINS-I)*®
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000000 O®S®
©000000060
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Risk of bias domains

Judgement

D1: Bias due to confounding.

D2: Bias due to selection of participants.

D3: Bias in classification of interventions.

D4: Bias due to deviations from intended interventions.
D5: Bias due to missing data.

D6: Bias in measurement of outcomes.

D7: Bias in selection of the reported result.

. Critical
. Serious
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Risk of bias summary for randomized studies (RoB-II)*’

Risk of bias domains

Study

| bt | p2 | b3 | b4 | D5 | Overal
Yoon2023| () ) ) +) ) O
Domains: Judgement

D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.
D3: Bias due to missing outcome data.

D4: Bias in measurement of the outcome.

D5: Bias in selection of the reported result.

- Some concerns

. Low

DISCUSSION

In this systematic review and meta-analysis, a total of ten studies
were analyzed to assess the advantages of combining MET with
the standard treatment of TMZ versus the TMZ-only group. The
key findings of our study were: 1) patients who received the
TMZ+MET treatment presented a statistically significant increase
for OS, when compared to those who received TMZ only, 2) the
sensitivity analysis, after removing an abstract, continued to
demonstrate the relevance of the better results for OS for the
TMZ+MET group compared to the TMZ-only group, 3) there was
no significant difference for PFS rates between the TMZ+MET
versus the TMZ alone group, 4) OS was significantly superior in
patients without T2DM prior to initiating combined chemo-
therapy, and s5) in patients with the positive MGMT marker
(associated with better prognosis), OS was significantly improved
with TMZ+MET treatment compared to those who did not have
the marker. These findings serve to further support the evidence of
the beneficial effects of MET addition in the TMZ treatment of
HGG.

A common T2DM medication, MET, regulates glucose levels in
the brain by regulating insulin levels. Since glucose serves as the
primary energy source for the central nervous system, the influ-
ence of MET on glucose modulation is highly significant. This
regulation is closely connected to the interplay between two
important signaling pathways within cells: the AMP-activated
protein kinase (AMPK) pathway and the mTOR pathway. These
pathways play a crucial role in controlling cell growth and meta-
bolism.*® Understanding the interplay between MET, glucose
levels, and the AMPK/mTOR pathways provides valuable
insights into the mechanisms underlying cell growth
regulation.” The AMPK regulates cellular metabolism by
conserving adenosine triphosphate (ATP) through the inhibition
of various anabolic pathways, including the mTOR pathway,
which controls cell growth.?* This mechanism is closely
associated with MET since it inhibits mitochondrial complex I
by reducing glucose levels, thereby preventing mitochondrial
ATP production and increasing the ratios of adenosine
diphosphate : ATP and AMP : ATP. The mTOR pathway, known
to regulate protein synthesis, cell survival, lipid synthesis,

Subgroup analysis of Overall Survival for MGMT

Study or Subgroup log[Hazard Ratio] SE Weight

Hazard Ratio
IV, Fixed, 95% CI

Hazard Ratio
IV, Fixed, 95% CI

Test for overall effect: Z = 10.16 (P < 0.00001)

Seliger 2019 -0.65 0.12 457% 0.52[0.41,0.66] —
Seliger 2020 -0.97 0.11 54.3% 0.38[0.31,0.47] =
Total (95% CI) 100.0% 0.44 [0.37, 0.51] <o
ity: 2= = = - |2 = 749 + t + }
Heterogeneity: Chi? = 3.86, df = 1 (P = 0.05); I = 74% 02 05 1 5 5

Favors MGMT+ Favors MGMT-

Figure 5. Patients with positive O6-methylguanine-DNA
methyltransferase (MGMT) mutation presented a statistically

significant increase in overall survival (OS), compared to those
MGMT negative.
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motility, autophagy, and transcription, influences cell growth and
proliferation. Its inactivation is closely linked to the induction of
apoptosis in tumor cells.?"?*

Beyond its role in metabolic regulation, MET exhibits multiple
antitumor effects by targeting tumor metabolism, hypoxia, and
angiogenesis, which are crucial factors in glioma progression. By
modifying cancer cell energy dynamics, MET decreases oxygen
consumption and alters mitochondrial function, ultimately
limiting the energy supply available for tumor growth.**3* This
metabolic shift may not only affect cancer cell proliferation but
also could influence the tumor microenvironment. In addition to
its metabolic effects, MET impacts tumor hypoxia, an important
factor of GBM aggressiveness and therapy resistance. By
enhancing blood perfusion and reducing oxygen demand, MET
alleviates tumor hypoxia, leading to downregulation of HIF-1a, a
transcription factor known to promote tumor survival and
angiogenesis.>> Moreover, MET has been shown to partially
reverse hypoxia-induced gene signatures in GBM cells, which
are associated with poor prognosis.>® MET also plays a pivotal role
in angiogenesis, a process essential for tumor growth and survival.
By suppressing angiogenesis-related factors, MET helps inhibit
excessive tumor vascularization, ultimately limiting the oxygen
and nutrient supply necessary for tumor expansion.> Additionally,
MET has been found to preserve blood-brain barrier integrity,
maintaining endothelial tight junctions and reducing vascular
permeability, which may contribute to the mitigation of cerebral
edema in glioma patients.

Although this meta-analysis showed the effectiveness of MET
for the treatment of HGG, this drug can influence high-grade
tumors in different ways depending on their molecular subtype.
GBM is the most prevalent form of HGG among the population
worldwide.?73® Unfortunately, GBM also carries the poorest
prognosis within the glioma group, with an average survival
ranging from 12 to 24 months.> Despite the overall challenging
outlook, GBM exhibits specific molecular markers that can
significantly impact disease progression and the efficacy of
chemotherapy drugs. According to the World Health
Organization’s (WHO) new classification of central nervous
systemtumors, only the most aggressive form of GBM is
classified as glioma grade 1V, referring to diffuse adult wild-type
IDH astrocytoma, where the promoter methylation status of
MGMT holds prognostic value.*’

Patients with MGMT promoter methylation exhibit increased
sensitivity to combination therapy with TMZ and MET due to
specific biological mechanisms. MGMT promoter methylation
silences the gene, reducing DNA repair capacity and increasing
tumor sensitivity to alkylating agents.*" As a result, patients with
methylated MGMT promoters show improved survival when
treated with alkylating agents like TMZ, while those without
methylation benefit less.*"** Additionally, the antidiabetic drug
MET has been shown to enhance radiosensitivity in GBM cells,
particularly in MGMT nonmethylated tumors, by inducing G2/M
cell cycle arrest and elevating AMPK levels.** This dual role of
MET—enhancing the effects of TMZ in MGMT-methylated tu-
mors while also increasing radiosensitivity in MGMT non-
methylated tumors—suggests its potential as a valuable adjunct

therapy. Understanding these mechanisms reinforces the impor-
tance of personalized therapeutic approaches based on MGMT
status to optimize treatment outcomes for glioma patients.

Genetic biomarkers like IDH mutations play a crucial role in
shaping the response to MET treatment, particularly in oncology.
IDH mutations alter cellular metabolism, leading to the accumu-
lation of oncometabolites that can enhance MET’s antitumor ef-
fects by disrupting energy homeostasis.** The molecular marker
IDH1 can be classified as mutant (milder form) or wild-type
(more aggressive form).* The IDH mutation is associated with
various additional molecular alterations in HGG, including loss
of the short arm of chromosome 1 and loss of the long arm of
chromosome 19q. This genetic modification causes a functional
alteration in the enzyme, allowing it to convert isocitrate to D-2-
hydroxyglutarate instead of following the normal tricarboxylic
acid metabolism. This abnormal conversion results in an excessive
accumulation of 2-HG in glioma cells. During the conversion
process from isocitrate to D-2-hydroxyglutarate, the IDH mutation
also causes a reduction in nicotinamide adenine dinucleotide
phosphate (NADP-+) to NADPH, and NADPH plays a crucial role
in cellular protection against oxidative stress by participating in
glutathione regeneration, a cellular antioxidant.*°*° Mutations in
the IDH gene result in the accumulation of D-2HG, an oncogenic
metabolite that can affect cell differentiation, reflecting tumor
characteristics such as cellularity, growth pattern, and vasculari-
zation.”*™>* A study conducted by Cuyas et al. demonstrated in cell
lines that the "metabolic phenotype" of IDH1 mutant cells reveals
unexpected metabolic vulnerabilities that can be exploited as
therapeutic targets.** This happens because the R132H mutation
causes significant changes in the bioenergetic and biosynthetic
demands of IDH1 mutant cells, making them highly sensitive to
the antitumor effects of MET. These findings suggest that MET
selectively reduces growth, survival, and self-renewal in cells
with this mutation. Studies conducted on patients have supported
the hypothesis that the mutant IDH subtype favors treatment with
MET compared to patients with wild-type IDH.**>3

Another important molecular biomarker that influences the
prognosis of GBM is MGMT.>* The function of MGMT is to repair
DNA damage caused by alkylation. MGMT transfers the methyl
group from the alkylated site to a different molecule, thereby
restoring the original DNA structure. This mechanism is
intrinsically opposed to the action of TMZ as chemotherapy, as
it is an alkylating agent.>> Therefore, high expression of MGMT
in tumor cells can confer resistance to alkylating therapy, such
as TMZ. This is because MGMT is capable of removing the
methyl groups added to DNA by the chemotherapy agent,
thereby preventing its effectiveness in cancer treatment.® Weller
et al. demonstrated the effects of MGMT through a study
involving 199 patients, where patients with MGMT promoter
methylation showed longer OS and median PFS in patients who
received TMZ treatment.”” Furthermore, the research group led
by Shao-Wei Feng, through a study using cell lines, demon-
strated that MET can help overcome resistance to TMZ in GBM
treatment by targeting the induction of MGMT protein expression.
According to the study, MET alone or in combination with TMZ
can significantly suppress the induction of MGMT protein
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expression in a dose-dependent manner, thereby enhancing the
effectiveness of TMZ in combating tumor cells.>® Following, in the
context of preclinical studies, a recent meta-analytic study evalu-
ating OS in GBM murine models treated with a combination of
TMZ + biguanide compared to those treated with TMZ alone
found a significant improvement in OS in the TMZ + biguanide
group. Additionally, a significant improvement in OS was reported
in a subanalysis specific to TMZ4+MET.>

Further research is needed to determine the optimal dosage of
both MET and TMZ for combination treatment. In a study con-
ducted by Lee et al. and Yu et al., using both in vivo and in vitro
models, it was demonstrated that high doses of MET (400 mg/
kg/day) in conjunction with reduced doses of TMZ (25 mg/kg/
day) significantly reduced tumor growth rates and prolonged
0S."#> However, the study emphasized that MET doses
exceeding 2000 mg per day may result in unacceptable toxic
effects. Furthermore, a randomized study conducted by Yon
et al. examined patients with recurrent or refractory GBM who
initially received a MET dosage of 1000 mg/day and gradually
escalated to a maximum limit of 2550 mg/day while
concurrently undergoing TMZ treatment at a dosage of 50 mg/
m>.>° Although the treatment was well tolerated, it did not
show significant benefits for patients with recurrent or
refractory glioblastoma. Despite variations in dosage, all three
studies confirmed that the combination of MET+TMZ is
superior to TMZ monotherapy.

Among the ten studies presented, the majority did not report
specific glucose levels, limiting a comprehensive analysis of the
role of glucose in glioblastoma outcomes. Specifically, Fuentes-
Fayos (2023), Henderson (2015), Mohammad (2023), Porper
(2021), and Razak (2019) did not mention glucose levels at all,
while Yoon (2023) also lacked relevant data. Among the studies
that did provide glucose measurements, Adeberg (2015) classified
hyperglycemia into mild (180—299 mg/dl) and excessive
(>300 mg/dl) categories, while Seliger (2018) reported an average
serum glucose level of 187.5 (£73) mg/dl. Seliger (2019) mentioned
glucose values exceeding 11.1 mmol/L (approximately 200 mg/dl)
but did not provide a detailed distribution. Welch (2013) docu-
mented a median glucose level of 196 mg/dl, ranging from g8.5 to
321.5 mg/dl. Given prior evidence linking elevated glucose levels to
poorer outcomes in glioblastoma, the lack of glucose data in most
studies represents a missed opportunity for deeper insights.
Future research should prioritize standardized glucose measure-
ments to better understand their impact on glioblastoma prog-
nosis and treatment response.

Heterogeneity was often observed among the studies, which
reflected on our risk of bias. Subanalyses on OS upon combination
therapy of MGMT+ versus MGMT-patients and diabetic and
nondiabetic patients were conducted, yielding substantial het-
erogeneity, which must be taken into account. Physiologically, it is
evident that MET acts differently depending on the molecular
subtypes of HGG and is also intrinsically linked to chemotherapy
and radiotherapy treatments and their dosages. Our subgroup
analysis evidences the probable direct antitumor mechanism of
MET. The benefits of increased survival are probably independent
of better glycemic control or management of T2DM since patients

previously normoglycemic had a better survival performance with
combination chemotherapy than diabetic patients. Furthermore,
randomized controlled trials should be conducted comparing the
effectiveness of joint treatment of TMZ with MET versus TMZ
alone to more clearly demonstrate how MET operates in each
molecular variation, with a focus on determining which bio-
markers truly benefit the most from the utilization of MET, and it
is also necessary to define the optimal dosage of MET plus TMZ to
ensure an effective treatment in combating these tumors.

Our study has certain limitations. Firstly, the inclusion of
nonrandomized studies clearly increases the risk of bias, as the
results presented may be influenced by the study’s design char-
acteristics. Secondly, the utilization of data extracted from con-
ference abstracts restricts our ability to perform a comprehensive
risk of bias, as a few points could not be clearly discussed and
were assumed to be the worst-case scenario in our risk of bias
analysis. Thirdly, there is a significant imbalance in sample sizes
between the MET and non-MET groups in some included studies,
which may introduce bias and affect the reliability of the meta-
analysis results. Fourthly, more specific investigations are
required to examine subgroups, such as comparing patients who
were already undergoing treatment with MET versus those who
initiated MET treatment after being diagnosed with HGG. Fifthly,
it was not possible to explore MET’s effects on other molecular
markers, such as TERT and ATRX mutations, due to the lack of
data on these markers in the included studies. This limits the
understanding of MET’s impact across different molecular sub-
types. Furthermore, additional studies focusing on specific genetic
biomarkers such as IDH and MGMT are necessary to establish a
more precise understanding of the relationship between these
molecular mutations and their impact on MET treatment.

A notable limitation of this meta-analysis is the inclusion of
studies using the outdated WHO brain tumor classifications. The
new WHO framework integrates key molecular insights for glioma
stratification, which these older studies lack. Despite traditional
histopathological data’s relevance, especially where molecular
analysis is inaccessible, the inconsistent tumor classification can
introduce outcome variability, complicating therapeutic and
prognostic interpretations. Future research should align with the
current molecular-based nosology to enhance diagnostic accuracy
and treatment approaches for HGGs.

CONCLUSION

Our study concluded that the OS rate of patients who received the
MET + TMZ treatment was significantly increased compared to
patients who only received the standard treatment with TMZ.
These findings suggest that MET should be considered for treat-
ment of HGG along with TMZ.
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