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Hesperetin inhibits the proliferation of cerebrally implanted C6 glioma and
involves suppression of HIF-10/VEGF pathway in rats.
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Abstract

Hesperetin is a plant flavonoid known for its anti-oxidant and anti-cancer properties. The effect of
hesperetin treatment on cerebrally implanted C6 glioma cells in rats was studied. C6 tumours were
implanted in rats (n=20). The animals with C6 gliomas were treated with hesperetin (10 and 20 mg/kg/
day). Tumour weight, survival of animals, regional tumour permeability analysis was performed.
Moreover, the concentration of Bax, bcl-2, Caspase-3, Caspase-9, Claudin-1, Cyclin B1, Cyclin D1,
PCNA, VEGF, VEGFR2 and ZO-1 was also determined. The proliferation of glioma cells was also
estimated by TUNEL and BrdU staining. Prolonged survival was observed in animals with C6 gliomas
when treated with hesperetin. The treatment also attenuated cell proliferation, increased apoptosis and
caused arrest of cell cycle, as evident from the differential expression of PCNA, Caspase-3, Caspase-9,
Bax/bcl-2, Cyclin B1 and Cyclin D1. Hesperetin treatment of C6 gliomas caused a marked decrease in
the tumour permeability and oedema and increased expression of tight junction-associated proteins.
Hesperetin treatment also down-regulated the HIF-1a/VEGF/VEGFR2 pathway. We could conclude
that hesperetin possesses anti-tumour properties in implanted C6 glioma cells in rats. Therefore,
hesperetin treatment may be effective against malignant brain gliomas, functioning by attenuating the

growth of tumour and suppression of oedema.
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Introduction

Gliomas are one of the most common types of brain tumours
which are known to affect 0.02% of the human population
[1,2]. Glioma arises from the glial cells and is characterized by
their histological malignancy and proliferation of the malignant
cells [3,4]. The standard therapy for brain tumours includes
surgery followed chemotherapy. However, the present
approach has a median survival rate of only 12 months [5,6].
The implantation of C6 glioma cells in rats has been
established as glioma model. Tumours are characterized by cell
proliferation. In glioma cell proliferation is coupled by oedema
due to increased permeability caused by the disruption of the
Blood Brain Barrier (BBB) [7].

Flavonoids are a group of natural substances known for their
several anti-inflammatory and anti-oxidative properties [8].
Flavonoids are also well known for their anticancer properties
[9]. The anticancer properties of flavonoids have primarily
been attributed to their anti-oxidant nature [10]. However, in
addition to anti-oxidant properties, several other effects of
flavonoids are also known to prevent tumour cell proliferation
such as inhibition of angiogenesis [11] and modulation of cell
proliferation [12]. Hesperetin is a naturally occurring flavanone
found in citrus fruits. Hesperetin is known for its anticancer
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and antioxidant properties [13,14]. Moreover, hesperetin has
been shown to have high permeability for the Blood Brain
Barrier (BBB) [15]. In this study we determined the anti-
proliferative properties of hesperetin against the cerebrally
implanted C6 glioma cells in a rat model. We studied the effect
of hesperetin treatment on cell proliferation, apoptosis, cell
cycle, oedema associated with gliomas. Moreover, the effect of
hesperetin treatment on the survival of C6 glioma animals was
also determined.

Materials and Methods

Study animals, tumour implantation and
experimental design

Adult male Wistar rats (230 to 260 g) were kept in a 12/12 h
dark/light circadian cycle under controlled conditions. The
animals were fed with the standard laboratory water and diet
(ad libitum). The animal experiment was approved by animal
ethics committee of the Dalian Medical University. The entire
animals up keeping procedures were carried out according to
World Medical Association (WMA) animal ethics guidelines
(Declaration of Helsinki).
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Hesperetin was procured from Sigma Aldrich (USA). Rat C6
glioma cell line was obtained from American Type Culture
Collection (CCL-107™). The cells were cultured in Ham’s
medium (Sigma Aldrich, USA) supplemented with foetal
bovine serum (2.5%, v/v) and antibiotics (gentamycin, 50
pg/ml and fugizone, 2 pg/ml).

Three months old rats were divided into three experimental
groups (20 animals each) at random viz. (1) control group,
administered with Phosphate Buffered Saline (PBS) (2)
Hesperetin 10 mg/kg/day of body weight (3) Hesperetin 20
mg/kg/day of body weight. Hesperetin was administered orally
by gavage for 28 days starting from the second day of
secondary tumour implantation.

Implantation of tumour cells and establishment of
glioma model

Rat C6 glioma cells were obtained from Sigma-Aldrich, USA.
The cells were maintained in monolayers in 100 mm dishes at
37°C under humidified air (5% CO?%/95% air). The cells were
cultured in HAMs medium supplemented with foetal bovine
serum (FBS 10% final concentration), penicillin-G (50 unit/ml)
and streptomycin (50 pg/ml). Cells were harvested during the
log phase with a solution of 0.05% trypsin and 0.02% EDTA,
and resuspended in minimum essential medium supplemented
with FBS to a final concentration of 10° cells per 10 ul for the
implantation. The animals were anesthetized by administering
xylazine (IM, 10 mg/kg) and ketamine (IP, 100 mg/kg). Post
anaesthesia, the heads of animals were shaved and sterilized
with povidone and 70% ethanol. The animals were secured on
a stereoscopic frame. A burr hole was drilled into the right side
of the skull with the stereotactic coordinated defined 3.0 mm
towards lateral left and 1 mm towards anterior to bregma. The
choice of this site was based on previous reports for example
Lal et al. and Kobayashi et al. [16,17]. Approximately 1 x 10°
cells were implanted using a 10 pl micro syringe. The burr
hole was resealed using bone wax and the skin overlying the
hole was sutured. The tumours were harvested after they
reached a size of 3 X 3 mm. The harvested tumours were
fragmented to one tenths of their size and implanted into the
brains of animals. The tumour implantation was performed by
drilling a small hole near the bregma and lateral to mid line
with a 30-guage needle.

Analysis of water content

The animals were euthanized using an overdose of ketamine
(200 mg/kg) and xylazine (40 mg/kg). The brain samples were
collected and dissected into individual compartments viz.
contralateral and ipsilateral hemispheres and tumour. The
samples were weighed immediately after the harvest of
samples. Vacuum drying of the brain samples was performed
for 14 days. The weight of samples was recorded daily during
the drying period and percentage water content was estimated.
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Analysis of regional tumour permeability

Quantitative assessment of autoradiography was performed for
the determination of vascular permeability. For this, the
constant ‘Ki’ was estimated according to Groothuis et al. [7].
The traces for permeability viz. ('4C) Alpha-Aminoisobuturic
Acid (AIB) and (14C) sucrose were administered as bolus (i.v.)
with a total dose of 100 mCi. Blood was sampled from arteries
at regular intervals to estimate the radioactivity of plasma
using a liquid scintillation counter. The radioactivity was
estimated using ('4C) standards that were quenched
appropriately. The animals were killed by decapitation 15 min
after administration of radioactivity. The brain tissue samples
were isolated from the killed rats and subsequently frozen by
immersing in isopentane kept on dry ice. 20 pm sections were
sliced from the frozen samples. Subsequently, the thawed
samples were mounted on slides. The autoradiographs of the
mounted samples were produced by exposing a phosphor
screen with samples along with '4C standards. The estimation
of radioactivity was performed by analysing the exposed
phosphor screens on ImageJ v.55 (NIH) software. The blood-
to-brain transfer constant ‘Ki’ was estimated according to [18].

Estimation of protein concentration using Western
blot densitometry

The homogenate of brain samples containing 25 pg total
protein was loaded per well on 12% Sodium Dodecyl Sulphate
Polyacrylamide (SDS-PAGE). Thereafter, the proteins were
electrophoretically transferred on a Polyvinylidene Difluoride
(PVDF) membrane after completion of gel run. Blocking of the
membranes was performed for 1.5 hours in Tris-buffered saline
which contained 0.2% Tween 20 (TBST) and 2% non-fat dry
milk. Binding of primary antibodies onto the membranes was
performed by incubating it with primary antibody solution in
TBST and 2% non-fat dry milk for 8 hours at 4°C. Then the
membranes were washed thrice with TBST. Finally, the
membranes were incubated for 1 hour with Horse Radish
Peroxidase (HRP) conjugated secondary antibodies and
developed using an ECL detection system. The band density on
the membranes was scanned and then analysed using the
Image] (NIH, USA) software program. Primary antibodies for
bax, bcl-2, Caspase-3, Caspase-9, Claudin-1, Cyclin BI,
Cyclin D1, Proliferating Cell Nuclear Antigen (PCNA), VEGF,
VEGFR2 and ZO-1 were used for analysis. All the primary
antibodies were procured from Santa Cruz Laboratory, USA.

Estimation of cell death using TUNEL assay

The tumour samples were fixed with formalin at the end of
treatment. Apoptosis was estimated using terminal deoxy-
nucleotidyltransferase-mediated dUTP biotin nick end-
labelling (TUNEL) assay. Subsequently, the samples were
counterstained with methyl green (0.4%) before observation
under an optical microscope.
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Identification of proliferating cells

5-Bromodeoxyuridine (BrdU) (40 pg/g of body weight) was
injected (i.p). The animals were sacrificed 1 hour after
administration of BrdU. The estimation of BrdU was
performed using the rat BrdU Cell Proliferation ELISA Kit
ELISA Kit (abcam, USA) following the manufacturer’s
protocol.

Survival assay of C6 glioma animals

In another set of experiment the survival of C6 glioma rats was
studied in the three groups as described above. The survival
assay started from the day of tumour implantation. For the
recording of data the animals were killed by decapitation when
a 25% loss of body weight was observed and they were
observed to be feeling difficulty in activities such as feeding,
ambulation and grooming.

Statistical evaluation

The quantitative results were depicted as means + SD. One-
way Analysis Of Variance (ANOVA) was used for the analysis
of quantitative results. The estimation of deviation between
control and treatment groups was performed using student’s T-
test. The maximum threshold for statistically significant P-
values was set at 0.05.

Results
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Figure 1. Effect of treatment with hesperetin on animal body weight,
tumour growth of rats with C6 gliomas. Treatment with hesperetin
(10, 20 mg/kg) was started 2 days after tumour implantation. (a).
Body weight of animals from 2" day of tumour implantation to 28™
day (b) Tumour wet weight under control and treatment conditions
(¢c). Tumour dry weight under control and treatment conditions. n=20
in each group. *P < 0.05.
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Figure 2. Effect of treatment with hesperetin on survival of animals
with C6 gliomas. Overall survival was calculated from the day of
inoculation to end of survival. Survival was estimated using the
Kaplan-Meier product limit method. n=20 in each group. "P<0.05.

FEffect of hesperetin treatment on rat body weight,
tumour weight and survival

The animals with C6 glioma treated with hesperetin showed no
significant difference on body weight as shown in Figure 1A.
A significant decrease in tumour weight (wet and dry) was
observed 28 days post implantation upon treatment with
hesperetin as shown in Figures 1B and 1C. Especially in 20
mg/kg group the decrease was drastic (74.18%). The Kaplan
Meier analysis revealed that there was a large and significant
variation in the survival curve of control and treatment groups
as shown in Figure 2. On a drug dependant manner the
treatment groups showed a markedly prolonged lifespan as
compared to the control group.

Effect of hesperetin treatment on proliferation of
cells, apoptosis and glioma cell cycle

TUNEL and BrdU assays were performed to estimate
apoptosis and proliferation of cells respectively as shown in
Figure 3. The results of these assays clearly revealed that the
treatment with hesperetin caused an increase in TUNEL +ve
whereas a large decrease in BrdU +ve cells was observed.

As evident from the Western blot analysis, the expression of
PCNA, a marker for tumour proliferation [19] was
significantly decreased upon treatment with hesperetin as
shown in Figures 4A and 4B. Whereas, the expressions of
Caspase-3 and 9 were significantly up-regulated. However, the
expression of Caspase-3 and 9 were not significantly larger
than control in the 10 mg/kg group. Moreover, the Bax/bcl-2
ratio was increased upon treatment of C6 glioma with
hesperetin. The cell cycle proteins Cyclin B1 and D1 showed a
reduced expression.
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Figure 3. Effect of treatment with baicalein on proliferation and
apoptosis in rats with C6 gliomas C6 gliomas. 28 days after tumour
implantation, tumours were removed for staining of (a). TUNEL (b).
BrdU and observed under light microscope. Sections were observed
at 200X magnification.
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Figure 4. Effect of treatment with hesperetin on proliferation,
apoptosis, and cell cycle in C6 gliomas. 28 days after tumour
implantation, tumours were removed for determination of protein
expression of PCNA, Caspase-3, Caspase-9, bax, bcl-2, Cyclin Bl,
and Cyclin D1 by (a). Western blotting and (b). Western blot
densitometry analysis. PCNA, proliferating cell nuclear antigen. **P
<0.05 vs. control group.
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Effect of hesperetin treatment on tumour oedema and
permeability

A significant reduction in the water content of tumours and that
of ipsilateral and contralateral cerebrums was observed as
shown in Figures 5A and 5B. The results pointed out a
significant attenuation of oedema caused due to C6 glioma.
Although Ki of AIB was higher than control in the 10 mg/kg
group, the difference was not significant.
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Figure 5. Effect of treatment with hesperetin on oedema and tumour
permeability of C6 gliomas. 14 days after tumour implantation (4).
Water content in tumours and brains and (B). Tumour permeability
was determined. n=20 in each group. *P < 0.05 vs. control group.

Effect of hesperetin treatment on tight junction (TJ)-
proteins and HIF-1a2/VEGF/VEGFR2 pathway

Upon treatment of animals induced with C6 glioma with
hesperetin caused significant increase in the expression of TJ-
associated proteins viz. Claudin-1 and ZO-1 as shown in
Figures SA and 5B. The effect of hesperetin on C6 glioma was
also evident on the HIF-1a/VEGF/VEGFR?2 proteins where the
expression of these proteins was significantly decreased as
shown in Figures 6A and 6B. However the expression of
VEGEF in 10 mg/kg group did not show significant difference
from the control group. Overall, these results showed that the
HIF-1a/VEGF pathway was down-regulated upon treatment
with hesperetin.
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Figure 6. Effect of treatment with hesperetin on proteins expression of
claudin-1, ZO-1, HIF-1a, VEGF, and VEGFR2 in C6 gliomas. 14
days after tumour implantation, tumours were removed for
determination of protein expression by (A). Western blotting and (B).
Western blot densitometry analysis. **P < 0.05 vs. control group.

Discussion

In this study we evaluated the effect of flavonoid hesperetin on
orthotopic C6 gliomas in rats. The weight of tumour was
significantly decreased whereas the survival of animals was
significantly increased upon treatment with hesperetin.

With hesperetin treatment, PCNA was found to be down-
regulated. PCNA is a well-known marker for detection of cell
proliferation [19]. Down-regulation of PCNA indicated a
depression in tumour growth. The arrest of tumour growth is
also indicated by wup-regulation of apoptotic pathways.
Apoptosis proteins, Caspase-3 and -9 have been observed to
get up-regulated in glioma [20]. In this study the up-regulation
of caspase-3 and 9 clearly indicated elevated apoptosis in
tumor cells. Moreover, the Bax/bcl-2 ratio was also increased.
An elevated Bax/bcl-2 ratio is also an indicator of apoptosis
[20]. The cell cycle proteins, Cyclin Bl and D1 showed
marked down-regulation upon treatment with hesperetin in C6
glioma. These proteins are commonly observed to be up-
regulated in tumour cells [21,22] and their down-regulation
indicates arrest of the cell cycle.

A significant attenuation of oedema was observed upon
treatment with hesperetin. Cerebral oedema is frequently
observed in glioma patients. Moreover, oedema is primary
cause of clinical deficits in the patients of glioma [23,24].
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Therefore, the attenuation of oedema with hesperetin may help
in the animal survival rate. In humans, oedema of tumour is
primarily caused by the disruption of the BBB [25] which is
detected by the presence of plasma proteins such as HIF-1a,
VEGF and VEGFR?2 in the parenchyma of tumour. An up-
regulated HIF-1o/VEGF pathway indicates induction of
oedema in tumours [26]. In this study, the HIF-1a/VEGFR2
pathway was fund to be significantly down-regulated in C6
gliomas when treated with hesperetin thus indicating
suppression of oedema. Moreover, the expression of TJ-
associated proteins was found to be up-regulated in the
hesperetin treatment groups. In humans, down-regulation of
the TJ-associated proteins is known to be associated with
gliomas [27,28]. TJ-associated proteins have been shown to
regulate the VEGF pathway [29]. These proteins also mediate
the process of increase in permeability by VEGF in gliomas
[30].

Conclusion

The plant flavonoid hesperetin could function as a therapeutic
agent for glioma. This treatment can not only caused decreased
the cell proliferation and oedema associated with gliomas but
also increased the apoptosis in the tumour cells. Hesperetin
also appeared to down-regulate the HIF-1a/VEGFR2 pathway.
However, further studies are needed to identify weather
attenuation of oedema was caused due to down-regulation of
HIF-10/VEGFR2 pathway and up-regulation of TJ-associated
proteins.
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