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Introduction

Glioblastoma (GBM) is the most common and deadliest 
malignant brain tumor in adults with 5-year survival of less 
than 5% despite aggressive therapies [1, 2]. GBM tumor has 
a high rate of glucose metabolism mainly through aerobic 

glycolysis, a phenomenon known as the Warburg effect [3]. 
While this metabolic feature is primarily adopted by fast 
dividing GBM cells to generate ATP and build tumor bio-
mass, slow-dividing cancer stem cells can still use glucose 
via oxidative phosphorylation and in scarcity of glucose they 
can process other available nutrients such as glutamine and 
fatty acids [4-7]. Although this metabolic heterogeneity and 
adaptability contribute to poor therapy outcomes [8-10], the 
extreme glucose dependency of GBM tumor for optimizing 
cellular proliferation and biomass production posit a weak-
ness that could be exploited for developing effective treat-
ments against GBM.

Original Article
https://doi.org/10.5115/acb.23.158
eISSN 2093-3673

Corresponding author: 
Hassan Azari 
Department of Basic Medical Sciences, School of Podiatric Medicine, 
Barry University, Miami Shores, FL 33161, USA
E-mail: hazari@barry.edu

Ketone ester supplementation of Atkins-
type diet prolongs survival in an orthotopic 
xenograft model of glioblastoma
Hassan Azari1,2, Angela Poff3, Dominic D’Agostino3,4, Brent Reynolds1

1Department of Neurosurgery, College of Medicine, The University of Florida, Gainesville, FL, 2Department of Basic Medical Sciences, School of 
Podiatric Medicine, Barry University, Miami Shores, FL, 3Department of Molecular Pharmacology and Physiology, Morsani College of Medicine, 
University of South Florida, Tampa, FL, 4Institute of Human and Machine Cognition, Ocala, FL, USA

Abstract: Heavy reliance on glucose metabolism and a reduced capacity to use ketone bodies makes glioblastoma (GBM) a 
promising candidate for ketone-based therapies. Ketogenic diet (KD) is well-known for its promising effects in controlling 
tumor growth in GBM. Moreover, synthetic ketone ester (KE) has demonstrated to increase blood ketone levels and enhance 
animal survival in a metastatic VM-M3 murine tumor model. Here, we compared the efficacy of a KE-supplemented 
Atkins-type diet (ATD-KE) to a classic KD in controlling tumor progression and enhancing survival in a clinically relevant 
orthotopic patient-derived xenograft GBM model. Our findings demonstrate that ATD-KE preserves body weight (percent 
change from the baseline; 112±2.99 vs. 116.9±2.52 and 104.8±3.67), decreases blood glucose (80.55±0.86 vs. 118.6±9.51 and 
52.35±3.89 mg/dl), and increases ketone bodies in blood (1.15±0.03 mM vs. 0.55±0.04 and 2.66±0.21 mM) and brain tumor 
tissue (3.35±0.30 mM vs. 2.04±0.3 and 4.25±0.25 mM) comparable to the KD (results presented for ATD-KE vs. standard diet 
[STD] and KD, respectively). Importantly, the ATD-KE treatment significantly enhanced survival compared to the STD and 
was indistinguishable from the KD (47 days in STD vs. 56 days in KD and ATD-KE), suggesting that a nutritionally balanced 
low carbohydrate ATD combined with KE may be as effective as the KD alone in reducing brain tumor progression. Overall, 
these data support the rationale for clinical testing of KE-supplemented low-carb diet as an adjunct treatment for brain tumor 
patients.
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Dietary interventions, in particular diets with high fat, 
low carbohydrate and adequate protein such as the ketogenic 
diets (KDs) have been shown to effectively diminish tumor 
growth and enhance overall survival in animal studies [11-
14] and show promising results in human clinical studies 
of brain tumors [15]. Although KD holds promise as a safe 
and effective therapeutic option with low toxicity for brain 
cancer patients, stringency of the diet can impact compli-
ance and nutritional sufficiency. We have previously demon-
strated that a nutritionally balanced high fat/low carbohy-
drate diet, similar to the KD, can reduce tumor progression 
and enhance survival in an orthotopic xenograft model [12]. 
However, while this diet is less restrictive than the classic 
KD it still involves significant changes to a patient’s usual 
diet. Mechanistically, two of the primary physiological 
changes associated with KD are a reduction in glucose and 
an increase in ketone bodies such as β-hydroxybutyrate (β-
HB), acetoacetate (AcAc). These physiological changes can 
be mimicked by providing ketone esters (KEs) in the diet. 
We have previously demonstrated that KE can reduce glu-
cose levels, increase ketone bodies, and improve survival in 
a metastatic cancer model [13], utilizing animals that were 
on a high-carbohydrate standard diet (STD). In this study, 
we posited that the combination of KE (1,3-butanediol AcAc 
diester) with an Atkins-type diet (ATD), characterized by 
lower carbohydrate content (16% vs. 60%) and higher levels 
of protein (28% vs. 18%) and fat (56% vs. 6.2%) compared 
to a STD, would yield more favorable outcomes in terms of 
blood glucose and ketone levels. Concurrently, we aimed to 
formulate a more nutritionally balanced diet that would help 
maintain body weight when compared to the classic KD (8.6% 
protein, 75.1% fat, and 3.2% carbohydrates).

Our results demonstrate that ATD-KE not only pre-
serves body weight but also elevates blood ketone levels to 
the same extent as STD-KE. Furthermore, it significantly 
reduces blood glucose levels compared to STD-KE. Notably, 
our dietary intervention in tumor-bearing animals using 
a clinically relevant, patient-derived orthotopic xenograft 
model of GBM, with STD, ATD-KE, and KD, has revealed 
that ATD-KE not only maintains body weight but also low-
ers blood glucose, increases blood and brain ketone levels, 
and negatively impacts tumor progression, resulting in en-
hanced animal survival—comparable to the effects of a KD. 
In summary, these findings provide support for the rationale 
to conduct clinical trials investigating the potential of KE-
supplemented low-carb diets as adjunct treatments for brain 

tumor patients.

Materials and Methods

Animals
Female NOD/SCID animals of 8 weeks old were pur-

chased from Charles River laboratories and maintained 
according to standard murine husbandry protocol. All pro-
ducers were performed based on the NIH Guide for care and 
Use of Laboratory Animals and approved by the University 
of Florida Institutional Animal Care and Use Committee 
(protocol# 201701502).

Intracranial tumor implantation
Intracranial xenograft implants were performed via ste-

reotactic surgery under isoflurane anesthesia. 2×105 tumor 
cells were injected into the right striatum (2 ML and 2.5 DV) 
as previously described [9, 12, 16].

Dietary interventions
STD rodent chow (2018 Teklad Global, 18% protein, 6.2% 

fat and 60% carbohydrate), ATD (TestDiet, 28% protein, 56% 
fat and 16% carbohydrate) and KD (BioServ, 8.6% protein, 
75.1% fat, 3.2% carbohydrate) were readymade. KE (butane 
1, 3-diyl bis[3-oxobutanoate]) was prepared from Disruptive 
Enterprises, manufactured based on the formula developed 
by D’Agostino et al. [17]. KE was supplemented to ATD and 
STD at 10% by volume and 1% stevia was added for palat-
ability. Animals were continuously monitored on a daily 
basis with access to fresh food ad libitum.

Glucose, ketone and weight measurements
To choose which KE-supplemented dietary formulation 

(STD/KE vs. ATD/KE) could decrease blood glucose and 
increase blood ketone levels comparable to KD, after three 
weeks of different dietary treatments, animals were fasted 
overnight to ensure rapid feeding compliance, and then 
their blood glucose and ketone were measured before return 
of food (0 hr) and at 1, 4, 8, and 12 hours after feeding with 
free access to food during measurements [13]. Blood was 
collected via tail snipping method and glucose and β-HB 
were measured using Keto-Mojo blood glucose and β-ketone 
strips. AcAc were measured using AcAc ELISA kit (BioVision, 
K650-100) per manufacturer’s instruction.

After tumor implantation, blood metabolites in tumor 
bearing animals were measured on a weekly basis 1 hour af-



ATD-KE prolongs survival in GBM

https://doi.org/10.5115/acb.23.158

2024;57:97-104 Anat Cell Biol 99

www.acbjournal.org

ter providing the animals with freshly prepared food, follow-
ing an overnight fast. The average level for each metabolite 
during the first five weeks, before showing any neurologi-
cal symptoms, was compared between different treatment 
groups. Animal weight was also measured on a weekly basis. 
Brain tumor β-HB and AcAc was measured upon animal 
sacrifice on tumor tissue lysate using β-HB (BioVision, K632-
100) and AcAc ELISA kits per manufacturer’s instruction.

Survival analysis
Animal health was monitored daily after tumor implanta-

tion to ensure normal function. Animals were sacrificed hu-

manely upon reaching endpoint criteria (>20% body weight 
loss, body conditioning score≤2, and neurologic deficits) and 
their survival time was recorded.

Statistics
Kaplan-Meier method was used to estimate survival 

curves. To compare survival curves individual log-rank test 
was used for survival studies but a stratified Max-Combo 
test was used for combined survival data from two survival 
studies to account between-experiment variation due to pos-
sible laboratory day effects [18]. Pairwise comparisons in the 
combined experiments were considered a priori of interest. 
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Fig. 1. Weight change, blood glucose, and ketone levels in NOD/SCID mice treated with different dietary interventions. (A) Body weight was 
presented as a percent of weight at the start of dietary intervention. Animals in KD and KE supplemented diet groups lost weight in the first 
week. KD remained unchanged over the rest of the study period but STD+KE and ATD+KE animals reached a plateau after decreasing KE 
from 20% to 10% in their food. (B, C) Three weeks after putting animals on the diets, the average blood glucose and βhydroxybutyrate (β
HB) levels were measured over a course of 12 hours. (D) Blood acetoacetate (AcAc) was also measured only at the 12hour timepoint. Animals 
on the KD and ATD+KE had significantly lower glucose levels compared to the STD (control diet). Although the highest levels of βHB were 
observed in the KD treated animals, the βHB levels in the ATD+KE and STD+KE animals were significantly higher than the STD alone 
group. Additionally, AcAc in KD and ATD+KE and STD+KE were significantly higher than the STD alone group (*P<0.05, **P<0.0021, 
***P<0.0002, ****P<0.0001; oneway ANOVA). KD, ketogenic diet; STD, standard diet; ATD, Atkinstype diet; KE, ketone ester.
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All calculations were performed using GraphPad Prism6 
(GraphPad Software Inc.), SAS Version 9.4 (SAS Institute) 
or R Version 3.6.1 (R Foundation for Statistical Computing). 
Percent body weight change and average blood metabolites 
were compared across different groups using one-way analy-
sis of variance (ANOVA) with appropriate post-hoc test. 
Level of statistical significance was set at P<0.05.

Results

Ketone ester supplementation of standard diet 
deceased blood glucose, elevated blood ketones and 
stabilized weight in non-tumor bearing mice

To find the best dietary combination that mimics the ef-
fects of KD in lowering blood glucose and increasing blood 
ketones while preserving body weight during the course of 
treatment, we initially fed intact animals a STD, ATD, KD, 
STD+20% KE and ATD+20% KE for one week. 1% Stevia 
was added to KE diets to increase palatability. Compared to 
STD and ATD, animals fed with KE supplemented diets lost 
weight considerably during the first week. For better compli-
ance, we decreased KE to 10% that resulted in a stabilized 
animal weight over the course of study (Fig. 1A).

After three weeks of applying different dietary treat-
ments, animals were fasted overnight to ensure rapid feeding 

compliance, and blood glucose and ketones were measured 
before return of food (0 hr) and at 1, 4, 8, and 12 hours after 
feeding with free access to food during measurements. A 
mean of these measures from 1, 4, 8, and 12 hours after feed-
ing were compared between treatment groups. While the 
animals on KE supplemented diets had lower blood glucose 
(104.2±2.73 mg/dl in STD/KE, 80±0.86 mg/dl in ATD/KE) 
and higher β-HB (1.05±0.04 mM in STD/KE, 1.15±0.03 mM 
in ATD/KE) compared to the STD group (118.6±9.5 mg/dl 
and 0.55±0.04 mM, respectively), we found that the ATD/KE 
group had a significantly lower plasma glucose level than the 
STD/KE (Fig. 1B, C). At 12-hour time-point, blood AcAc was 
significantly higher in KD, ATD/KE, and STD/KE (2.13±0.42 
mM, 1.41±0.19 mM, and 1.56±0.19 mM) compared to STD 
(0.52±0.06 mM, Fig. 1D). Accordingly, we chose to assess the 
effect of ATD/KE on overall survival in GBM tumor-bearing 
animals comparing to STD (negative control) and KD (posi-
tive control) dietary interventions.

Ketone ester supplemented Atkins-type diet lowered 
blood glucose, elevated blood ketones and preserved 
animal weight in human GBM tumor bearing mice

To acclimate the animals to the new diet before tumor 
implantation, we randomly assigned animals of the same 
age and weight into different dietary interventions one week 

Fig. 2. Weight change, blood glucose, and ketone levels in brain tumor bearing NOD/SCID mice under STD, ATD+KE, and KD dietary 
interventions. (A) Body weight was presented as a percent of weight at the start of dietary intervention. Compared to STD, no statistically 
significant changes occurred in animals’ body weight. (B) Both the KD and ATD+KE had significantly lower glucose compared to the STD 
group, and also glucose level in the KD group was significantly lower than the ATD+KE. (C) βhydroxybutyrate (βHB) was significantly 
higher in the KD as compared to the STD and ATD+KE groups. Moreover, βHB level in ATD+KE was also significantly elevated relative to 
the STD alone group (**P<0.0021, ****P<0.0001; oneway ANOVA). KD, ketogenic diet; STD, standard diet; ATD, Atkinstype diet; KE, 
ketone ester.
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before tumor implantation, and their weight was measured 
before tumor implantation (baseline) and reassessed on 
a weekly basis. While KD and ATD/KE groups remained 
relatively stable, the STD group gradually gained weight dur-
ing the course of their survival (Fig. 2A). On average, blood 
glucose and β-HB in ATD/KE (83.6±1.3 mg/dl, 1.38±0.07 
mM) were significantly different to both STD (148±6.32 mg/
dl, 0.67±0.08 mM) and KD (57.5±6.32 mg/dl, 2.95±0.21 mM) 
groups during the survival period (Fig. 2B, C).

Ketone ester supplemented Atkins-type diet elevated 
tumor tissue ketone levels and prolonged survival in 
mice with human GBM tumor xenograft

Log-rank test of Kaplan–Meier survival curve found both 
the KD and ATD/KE diets significantly increased survival 
(median survival of 56 days in KD and ATD/KE vs. 47 days 
in STD, P=0.0003 and P=0.002 respectively, Fig. 3A).

Moreover, KD and ATD/KE significantly increased β-HB 
(4.25±0.25 mM, 3.35±0.30 mM) in freshly resected tumor 
tissue (Fig. 3B) comparing to the STD (2.04±0.3 mM). While 
both KD and ATD/KE demonstrated a trend of increased 
AcAc levels (Fig. 3C) in tumor tissue, the differences were 
not significant compared to the STD.

Discussion

We found that a ATD-KE is comparable to the classic KD 
in controlling brain tumor growth and increasing overall 

survival. Our results indicate that while ATD-KE maintains 
body weight and elevates blood ketone levels to the same ex-
tent as STD-KE, it significantly reduces blood glucose levels 
in contrast to STD-KE. This finding aligns with our previ-
ous in vitro study, demonstrating that reduced glucose levels, 
in combination with ketone body supplementation, further 
reduces proliferation in several human GBM cell lines when 
compared to reduced glucose alone [12].

Therapeutic ketosis is typically achieved through the 
administration of high-fat KDs. However, the primary chal-
lenges associated with implementing KDs are compliance 
and low adherence to the dietary intervention necessary for 
optimal therapeutic results [19]. Some of the primary fac-
tors contributing to low adherence include the unappealing 
nature of ketogenic meals and the challenges associated with 
incorporating this dietary regimen into family life. Other 
significant drawbacks of the KD include malnourishment, 
sarcopenia, and cancer cachexia, which can result in weight 
loss, reduced quality of life, and poor clinical outcomes, es-
pecially in terminally ill patients. In order to resolve these 
problems, we hypothesized that supplementing a nutritional-
ly balanced, relatively low glucose diet with an exogenous ke-
tone precursor (butane 1, 3-diyl bis[3-oxobutanoate]) would 
reduce blood glucose, increase blood ketones and enhance 
animal survival in an orthotopic mouse model of human 
GBM. Our results showed ATD supplemented with 10% KE 
maintained animal weight and significantly increased me-
dian survival time from 47 days in animals fed with STD to 
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Fig. 3. (A) Kaplan–Meier survival curve with stratified MaxCombo test demonstrated a significant survival benefit of both KD (***P=0.0003) 
and ATD+KE (**P=0.002) dietary interventions compared to STD in L0 tumor bearing NOD/SCID mice. (B) Measurements of 
βhydroxybutyrate (βHB) from tumor tissue demonstrated a significant increase of intratumoral βHB under both dietary interventions. 
(C) Intratumoral AcAc levels were elevated but were not significantly different when compared to controls (*P<0.05, **P<0.0021; oneway 
ANOVA). KD, ketogenic diet; STD, standard diet; ATD, Atkinstype diet; KE, ketone ester; AcAc, acetoacetate.
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56 days, comparable to the effect of a high-fat KD [12]. These 
findings demonstrate that ketone supplementation together 
with reduction in the overall carbohydrate intake presents an 
efficacious strategy to fight brain tumors, while potentially 
increasing compliance to dietary intervention and enhanc-
ing nutritional sufficiency of the diet.

To assess the effect of KE supplemented STD vs. ATD 
on weight change, and blood glucose and ketone, we tested 
dietary interventions on non-tumor bearing animals over 
a period of five weeks. Poff et al. [13] showed that STD/KE 
(10%) could effectively reduce blood glucose, increase blood 
ketones and improve animal survival. Here, we increased KE 
to 20% in an attempt to further increase the overall blood ke-
tone body concentration as it is directly correlated to the dose 
of the consumed KE [13]. With 20% KE, both STD/KE and 
ATD/KE groups lost weight even more than the KD group 
while the animals in STD and ATD groups gained weight. 
Weight loss is anticipated in KDs and has been reported by 
us and other groups [12, 20] but in this study weight loss in 
STD/KE and ATD/KE groups seems to be more related to 
the amount of KE supplemented to the animal food; notably, 
KE would increase malonyl-CoA, an anorexigenic metabo-
lite known to decrease food intake [21] and also high amount 
of KE can make the food less palatable. To prevent further 
weight loss, we decreased the amount of KE to 10% which 
resulted in weight gain and stabilization over the course of 
the next few weeks. Comparing to the STD and ATD alone, 
we found that while STD/KE and ATD/KE could similarly 
increase blood β-HB and AcAc levels, the ATD/KE was more 
potent in decreasing blood glucose, a condition that greatly 
mimics our in vitro condition that blocks tumor cells prolif-
eration [12]. While administering exogenous ketone precur-
sors proved to be efficacious in increasing blood ketones, it 
is important to balance the amount of ketone to prevent a re-
duction in food intake which could result in an undesirable 
level of weight loss.

In tumor bearing animals, the KD group was showing 
a relatively stable weight during the course of treatment 
whereas the ATD-KE group not only maintained their 
weight but also showed a trend of weight gain that was evi-
dent until the fourth week after tumor implantation. This 
suggests that using KE at 10% by volume does not interfere 
with animal food consumption while still significantly re-
ducing blood glucose and increasing blood ketone levels 
compared to the STD group. Starting from the fifth week 
after tumor implantation, the STD animals began to show 

neurological symptoms hence we did not include the blood 
glucose and ketone values in the average values to compare 
different groups as they possibly could be affected by the ani-
mal health status and food consumption rate. We evaluated 
animal survival in two different cohorts of animals showing 
significant increase in median survival in KD and ATD/KE 
groups compared to the STD animals, with no significant 
difference between KD and ATD/KE groups based on the 
log-rank test. We combined the survival data from the two 
experiments that were performed in identical situations but 
at different points in time (each with three treatment groups) 
and compared survival curves of the combined data using a 
stratified Max-Combo test, to account for between-exper-
iment variation due to possible laboratory day effects. The 
stratified Max-Combo test incorporated stratified versions 
of the standard and weighted log-rank test components [18], 
and stratification by experiment. The Max-Combo test uses 
the distribution of the maximum test statistic obtained from 
considering the test statistics of the standard log-rank test 
and 3 weighted log-rank tests where the weights emphasize 
early, middle, and late differences between survival curves 
[22-24]. The Max-Combo test is robust against a wide variety 
of configurations of proportional and/or non-proportional 
hazards, whereas the standard log-rank test is most powerful 
under the proportional hazards assumption and loses power 
as survival curves deviate from proportional hazards [24]. 
ATD/KE significantly increased median survival compa-
rable to KD (47 days in STD vs. 56 days in ATD-KE and KD 
groups, representing a 19% increase from STD group). Sup-
porting this observation, while there was a trend of increased 
AcAc in tumor lysate in ATD/KE and KD groups compared 
to the STD, we also noticed a statistically significant increase 
of β-HB in the treatment groups. One possible explana-
tion for this high level of ketone bodies in the tumor could 
be that the tumor was able to take in ketone bodies but not 
metabolize them efficiently and therefore it accumulated. 
Alternatively, the tumor was benefiting from the ketones and 
therefore taking in large amounts, or the tumor was produc-
ing ketones for some unknown reasons. Considering the 
survival data, it is evident that the state of ketosis is indeed 
impairing tumor growth. It is likely that due to the restricted 
availability of glucose in KD and ATD-KD treated animals, 
tumor cells may absorb significant quantities of ketone bod-
ies from the bloodstream. Notably, impaired mitochondrial 
respiration [25] and the absence or low level of some ketone-
metabolizing enzymes, such as succinyl CoA: 3-oxoacid CoA 
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transferase (OXCT1), 3-hydroxybutyrate dehydrogenase 1 
and 2 (BDH1 and BDH2), and acetyl-CoA acetyltransferase 
1 (ACAT1) in GBM tumor cells [26], may prevent these ke-
tone bodies from serving as an alternative energy source or 
providing essential metabolites required for tumor growth. 
Furthermore, it is possible that tumors have upregulated 
monocarboxylate transporters to expel excess lactate, which 
may explain the increased uptake of ketones as well [27]. 
Further studies are required to dissect out this phenomenon.

In conclusion, our results show that ketone diester supple-
mented low glucose ADT reduces overall tumor burden and 
increases survival to a similar extent as the high-fat KD but 
with better body weight preservation in a clinically relevant 
human GBM animal model. Therefore, we propose KE could 
be utilized in the management of GBM with less restriction 
on patient diet. Research is needed to explore the feasibil-
ity and efficacy of this KE supplemented less rigorous ATD 
in other cancers, particularly those in which loss of fat and 
muscle mass is associated with generally poorer outcomes.
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