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Abstract: Background: To date, there is no effective cure for the highly malignant brain tumor glioblastoma (GBM).

GBM is the most common, aggressive central nervous system tumor (CNS). It commonly originates in glial cells such

as microglia, oligodendroglia, astrocytes, or subpopulations of cancer stem cells (CSCs). Glucose plays an important

role in the, which energy metabolism of normal and cancer cells, but cancer cells exhibit an increased demand for

glucose is required for their differentiation and proliferation. The main aim of this study is to explore the anti-cancer

efficacy of the ketogenic diet against GBM. Also, this research focuses on the identification of the catalytic action of

zinc in epigenetic modulators such as oxyresveratrol and ensures the combinatorial effect in the treatment of GBM.

Method: In this study, we have evaluated various parameters to understand the therapeutic efficacy of the treatment

groups through in vivo experiments against aggressive brain tumors. Intracerebroventricular experiments were

performed to induce the tumor in the animals and estimate the tumor burden and proliferative index. Followed by

the Morris water maze, an open field test, and rota rod was performed to evaluate the memory and motor

coordination. To understand the glucose, and ketone level modification before and after treatment, the level of glucose

and ketone was analyzed. Moreover, the zinc level is assessed using flame atomic absorption spectroscopy. Results:

The results suggested that the ketogenic diet has an anti-cancer efficacy against C6-induced GBM cell lines. Also, it

exerts a synergistic effect with the epigenetic modulator, oxyresveratrol, and zinc against GBM cell lines. Moreover,

the treatment groups improved memory and motor coordination and modified the glucose and ketone levels to

reduce the tumor burden and Ki-67 proliferative index. Conclusion: This study revealed the therapeutic effect of the

ketogenic diet along with its combination such as oxyresveratrol and zinc against the C6-induced GBM in the Wistar

rats. Also, it improved memory and motor coordination and reduced tumor growth. It also modified the glucose and

ketone levels in the tumor-induced animal and supported to diminish the tumor burden.

Introduction

Glioblastoma (GBM) is the most common, aggressive primary
tumor of the central nervous system (CNS), and it is
considered the most difficult form of brain cancer to treat.
GBM is associated with a high rate of death in people with a
primary brain tumor [1–3]. In the US, between 2014 and

2018, approximately 83,029 deaths were reported due to
GBM and other CNS tumors among the adult population,
and in 2021, 25,690 adults were diagnosed with GBM [4]. In
India, approximately 5 to 10 cases per 100,000 people are
diagnosed with CNS tumors [5]. GBM mostly originates
either from glial cells, such as astrocytes, microglia,
oligodendrocytes, and ependymal cells, or from a
subpopulation of cancer stem cells (CSCs) residing in the
tissue. Memory impairment, weakness, or numbness in the
hands and legs; headache; speech problems; and seizures are
complications that can further worsen patients with GBM
[6]. GBM is the 3rd most common cause of death in patients
between the ages of 15 and 34 years, especially since 2.5% of

*Address correspondence to: K. Sreedhara Ranganath Pai,
ksr.pai@manipal.edu
#These authors contributed equally to this work
Received: 10 January 2024; Accepted: 13 June 2024;
Published: 16 January 2025

ONCOLOGY RESEARCH echT PressScience
2025 33(2): 381-395
ARTICLE

Doi: 10.32604/or.2024.049538 www.techscience.com/journal/or

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

mailto:ksr.pai@manipal.edu
https://www.techscience.com/journal/OR
https://www.techscience.com/
http://dx.doi.org/10.32604/or.2024.049538
https://www.techscience.com/doi/10.32604/or.2024.049538


the deaths occur due to malignant glioma [6]. GBM is
classified as a grade 4 astrocytoma by the World Health
Organization (WHO) [7] and is the most aggressive form
with a high mortality rate. Standard therapy includes
surgical resection of the tumor followed by radiation and
temozolomide-based chemotherapy [8]. Despite
advancements in treatment paradigms such as the
combination of surgical resection, radiation, and
chemotherapy, the overall survival (OS) period of patients is
approximately 15–18 months after diagnosis [9–11].
Although currently available treatments such as
radiotherapy and chemotherapy have been shown to
increase progression-free survival (PFS), the OS of GBM
patients remains very poor compared with that of patients
with other cancers, such as lung and breast cancer [12–14].
GBMs are classified into primary gliomas and secondary
gliomas. Primary GBM differs from secondary GBM based
on the genetic profile of the isocitrate dehydrogenase 1
(IDH 1) mutation. IDH1 mutation is evident in secondary
GBM but not in primary GBM [15]. IDH mutations are
found in approximately 80% of low-grade gliomas [16]. One
of the major challenges faced in treating GBM is the
presence of the blood‒brain barrier (BBB) [17]. Another
major reason for treatment failure is the development of
resistance by the primary tumor to chemotherapeutic agents
by enhancing the efflux mechanism and direct inactivation
of the drug [18].

Often, there is an alteration in the metabolism of cancer
cells compared with that of normal healthy cells; this
phenomenon is called the “Warburg effect” [19] and, in
other words, aerobic glycolysis [20]. The differentiation and
proliferation of tumor cells are highly dependent on glucose
[20]. Increased glucose uptake not only results in the
synthesis of ATP but also the synthesis of fatty acids and
nucleic acids, which are further utilized for cell maintenance
[21]. It leads to the rapid proliferation of cells, and this
process can occur even in a hypoxic state as well as in
dysfunctional mitochondria [22]. Since glucose and
glutamine are the two major fuels required by GBM cells for
Where is reference 22 between 21 and 23 their growth and
proliferation, these fuels are considered targets in the
therapeutic management of GBM [23]. Hence, diet-based
therapy, which affects cancer cell metabolic pathways, is
called “ketogenic diet” therapy [23,24]. A ketogenic diet
(KD) is a high-fat (approximately 90%) low-carbohydrate
diet with adequate amounts of protein [25] and thus results
in increased ketone body production. These ketone bodies
act as alternative sources of energy and are transported to
many organs, including the brain. It is the only source of
energy for the brain when the supply of glucose is limited.
However, cancer cells cannot survive on ketone bodies due
to metabolic inflexibility, thus resulting in cancer cell death
[21]. Under normal conditions, a healthy brain is dependent
mainly on glucose and obtains energy through the complete
oxidation of glucose. It produces pyruvate, which is further
converted into acetyl-CoA and enters the TCA cycle to
support the electron transport chain. Thus, glycolysis and
respiration remain interlinked, resulting in the efficient
production of ATP along with lactic acid [26,27]. However,
during conditions such as fasting or a low-carbohydrate

diet, ketone bodies are utilized as an alternative source of
energy. Ketone bodies can cross the BBB through the
transporter monocarboxylate transporter (MCT), which is
located in astroglia and endothelial cells [28]. When a high-
carbohydrate diet is replaced with a KD, this condition will
create a starvation-like environment in which ketone bodies
are utilized by normal brain cells, whereas cancer cells are
glucose-dependent in nature. Henceforth, tumor cells
cannot consume ketone bodies as an alternative fuel and
exert their anticancer effects [29–33]. To date, studies have
proven the safety and efficacy of a KD in humans [34]. In
addition, an in vivo study also showed the ability of a KD to
inhibit tumor growth and increase the OS of patients [13].
Thus, recent studies have demonstrated that KD therapy, as
an alternative approach or combination therapy combined
with radiation and chemotherapy, inhibits the molecular
pathway of angiogenesis, thereby attenuating the growth of
malignant glioma cells [13,35].

Oxyresveratrol, a derivative of resveratrol [36], is a
naturally occurring phytochemical that is abundant in
peanuts, grapes, and red wine. It has been found to have
anticancer effects on various cancer cell lines [37]. Natural
compounds have been shown to restrict tumor growth and
thus induce GBM cell death [38]. The anticancer effect of
oxyresveratrol is regulated by the inhibition of cancer cell
proliferation, neuroinflammation, angiogenesis, and
metastasis. Additionally, by inducing autophagy, various
therapeutic actions against tumor cells, including cell cycle
arrest, interference with tumor metabolism, and
upregulation of apoptosis, are promoted by oxyresveratrol
[38]. Resveratrol also enhances the action of other
chemotherapeutic agents, such as TMZ and paclitaxel,
against GBM and other cancers of the breast, lung, and
ovary [37,39]. Although resveratrol has been shown to have
anticancer effects, its application is limited due to its poor
bioavailability. Oxyresveratrol has better bioavailability,
good water solubility [40], greater tissue permeability, and
stronger scavenging ability [41] than resveratrol and thus
has better anticancer activity [42]. To the best of our
knowledge, no studies have demonstrated the combination
of KD with epigenetic modulators such as HDAC inhibitors
such as oxyresveratrol in animal models of GBM.

Zinc is an essential micronutrient found to have a cancer-
preventive role. Zinc deficiency leads to abnormal cell
proliferation and promotes tumor development [43].
However, the exact mechanism that results in cancer
initiation and progression due to zinc dyshomeostasis is not
fully understood [44,45]. Some studies have shown that
changes in zinc signalling pathways and transporters are
responsible for tumor development. Zinc is also involved in
phosphorylation-dependent signalling cascades, such as
those involving Akt and MAPKs, which regulate cell
development, proliferation, and cell death [44,45]. Hence,
these pathways support tumor progression due to aberrant
zinc levels and thus lead to the proliferation of cancer cells
and metastasis [44,45]. Zinc is an important cofactor for
various proteins that are involved in crucial cellular
processes, such as cellular differentiation, proliferation, and
apoptosis [46], and was found to have antioxidant effects,
thus providing protection against the development of brain
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tumors [47,48]. GBM is associated with a decrease in zinc
levels, which further enhances tumor growth and thus
worsens cancer conditions. Hence, zinc therapy initiates the
apoptosis pathway and results in cancer cell death [43]. To
date, the modulatory effect of zinc on HDAC inhibitors
such as oxyresveratrol has not been studied. In our study,
we evaluated the therapeutic effects of a KD, oxyresveratrol,
and their combination with epigenetic modulators such as
zinc on GBM and associated memory function and motor
coordination.

Materials and Methods

Cell culture
C6 cells were used to induce GBM in female Wistar rats. Rat
C6 glioma cell lines were procured from the National Centre
for Cell Science (NCCS), Pune, India. C6 cancer cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco Life Technologies, Thermo Scientific, Bangalore,
India) supplemented with 10% fetal bovine serum (FBS)
(Gibco Life Technologies, Thermo Scientific), trypsin, and
penicillin-streptomycin. The cells were incubated at 37°C
and 5% CO2.

Animals
Female 10-week-old Wistar rats (8 animals in each group)
weighing 200–250 g were procured from the Central Animal
Research Facility of MAHE, Manipal. The animals were
acclimated by maintaining a temperature of 23°C ± 2°C and
humidity of 50% ± 5% for seven days before starting the
experiment for their adjustment to a new environment. The
protocol was framed according to the guidelines provided by
the Committee for Control and Supervision of Experiments
on Animals (CCSEA), Government of India. All animal
experiments were approved by Institutional Animal Ethics
Committee (IAEC), Kasturba Medical College (KMC),
MAHE, Manipal (Approval Number: IAEC/KMC/117/2022).

In vivo experiments
Animals were randomized into 7 groups (n = 8) based on the
data obtained by performing the Morris water maze (MWM).
MWM experiment performed to understand the leaning and
memory of the animals. In MWM, the rodents will be placed
in the opaque pool of water. The rodents must remember
and learn to travel to the hidden platform after the training
period. Animals were grouped into the following groups:
normal control, sham control, disease control, ketogenic diet
(KD) (fat, 80 g; carbohydrate, 16 g; and protein, 3 g),
oxyresveratrol, KD + oxyresveratrol, and KD +
oxyresveratrol + zinc groups. Stereotaxic intracerebral
ventricular (ICV) surgery was performed to induce GBM in
female Wistar rats using the C6 cell line in all the groups,
excluding the normal and sham controls. From day 0, ICV
surgery was performed until day 7, and tumor growth was
monitored. During these 7 days, all the groups of animals
were given a standard laboratory diet (ad libitum). From the
7th to 21st days, the standard laboratory diet was replaced
with a KD diet for the KD group, KD + oxyresveratrol
group, and KD + oxyresveratrol + zinc group. Oxyresveratrol
(0.1 mL/mg, i.e., 0.2 mg/kg in 0.5% carboxymethyl cellulose

(CMC)) via oral gavage was administered for 2 weeks (from
day 7 to day 21). Zinc sulfate (0.4 mL) of zinc (6.9 mg/mL,
i.e., 231 mg Zn/kg/diet as ZnSO4.7H2O) [49] via oral gavage
was administered 1 h before the administration of
oxyresveratrol to the KD + oxyresveratrol + zinc group.
Blood glucose and ketone levels were monitored weekly
once. After three weeks of tumor implantation, the Morris
water maze (MWM), open field test (OFT), and rotarod test
were performed. All the animals were humanely euthanized,
brain samples were removed, and tumors were collected. The
zinc level in the blood was estimated using flame atomic
absorption spectrophotometry.

Tumor induction
GBM was induced in C6 cell lines (105 cells/10 µL) via
intracerebroventricular injection. Animals were weighed and
anesthetized using ketamine (80 mg/kg) and xylazine
(10 mg/kg) via i.p. administration and placed on a
stereotactic apparatus. The hair present in the head region
was completely removed using hair removal cream. An
incision was made from the midline of the head using a
scalpel, and the bregma was exposed. Once the bregma was
identified, the coordinates were adjusted to AP: 0.36 mm,
ML: 3.6 mm, and DV: 5 mm from the bregma. After C6
GBM cell administration, the syringe was kept undisturbed
for approximately 2 min to prevent diffusion and removed
carefully. The burred hole on the skull was sealed using
dental cement, a skin incision was sutured, and betadine
was applied to prevent infections. Postoperatively, the
animals were monitored and housed in separate cages.

The Morris water maze was used to assess memory function
The Morris water maze (MWM) is a pool 160 cm in diameter
in which 3/4th of the pool is filled with water. The temperature
of the water should be maintained below the body
temperature of the animal. The pool was divided into four
quadrants, and in one of the quadrants, a platform was
placed for the animals to escape. The water was made
opaque using milk powder to hide the platform. All the
animals were trained for four days, i.e., an acquisition trial
to find the hidden platform. On the final day, a fifth-day
retention trial was performed where the animals were placed
in the tank for 60 s, and their movements were recorded.
The movement of all the animals was captured using a
camera, and the data were analyzed using Anymaze
software. Parameters such as escape latency to reach the
platform, path efficiency, average speed, and total zone
entries were calculated using software [6].

Behavioral studies assessing motor function
Rotarod
To assess motor coordination in C6-induced GBM rats, a
rotarod test was performed. This test was performed before
inducing GBM on all the rats to train the animals. Before
the actual study, the animals were trained to walk on the
rotarod for 3 consecutive days by gradually increasing the
speed from 5 rpm (rotation per minute) to 15 rpm and then
on the 7th, 14th, and 21st days of the study period. The
apparatus consisted of a horizontally rotating rod 8 cm in
diameter. To divide the rod into equal compartments to
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simultaneously place multiple rats at the same time, circular
separators were placed in the middle of the rod. The rats
were then placed on a rotating rod at 15 rpm. When the rat
fell on the rotarod platform, the photosensitive switch was
tripped, and the timer for that particular compartment was
stopped. Hence, the time spent by the rat on the rotating
rod was recorded [50].

Open field test
The open field test (OFT) was performed to assess locomotor
function in C6-induced GBM animals. A wooden chamber
was used to place the rats individually, which was divided
into 9 quadrants of 10 cm × 10 cm each. Animals were
placed at the center of the chamber for 10 min. A weak
light source was maintained in the experimental area. The
activities of the rats were recorded by a camera placed above
the chamber. After each experiment, the chamber was
cleaned using 70% alcohol. Parameters such as the number
of line crossings, time spent in the center square, grooming,
and rearing were evaluated [51].

Blood glucose and ketone levels
To stabilize the blood glucose levels, all the animals were
fasted for 2 h before blood collection. Blood was collected
by puncturing the tail vein. Blood glucose and ketone levels
were estimated using freeStyle Optium Neo; Abbott. Whole
blood (0.5–1.5 µL) was collected from the tail vein and
placed on a glucose and ketone estimation strip. This strip
was inserted into the meter to obtain the glucose (in mg/dL)
and ketone (in mmol/L) levels [51].

Zinc estimation
Blood was collected (approximately 1 mL) through the retro-
orbital route in a tube containing EDTA and centrifuged at
1000 rpm and 4°C for 10 min. The plasma was then
separated and used for the estimation of zinc concentration
by flame atomic absorption spectrophotometry (model
AA240) [52].

Tumor volume
On the 21st day after tumor implantation, all the rats were
humanely euthanized, and the brains were isolated. Tumor
growth was measured, and tumor volume was measured
using the formula V = ½ (length × width2) [53].

Tissue collection, examination (H&E) staining, and
immunohistochemistry
Brain samples were treated with ethanol followed by xylene.
Tissue impregnation was performed using paraffin wax,
followed by tissue embedding and sectioning. Five-micron-
thick sectioned tissue was stained with hematoxylin and
eosin (H&E) and visualized under a confocal microscope at
10× and 40×. The thickness of the tissue used for the tissue
examination was 5 µm.

For IHC, the total number of degenerated cells and the
expression of Ki-67 (Cell Signaling Technology), a cell
proliferation marker, were assessed. First, brain tissues 2.5
µm thick were mounted and treated with 0.5% or 1% H2O2

in PBS for 30 or 60 min, respectively. This procedure blocks
endogenous peroxidase activity. Furthermore, the sections

were incubated for 45 min in the presence of a blocking
solution containing PBS, 0.4% fish skin gelatin, and 0.2%
Triton X-100. The primary antibody (1:1000) was incubated
with the sample for 30 min at room temperature, followed
by incubation with the secondary antibody (1:1000). The
levels of proliferative markers and the total number of
degenerated cells in the sample were calculated under a
confocal microscope at 400×. The thickness of the tissue
used for the IHC was 5 µm.

Statistical analysis
All the statistical analyses were performed using GraphPad
Prism 8.0 software, and the data are expressed as the mean
± SEM. One-way ANOVA was carried out along with
Dunnett’s multiple comparisons test.

Results

Effect of the KD and its combination of oxyresveratrol and zinc
on memory in tumor-bearing animals in the Morris water
maze test
A Morris water maze experiment was performed to evaluate
the memory function of the animals (Fig. 1A). On the 14th

day, a decrease in the path efficiency of disease control was
observed in comparison to that in the treatment groups.
There was a significant increase in the path efficiency of the
group treated with KD followed by KD + oxyresveratrol or
KD + oxyresveratrol + zinc compared with that of the
disease group (Fig. 1B). On the 21st day, a significant
increase in path efficiency was observed in the KD, KD +
oxyresveratrol, and KD + oxyresveratrol + zinc groups
(Fig. 1C). Compared with the normal control group, the
disease control group exhibited an increase in escape
latency. On the 14th day, the escape latency of the disease
control group was greater than that of the normal control
group and all treatment groups. A significant decrease in
escape latency was observed in the groups treated with KD,
oxyresveratrol, KD + oxyresveratrol, and KD +
oxyresveratrol + zinc compared with the disease control
group (Fig. 1D). At the end of the 21st day of the study
period, all the treatment groups showed a significant
decrease in escape latency compared with that of the disease
control group (Fig. 1E).

Effect of the ketogenic diet and its combination with
oxyresveratrol and zinc on locomotor activity in tumor-
bearing animals
Open-field test (OFT)
The locomotor activity of the animals was estimated using an
open field test (OFT) (Fig. 2A). Different parameters, such as
time spent in the central square, time spent in the periphery
squares, and the number of line crossings, rearings, and
grooming events, were estimated. On the 14th day,
compared with the treatment groups, the disease control
group showed an increased number of line crossings. There
was a significant decrease in the number of line crossings in
the groups treated with KD + oxyresveratrol and KD +
oxyresveratrol + zinc (Fig. 2B). On the 21st day of the study,
the disease control group showed a decrease in the number
of line crossings compared with the normal control group.
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There was a significant increase in the number of line
crossings in the groups treated with KD, oxyresveratrol, and
KD + oxyresveratrol compared with the disease control
group (Fig. 2C). On day 14, a decrease in rearing was
observed in the disease control group compared with the
normal control group. A significant increase in rearing
behavior was observed in the groups treated with KD,
oxyresveratrol, and KD + oxyresveratrol compared with the
disease control group (Fig. 2D). On the 21st day, a decrease
in rearing was observed in the disease control group
compared with the normal control group. A significant
increase in rearing behavior was observed in the groups
treated with KD and KD + oxyresveratrol compared with
the disease control group (Fig. 2E).

A decrease in grooming behavior was observed in the
disease control group compared with the normal control

group. A significant increase in grooming behavior was
observed in the KD and oxyresveratrol groups compared
with the disease control group on the 14th day (Fig. 2F). A
decrease in grooming behavior was observed in the disease
control group compared with the normal control group. A
significant increase in grooming behavior was observed in the
KD, KD + oxyresveratrol, and KD + oxyresveratrol + zinc
groups compared to that in the disease control group on the
21st day (Fig. 2G). There was more time spent in the central
square in the disease control group than in the normal
control group. A decrease in the time spent in the central
square was observed in all the treatment groups compared
with the disease control group on the 14th day, but this
decrease was not significant. The time spent in the central
square was greater in the disease control group than in the
normal control group (Fig. 3A). A decrease in the time spent

FIGURE 1. Assessment of memory function in animals using the Morris water maze (MWM). (A) Schematic representation showing the
treatment of the animals and the performance of the MWM test on days 14 and 21. (B and C) Path efficiency on the 14th and 21st days
and (D and E) escape latency on the 14th and 21st days. The values are expressed as the means ± SEMs. Statistical analysis was performed
using one-way ANOVA with Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the disease control group.
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in the central square was observed in all the treatment groups
compared with the disease control group on the 21st day
(Fig. 3B), but this decrease was not significant. On day 14, a
significant increase in the amount of time spent in the
periphery was observed in the disease group compared with

the KD, oxyresveratrol, and KD + oxyresveratrol groups
(Fig. 3C). A significant difference was observed in the
amount of time spent in the periphery between the disease
group and the KD, KD + oxyresveratrol, and KD +
oxyresveratrol + zinc groups on the 21st day (Fig. 3D).

FIGURE 2. Assessment of locomotor activity in the animals using an open-field test (OFT). (A) Schematic representation showing the
treatment of the animals and OFT performance on days 14 and 21. (B and C) Number of line crossings on days 14 and 21 (D and E) of
rearing on days 14 and 21. (F and G) Estimation of grooming ability on the 14th and 21st days. The values are expressed as the means ±
SEMs. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test. **p < 0.01, ***p < 0.001 and
*p < 0.05 compared to the disease control group.
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Rotarod
To evaluate motor coordination, a rotarod test was performed
(Fig. 4A). On day 14, the disease control group spent less time
on the rotating rod than the normal group. Additionally, the
KD, oxyresveratrol, KD + oxyresveratrol, and KD +
oxyresveratrol + zinc treatment groups showed significant
increases in time (Fig. 4B). The time spent on the rotating
rod was significantly greater in all treatment group rats than
in the disease control group (Fig. 4C).

Effect of the ketogenic diet and its combination with
oxyresveratrol and zinc on blood glucose and blood ketone
levels in tumor-bearing animals
Blood glucose and blood ketone levels were monitored weekly
once (Fig. 5A). On the 14th day of the study, the glucose level
in the disease control group was slightly lower than that in the
normal control group. Blood glucose levels were greater in the
disease control group than in the other treatment groups.
There was a significant decrease in blood glucose levels in
the KD and KD + oxyresveratrol + zinc groups compared
with those in the disease group (Fig. 5B). On the 21st day of
the study, a significant increase in the blood glucose level in
the disease control group was observed compared with that
in the normal control group, whereas a significant decrease
in the blood glucose level was observed in the KD, KD +
oxyresveratrol, and KD + oxyresveratrol + zinc groups

compared with that in the disease group (Fig. 5C). Blood
ketone levels were also monitored once a week (Fig. 6A).
On the 14th and 21st days of the study, there was an
increase in the blood ketone level in the groups treated with
a KD compared with the normal and disease groups, which
were fed a standard laboratory diet. Thus, there was a
significant increase in the blood ketone levels in the KD, KD
+ oxyresveratrol, and KD + oxyresveratrol + zinc groups
compared with those in the disease group (Fig. 6B,C).

Zinc levels in the blood plasma of the animals
To determine the level of zinc in the blood plasma of the
animals, flame atomic absorption spectroscopy was
performed (Fig. 7A). On the 21st day, a significant decrease
in the zinc level in the disease control group was observed
compared with that in the normal control group. Compared
with the disease control group, the KD + oxyresveratrol +
zinc group exhibited a significant increase in the plasma
zinc level (Fig. 7B).

Effect of the ketogenic diet and its combination with
oxyresveratrol and zinc on tumor volume
After 21 days of the study, all the animals were humanely
euthanized, and their brains were removed for further
analysis (Fig. 8A). Compared with the disease control group,
the disease control group showed significant tumor growth.

FIGURE 3. Estimation of time spent in the central square and periphery of animals using the OFT. (A and B) Time spent in the central square
on days 14 and 21. (C and D) Time spent in the periphery on the 14th and 21st days. The values are expressed as the means ± SEMs. Statistical
analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test. ns, not significant, *p < 0.05 compared to the
disease control group.
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FIGURE 4. Evaluation of motor coordination in animals using the rotarod test. (A) Illustration showing the treatment of the animals and the
performance of the rotarod test on days 14 and 21. (B and C) Time spent by animals on the rotarod on days 14 and 21. The values are expressed
as the means ± SEMs. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test. ***p < 0.001,
**p < 0.01, *p < 0.05 compared to the disease control group.

FIGURE 5. Estimation of blood glucose levels in animals. (A) Illustration showing the treatment of the animals and evaluation of glucose levels
on days 14 and 21. (B and C) Estimated glucose levels (mg/dL) on days 14 and 21. The values are expressed as the means ± SEMs. Statistical
analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test. ***p < 0.001, **p < 0.01 and *p < 0.05 compared to
the disease control group.
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There was a significant decrease in the tumor volume in the
groups treated with KD, oxyresveratrol, KD +
oxyresveratrol, and KD + oxyresveratrol + zinc compared
with the disease control group. However, compared with the
other treatment groups, the KD + oxyresveratrol + zinc
group exhibited massive tumor suppression (Fig. 8B,C).

Tissue examination and immunohistochemical analysis
Tissue examination was performed using hematoxylin and
eosin (H&E) staining. Histopathology studies revealed that
the normal and sham groups exhibited normal and
functional cell structures. In disease control, a large number
of tumor cells were found and clearly showed the induction
of tumors in the animals. The intensity of tumor growth in
the groups treated with the KD and the combination of the
KD with oxyresveratrol and zinc was very low compared
with that in the disease control group. Moreover, the

histopathological results of the KD group, KD +
oxyresveratrol group, and KD + oxyresveratrol + zinc group
showed that the KD + oxyresveratrol + zinc treatment was
very effective at reducing tumor cell growth, and the tumor
burden was less than that of the disease control group (Fig. 9).

IHC analysis revealed that the number of degenerated
cells and the Ki-67 proliferative index were greater in the
disease control group than in the sham and normal control
groups. Fewer degenerated cells were observed in the group
treated with KD + oxyresveratrol + zinc (Fig. 10A,B). A
smaller number of Ki-67 markers were detected in the KD
group than in the other treatment groups (Fig. 10A,C).

Discussion

GBM is the most aggressive CNS tumor characterized by high
invasiveness, elevated vascularity, and a propensity to disperse

FIGURE 6. Estimation of ketone levels in animals. (A) Illustration showing the treatment of the animals and the evaluation of ketone levels on
days 14 and 21. (B and C) Estimated ketone levels on days 14 and 21. The values are expressed as the means ± SEMs. Statistical analysis was
performed using one-way ANOVA with Dunnett’s multiple comparisons test. ***p < 0.001, **p < 0.01 and *p < 0.05 compared to the disease
control group.

FIGURE 7. Evaluation of the zinc concentration in the animal blood plasma using flame atomic absorption spectrophotometry. (A) Schematic
representation showing the treatment of the animals and the measurement of zinc on the 21st day. (B) The level of zinc in the animal blood
plasma (mg/L). The values are expressed as the means ± SEMs. Statistical analysis was performed using one-way ANOVA with Dunnett’s
multiple comparisons test. ***p < 0.001, ****p < 0.0001 compared to the disease control group.
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throughout the brain parenchyma, resulting in short overall
survival (OS) and progression-free survival (PFS) rates. The
availability of the current treatment regimen has not led to a
permanent cure for the disease [54]. Many patients have
either developed resistance to the current therapy or have a
high chance of disease reoccurrence [55,56]. As discussed
before, many studies have highlighted that GBM cells are
highly dependent on glucose for metabolism, which is the
energy required for the differentiation and proliferation of
cancer cells. Henceforth, new approaches are being
developed to alter the metabolic requirements of cancer
cells. KD alone and in combination with other
chemotherapeutic agents has been shown to have anticancer
effects and thus to inhibit the growth of tumors [57–59].

This study hypothesized that KD and zinc-modulated
Oxy-resveratrol have anticancer effects by reversing the
metabolic and epigenetic abnormalities present in GBM,
repressing tumor growth, and combating tumor progression.
Furthermore, these effects improve memory and motor
function affected by tumor growth. The present study was
performed to investigate the anticancer effect of a ketogenic
diet, as well as the combined effect of a KD and zinc, and
modulated oxyresveratrol against C6-induced glioma in
female Wistar rats. On day 0, stereotaxic surgery was

performed to induce GBM. On the 6th day after surgery, a
normal diet was given to all the groups. From the 7th day
onwards until the 21st day, the KD group was divided into 3
groups: the KD group, the KD + oxyresveratrol group, and
the KD + oxyresveratrol + zinc group. Oxyresveratrol was
administered to the KD + oxyresveratrol and Oxyresveratrol
groups, and zinc was administered to the KD +
oxyresveratrol + zinc group from the 7th day to the 21st day.
The Morris water maze (MWM) was used to evaluate
memory function, and the rotarod test and OFT were
performed to assess motor coordination in all the groups on
days 14 and 21.

Escape latency and path efficiency were evaluated in the
MWM test. After 21 days of treatment, a significant difference
in escape latency was observed between the disease group and
the KD, oxyresveratrol, KD + oxyresveratrol, and KD +
oxyresveratrol + zinc groups. The escape latency of the
disease group was greater than that of the other treatment
groups. This shows that the KD was effective in reducing
the escape latency compared to that of the disease group;
thus, the memory of the KD-treated group was intact
compared with that of the disease group. The path efficiency
of the disease group decreased compared with that of the
other groups treated with KD alone or in combination with

FIGURE 8. Induction of C6 glioma cells in the animals and evaluation of tumor growth. (A) Schematic representation showing tumor cell
induction in female Wistar rats and estimation of tumor progression on days 14 and 21. (B) Brains isolated from the animals in the treated
groups showing tumor progression and inhibited tumor growth. (C) Estimation of the tumor volume (cm3) on the 21st day. The values are
expressed as the means ± SEMs. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test.
**p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to the disease control group.
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oxyresveratrol and zinc. Thus, a significant difference was
observed in path efficiency between the disease group and
the KD and KD + xyresveratrol groups. Hence, from this
result, it could be inferred that the memory of the disease
group was affected, and the treatment groups showed
improvement in memory function.

The motor coordination of the disease group was affected
compared with that of the normal and sham groups. This
shows that GBM impairs the motor function of animals.
When the rotarod data from the 14th and 21st days were
compared, on day 21, the KD group exhibited improved
motor function. The OFT was also performed to evaluate
the motor function of the Wistar rats, and the motor
function of the disease group was impaired compared with
that of the other treatment groups. Initially, the number of
line crossings was lower in all treatment groups, but by the
end of the study, the KD, oxyresveratrol, and KD +
oxyresveratrol groups showed a significant increase in the
number of line crossings compared with the disease group.
All the treatment groups demonstrated increased rearing
activity in comparison to the disease group. A significant

increase in grooming was observed in the KD-, KD +
oxyresveratrol-, and KD + oxyresveratrol + zinc-treated
groups compared with the disease group. Animals in the
disease group spent more time in the central square, which
could be due to the affected locomotor movement, whereas
the groups treated with KD, KD + oxyresveratrol, and KD +
oxyresveratrol + zinc spent most of their time in the
periphery square.

Zinc plays a pivotal role in the epigenetic modulation of
GBM. Zinc plays an important role in reducing tumor
growth and proliferation. In our study, we observed that the
level of zinc decreased in the disease group. The tumor
volume was significantly lower in the KD + oxyresveratrol +
zinc-treated group than in the disease group or the other
treatment groups. Cancer cells exhibit altered metabolism
compared with that of normal cells. Hence, there is
increased utilization of glucose by cancer cells for growth
and proliferation compared with that of normal cells [60].
Ketone bodies can be used as a source of energy by normal
cells, whereas tumors cannot utilize ketone bodies as an
alternative source of energy when the supply of glucose is

FIGURE 9. Histopathological analysis. Histopathological estimation revealed changes in the tumor burden following treatment, which were
visualized under a confocal microscope at 10� and 40�. The thickness of the tissue analyzed was 5 µm.
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limited. This is because tumor cells lack ketone-metabolizing
enzymes [61]. In this study, there was a significant decrease
in the glucose level in all the groups treated with the KD
compared with the disease group. The ketone body levels
were estimated, and it was found that the disease group had
decreased ketone levels, whereas the ketone levels of the
groups treated with the KD for 21 days were significantly
greater than those of the normal group. From the
histopathological results, it is clear that in disease control,
there is an increased tumor burden. The density, as well as
the intensity of tumor cell growth, was found to be very low
in the KD + oxyresveratrol + zinc group compared to that in
the disease control group. An immunohistochemical analysis
also confirmed that in the disease control group, there were
highly degenerated cells and a proliferative marker, Ki-67, in
the tumor cells, and it was also shown that the KD group
had a lower tumor burden and Ki-67 index than the other
treatment groups. Hence, the combination of a KD with
oxyresveratrol and zinc was effective in reducing GBM in
female Wistar rats. However, there are certain limitations
associated with this study which can be explored in the
future including monitoring the absorption of the KD,
visualization of the tumor growth and inhibition using in
vivo bioluminescence imaging technique, protein expression
analysis for epigenetic markers using western blot, and flow
cytometry analysis to predict the cell cycle inhibition.

Conclusion
In conclusion, compared with the disease control group and
the other treatment groups, the KD + oxyresveratrol + zinc
combination group exhibited decreased tumor growth.
Overall memory function and motor coordination were also
greater in the KD, oxyresveratrol, KD + oxyresveratrol, and
KD + oxyresveratrol + zinc groups than in the disease
control group. In addition, the KD group had lower Ki-67
levels than the other treatment groups. Hence, our study
proved that KD has anticancer efficacy, and that zinc is a
potential epigenetic modulator of Oxyresveratrol that
promotes the inhibition of GBM cells and prevents tumor
growth.
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