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Abstract

Due to its aggressive nature and resistance to conventional therapies, Glioblastoma (GBM) poses a significant challenge. Despite decades of 
research, prognosis remains poor, necessitating innovative treatment strategies. Metabolic dysregulation, including altered glucose metabolism 
and impaired ketone body utilization, is a hallmark of gliomas. Recent preclinical and clinical investigations have explored the ketogenic diet 
(KD) as a potential therapeutic avenue. Animal studies suggest a survival benefit with KD, albeit clinical evidence remains inconclusive due to 
heterogeneous study designs and challenges in diet adherence. Metabolic imaging studies provide insight into KD-induced metabolic shifts 
within tumors and normal brain tissue. However, interpretation of data is complex, warranting further investigation. Challenges associated 
with sustaining KD adherence, especially in GBM patients, underscore the need for comprehensive support strategies. Mitochondrial enzyme 
expressions, specifically BDH1 and OXT1, may influence glioma cell dependency on glucose and ketone bodies, offering potential as therapeutic 
targets and prognostic markers. Future research integrating patient selection based on metabolic profiles holds promise for personalized 
treatment approaches. Overall, while the KD shows potential in GBM management, its clinical efficacy requires further elucidation through 
rigorous studies and multidisciplinary support frameworks.

Introduction

Glioblastoma (GBM) stands out as the most aggressive and 
most frequent primary malignant brain tumor, characterized by 
resistance to chemo, radiotherapy, and immunotherapy. The es-
tablished standard of care involves extensive tumor resection, fol-
lowed by chemo-radiotherapy protocol (Stupp or Perry regimen 
for elderly), or exclusive radiation therapy or chemotherapy only 
in selected patients according to age, performance status, and 
methylation status of MGMT promoter; in patients in poor condi-
tions, best supportive therapy may be indicated. Despite therapy 
adherence, patients experience a median survival ranging from 14 
to 21 months, with a 5-year survival rate of approximately 10% 
[1]. Despite extensive research in the last 20 years, this dismal 
prognosis underscores the need for innovative/additional treat-
ment modalities.

Alterations in metabolism are a distinctive feature in glioma 
as well as in other malignant tumors. Since the 20ies the work 
by Warburg has underscored the preferential use by cancer cells 
of extra-mitochondrial glycolysis even in the presence of oxygen, 
leading to excess lactate production and non-efficient energy pro-
duction via the Krebs cycle. In this conceptual framework, cancer 
cells would be glucose-dependent and possibly also not fully able 
to shift to other metabolic sources – i.e. ketone bodies – for en-
ergy production. On the other hand, normal cells, and especially 
normal brain cells, are indeed able to utilize ketone bodies to ful-
fill their energetic needs. Such an ability is supposed to have an 
evolutionary meaning, leading to the possibility of resisting peri-
ods of starvation without a significant metabolic derangement in 
neuronal function. For these reasons, there is an ongoing research 
effort aimed at targeting gliomas via metabolic approaches.
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The evidence for damaged/inefficient metabolism via the 
TCA cycle in gliomas and of their supposed inability to metabolize 
ketone bodies is provided by electron microscopy studies show-
ing morphological alterations in the structure of mitochondria in 
GBM patients [2,3], as well as by immunohistochemistry [4] and 
PCR studies showing reduced expression/concentration of keto-
lytic enzymes in the context of these tumors [5].

Metabolic defects may be interrelated with genetic abnormal-
ities in gliomas; in this context, a particular case is that of IDH1 
mutations. These mutations have been shown to be a hallmark in 
astrocytomas and oligodendrogliomas, being detected in gliomas 
in younger patients with a better life expectancy and response to 
treatment as compared with IDH1 wild-life cases with the same 
histological grading. Mutations lead to an intracellular accumu-
lation of 2-hydroxyglutarate which acts as an oncometabolite in 
these tumors [6] and leads to an increased influx of glutamine-de-
rived glutamate in the mitochondria in order to balance the re-
duced levels of alpha-ketoglutarate [7]. Glutamine, an abundant 
amino acid, plays a crucial role in cellular health and function. 

It serves as a mitochondrial energy source, a substrate for non-
essential amino acid synthesis, a nitrogen source for nucleotide 
biosynthesis, and contributes to lipid synthesis and glutathione 
production [8].

A recent trial with a molecule targeting IDH1/IDH2 mutations 
(vorasidenib) has shown promising results in these tumors, de-
laying disease progression in grade 2, IDH-mutated glioma [9]. 
However, IDH1-2 mutated gliomas represent a low percentage 
of the total amount of these cancers, leaving treatment in the 
most aggressive ones, ie glioblastoma, still largely unsatisfactory 
despite tremendous efforts in research involving chemotherapy, 
radiation treatments, targeted therapies, immunotherapy [10]. 
Based on this premise, the deprivation of tumor cells through re-
duced glucose availability emerges as an additional therapeutic 
avenue. Indeed, the escalating volume of research papers indexed 
on PubMed over the past decade, utilizing keywords “cancer” and 
“ketogenic diet” (KD), attests to the mounting interest among cli-
nicians and researchers in this field (Figure 1).

Figure 1: : Publication per year about KD and cancer (PubMed).

The KD is a high-fat, low-carbohydrate diet that aims to shift 
the body’s metabolism from glucose to ketones for energy. The 
metabolic shift can be obtained using various KD schemes in 
which the percentage of fat ranges from 50% to 90%. As a -matter 
of fact, the Classic Ketogenic Diet (CKD) consists of a 3:1 or 4:1 
ratio of fat to protein and carbohydrate sources, while in the Mod-

ified Atkins Diet (MAD) approximates a 1:1 to 2:1 macronutrient 
ratio. Alternatively, a medium-chain-triglycerides (MCT) diet has 
been proposed in which at least 30% of triglycerides are medi-
um –chain-triglycerides [11]. A primary concern in this context 
revolves around the safety of the proposed diets and the chal-
lenges associated with diet adherence. While adherence to KD in 

dels.
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animal studies poses no significant hurdles, most clinical studies 
conducted thus far in patients have focused on dietary regimens 
of relatively brief durations, typically spanning 2-3 months. Even 
with such a short duration, these investigations have revealed 
suboptimal adherence to the prescribed schedules.

KD and glioblastoma in pre-clinical and clinical 
studies

Animal studies

Table 1 reports the main pre-clinical studies conducted with 
dietary approaches in glioma models [12-24]; studies up to 2018 
were previously reviewed by Weber [25]. These studies in cell 
cultures and in experimental glioma models have shown some 
effect of ketogenic diet – either alone or with caloric restriction 
– in prolonging survival in animal [13,15,19,20,23] and possibly 
potentiate the effects of radiotherapy models [17]. Out of the thir-
teen studies listed in table 1, nine (69.2%) reported an increased 

survival effect of KD while four did not. Of note, all the nine studies 
in which an effect of KD was detected, used animal models based 
on C57BL/6N-GL261 mice.

Discrepant results may be due to the highly variable experi-
mental models; use of human glioblastoma cells in nude mouse 
[26,27], use of human IDH1 wt or IDH1 mutated cell lines in nude 
mice or rodent IDH1 wt/mut intracranially in C57BL/6J mice [28], 
murine glioblastoma cell lines in VM/Dk and in C57BL/6J mice 
[22], and murine glioblastoma cell line in C57BL/6N mice [23]. 
To our knowledge, GL261 cell line, which is routinely used in the 
C57B6 model, has not been analyzed as far as expression of ke-
tolytic enzymes is concerned. Also, caloric restriction per se has 
been shown to prolong survival in a mouse glioma model [29]; 
however, it does not seem to play a pivotal role in animal studies 
since both in studies showing increased survival and in negative 
ones, calories restriction was equally represented (about 50%, 
Table 1).

Table 1: Studies evaluating the effect of KD in pre-clinical models.

Year Authors Strain Model Diet Restriction Duration Results ref.

2003 Seyfried et al C57BL/6J syngeneic orthot-
opic/mACL KD 40% 13 d reduction in volume 

in all CR mice [12]

2007 Zhou et al. C57BL/6J (B6)
BALBc/J (SCID)

syngeneic orthotopic 
/orthotopic
hGCL/mGCL

KD yes 7 d/40 d

increased survival in 
R-KD

reduced tumor 
weight in R-KD

[13]

2008 Marsh et al. C57BL/6J syngeneic orthotopic KD+2DG yes* 10 d max. reduction in vol-
ume in R-KD+2DG [14]

2010 Stafford et al. C57BL/6J syngeneic orthotopic KD no 25
increased survival/
tumor cell growth 

inhibition
[15]

2011 Maurer et al. athymic nude mice hGCL orthotopic KD no 110 no effect on survival [16]

2012 Abdelwahab albino C57BL/6 syngeneic orthotopic KD no 120 increased survival, 
synergism with RT [17]

2016 De Feyter et al F344/DuCrl rats xenogenic orthotopic KD yes* 50 no effect on survival [18]

2016 Lussier et al. albino C57BL/6 syngeneic orthotopic KD no 40-60 increased survival [19]

2016 Martuscello et al. NOD/SCID xenogenic ortotopic KD/MCT no 45-80 increased survival [20]

2018 Augur et al. VM/Dk mice syngeneic orthotopic KD yes 15-28 no effect on survival [21]

2019 #Mukherjee at al. VM/Dk mice/ 
C57BL syngeneic orthotopic KD yes 10-25 borderline signifi-

cance [22]

2021 Ciusani et al. C57BL/6J syngeneic orthotopic KD no 28-42 increased survival [23]

2021 #Maeyama et al. BALB/c-nu/nu xenogenic ortotopic KD no 20-30 no effect on survival [24]

IC: intracerebral injection; CR= caloric restriction; hGCL=human glioblastoma cell line; *=20% weight reduction; 2DG= 2-deoxy-D-glucose; #: positive effect on 
survival with glutamine antagonist and VEGF, respectively in association with KD;

Clinical studies

Clinical studies investigating KD approaches in adult patients 
with glioma are reported in Table 2 [30-43].

The 14 trials identified are heterogeneous: in fact, they do not 
only differ as for the type of diet, but also for the adoption or not of 
caloric restriction (sometimes in the form of intermittent fasting, 
as in the study by Schreck [43], or for the highly variable duration 
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of the intervention; this latter point is of paramount relevance, 
spanning from 9 days as in the ERGO-2 trial to 20 months (1 pa-
tient) in the trial by Porper [40, 41]. Of note, only 3 of the 14 trials 
planned an intervention for longer than 4 months. Differences in 
the diet setting (KD variation, time since diagnosis), assessment 

of diet adherence (urine vs blood ketone levels, self-reported ad-
herence and tolerance), home-made food versus nutraceutical in-
dustry products and limited trial duration or prolongation of the 
intervention in single patients, make it very hard to draw mean-
ingful conclusions from the research effort.

Table 2: Characteristics of clinical studies on glioma patients evaluating KD.

Year Authors Study type Diet type KD duration 
(mo.) Target ketone levels Results    ref.

(2014) Champ et al. Retrospective review 
gliomas grade III/IV KD§ 3-12 not specified TTP 10.5 m. [30]

(2014) Rieger et al. Clinical trial recurrent 
GBM

CU MAD (<60g/d 
carbo.) up to 20 >5mmol/L (U)

no significant 
effects (TTP=5 

w); bo.l
[31]

 (2017) Artzi et al.
Clinical trial GBM 

glioma grade IV and 
III (AS)

CKD 2-31 semiquantitative (U)
not available in 
terms of TTP o 

surv.
[32]

 (2018) Santos et al. Two-arm study recur-
rent GBM POH+/-MAD 3 5–15mg/dL (U) PR in 77% vs 

25% in POH [33]

(2019) Berrington et al. Single arm, Phase II 
glioma grade III and IV MAD+IF 8 semiquantitative, no 

cutoff no clinical data [34]

(2019) Van der Louw et al. Prospective single-arm 
study GBM KD-MCT 3.5 >3mmol/L (B) OS 12.8 m. [35]

(2019) Woodhouse et al.
Retrospective study 
GBM, glioma grade 

II-IV
MAD 1.5 >0.5mmol/L (B) OS (GBM) 26.7 

at two years [36]

(2020) Klein et al. Open label study GBM KD 6 No cutoff (U, B)
OS 20M (GBM); 

OS 12.8m 
(Rgbm)

[37]

(2020) Martin-McGill et al. Two-arm study GBM MKD/MCT KD 0-12 BOTH >4mmol/L (U) TTP 14.4w - OS 
67w [38]

(2020) Panhans et al. Case series GBM, glio-
ma grade 2, 3 CKD 4 >0.5mM (B)

2 out of 6 GBM 
dead at 4 mo.6 
out of 6 grade 2 
glioma stable at 

4 mo.

[39]

(2020) Porper et al. Clinical trial GBM, MAD+MCT 2 Not specified (U)

not available in 
terms of TTP of 
survival for the 
3-pts undergo-

ing KD

[40]

(2020) Voss et al. Clinical trial GBM, 
lower grade glioma CKD+IF 0.25 Not specified

no difference 
in PFS and OS 

as compared to 
control group

[41]

(2021) Foppiani et al. Single-arm study GBM, 
glioma grade 3 CKD 1 >1mmol/L (B)

not available in 
terms of TTP/

survival
[42]

(2021) Schreck et al. Single-arm study GBM, 
glioma grade 2, 3 MAD+IF 2 >40mg/dL (U)

not available in 
terms of TTP/

survival
[43]

CKD=classical ketogenic diet; GBM=glioblastoma; CU=calories unrestricted; MAD=modified Atkins diet; MCT=medium-chain triglyceride ketogenic diet; 
RD=registered dietitian. IF=intermittent fasting; §: Patient driven

Concerning tolerability, it has to be stressed that dropout 
rates are significant in patients undergoing KD in all its variants 
although with different rates (up to 60%) [44]. Most dropouts are 

related to heavy diet burden affecting the patient and/or the care-
giver. Additional reasons include social challenges (difficulty ad-
hering to the diet in social settings), side effects and psychological 
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factors (lack of support, motivation, or difficulty adapting to the 
new dietary pattern).

As far as potential alteration in metabolic parameters, some 
studies have documented loss of body weight and slight hypogly-
cemia, whereas concerns for increased cholesterol and triglycer-
ide levels in blood seem not to be supported by available evidence 
with the caveat of the duration of dietary intervention [44]. Brain 
metabolic imaging with MRS (MR-spectroscopy) provides an in-
teresting tool to investigate shifts in the metabolic profile of brain 
tumors in vivo and potentially assess the effect of metabolic ther-
apy approaches. Two studies have provided insight in this respect 
[32,34]. In the former study, 5 patients undergoing KD treatment 
(1 with gliomatosis with diet alone and 4 with recurrent glio-
blastoma in combination with bevacizumab) were followed with 
serial MR-spectroscopy, which was also targeted at areas of nor-
mal-appearing white matter; in the 2 patients adhering to the diet, 
acetone and acetoacetate were detected in 4 MR spectra (3 in the 
NAWM and 1 in the lesion, 4 and 25 months respectively after ini-
tiation of the diet). 

In the study by Berrington et al., 3T MR spectroscopy was able 
to detect increase in acetone and beta-hydroxybutyrate in the le-
sion by week 8 of the diet, and an increase in acetone was also 
detected in the contralateral normal-appearing brain at this time 
point [34]. Although both studies do suggest that KD induces de-
tectable changes in the metabolic profile both within the tumor 
area and in the normal-appearing brain, interpretation of the data 
is not straightforward, in as much as increases in the peak of a ke-
tone body may reflect both an increased production by the tumor 
itself or an inability to metabolize the ketone body with subse-
quent increase in local concentration. Larger and more rigorous 
clinical and imaging studies with MRS are needed to establish the 
safety and efficacy of this approach and its potential mechanisms 
in vivo.

The challenges of KD

Maintaining proper nutrition is crucial during cancer treat-
ment, and following a ketogenic diet can be challenging, especially 
for cancer patients who may already be dealing with appetite loss, 
nausea, and other treatment-related side effects. In fact, while an-
imal studies demonstrate the feasibility of maintaining a KD for 
the entire experimental duration (30-80 days), clinical studies 
often involve relatively short periods of KD implementation. In-
sights from studies on epilepsy patients suggest that, in careful-
ly selected cases, KD can be sustained for over 24 months with 
minimal or no side effects [45,46]. However, the potential for such 
an extended KD duration to impact the survival of patients with 
GBM remains uncertain. Further exploration is needed to ascer-
tain whether a prolonged adherence to a KD might contribute to 
extending the survival rates of GBM patients.

For individuals dealing with GBM, maintaining adherence to a 
stringent diet, may pose a significant challenge also due to its lack 

of palatability. To enhance the understanding of the impact of the 
KD in GBM, future studies should adopt a comprehensive, multi-
disciplinary approach. This approach goes beyond ensuring stan-
dard care for the tumor but also addressing the various complica-
tions that these patients may encounter. However, given the poor 
survival of these patients, we must consider that the burden of 
complications associated with KD may not be paramount. More-
over, it should encompass a motivational component, facilitated 
through support groups led by a diverse team of professionals, 
including psychologists, nutritionists, physiotherapists, as well 
as culinary experts and social media communities. This wide ap-
proach aims to not only address the physical aspects of treatment 
but also provide emotional and practical support, making the di-
etary regimen more manageable for patients and their caregivers.

Conclusion 

While studies in animal models propose a potential role for 
the KD in extending survival among GBM-implanted animals, this 
beneficial effect lacks substantial confirmation in clinical studies. 
The pivotal involvement of mitochondria in utilizing beta-hy-
droxybutyrate within the energetic metabolism of glioma cells 
suggests that distinct expressions of the BDH1 (encoding mito-
chondrial hydroxybutyrate dehydrogenase 1) and OXT1 (encod-
ing succinyl-CoA:3-oxoacid CoA transferase 1) could play a cru-
cial role in determining the glucose dependency of glioma cells. 
Lower BDH1 and OXT1 expression could limit BHB utilization 
and increase glucose dependence [47]. On the other hand, cells 
exhibiting elevated expression of these genes may demonstrate 
heightened proficiency in harnessing BHB, thereby potentially 
diminishing their dependence on glucose. Such a phenomenon 
could hold multifaceted implications, possibly serving as a basis 
for therapeutic interventions, patient classification, or prognostic 
indicators. This, in turn, might influence the sensitivity of the pa-
tient to treatment and aid in identifying specific groups of patients 
who are more likely to derive benefits from the KD. Indeed, the 
heterogeneity observed in gliomas extends to enzymatic activi-
ties within the mitochondria. Consequently, future studies could 
enhance their design by incorporating the selection of patients 
based on their tumor metabolic profile. This approach would con-
tribute to a more extended understanding of the potential effec-
tiveness of the KD in treating glioblastoma, allowing for targeted 
and personalized interventions.
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