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ABSTRACT ARTICLE HISTORY
Thirty rats with glioma were divided into control group, temozolomide (TMZ) group (TMZ Received 9 March 2018
30mg/kg once daily for 5day), and TMZ plus Caffeine group (TMZ 30mg/kg once daily for ~ Accepted 6 May 2021
5day and caffeine 100mg/kg once daily for 2 weeks). The relative tumor fold and expression

of hypoxia-induced factor-1a (HIF-1a), vascular endothelial growth factor (VEGF), neuropilin-1

(NRP-1), CCAAT/enhancer-binding protein homologous protein (CHOP), LC-3A/B,

apoptosis-inducing factor-1 (AIF-1), and cleaved caspase three were compared. The relative

tumor fold of TMZ plus Caffeine group was lower significantly than that of TMZ group at

day 14. HIF-1a, VEGF, NRP-1, and CHOP expressions were not significantly different in the

three groups. The LC-3A/B expression of TMZ plus Caffeine group was higher significantly

than that of the control group and TMZ group. The AIF expressions of TMZ group and TMZ

plus Caffeine group were higher significantly than that of the control group. The caspase-3

expression of TMZ plus Caffeine group was higher significantly than that of the control

group and TMZ group. In conclusions, the inhibitory effect of caffeine on TMZ-treated glioma

might be associated with increasing expressions of autophagy- and apoptosis-related genes.

Introduction Caffeine could increase glioma cell death by decreas-
ing histone deacetylase one activity and/or by increas-
ing histone acetyltransferase p300 activity in vitro (3).
Caffeine enhanced the cytotoxic effects of cisplatin
and camptothecin on U251 glioma cell lines (4).
Caffeine, combining with tetrandrine, could also
induce glioma cell death in vitro via increasing
eukaryotic translation initiation factor-2a (eIF-2a)
phospharylation, decreasing cyclin-D1 expression, and
increasing caspase-dependent and -independent apop-
tosis pathways (5).

However, the anti-cancerous effects of caffeine were
seldom shown in animals and humans. An epidemi-
ological study found that caffeinated beverages might
reduce the risk of glioma development (6). Caffeine,
which is known to activate ryanodine receptors, par-
adoxically inhibited Ca(2+) increase by inositol
1,4,5-trisphospate receptor subtype 3 in glioma cells
and prolonged survival in a mouse model (7). But,
the effects of caffeine on the expressions of hypoxia,

Glioma is the most common brain tumor. Glioblastoma
multiforme (GBM) is characterized by diffuse infil-
tration into the brain parenchyma and obvious angio-
genesis. Current therapy for GBM includes surgical
excision and post-operative chemotherapy and/or
radiation therapy. Even though, the prognosis for
GBM is still poor. Temozolomide (TMZ) is a currently
standard chemotherapeutic drug for GBM treatment.
Intrinsic and/or acquired resistance to TMZ com-
monly accounts for treatment failures for GBM. Once
recurrence develops, only few therapeutic approaches
could be introduced to control the progression of
GBM (1). Therefore, seeking better and/or adjuvant
agents to control the GBM becomes very urgent.
Caffeine has been reported to have ant-cancerous
capabilities in vitro. For example, caffeine could mod-
ulate cell cycle, inhibit proliferation, induce cell apop-
tosis, decrease expression of Bcl-2, and increase
expression of Cyt-C and caspase-3 in vitro (2).
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angiogenesis, endoplasmic reticulum (ER) stress, auto-
phagy, and apoptosis genes on TMZ-treated glioma
in rats were still unclear. Therefore, we aimed to
investigate these issues in this study.

Methods
Cell Line and Cell Culture

RT2 cells were kindly provided by National Taiwan
University Hospital (Taipei, Taiwan). Cells were main-
tained in Dulbecco’s Modified Eagle Medium (Gibco,
Berlin, Germany) that was supplemented with
l-glutamine, streptomycin, penicillin (Gibco, Berlin,
Germany), and 10% fetal calf serum (Gibco, Berlin,
Germany). All cells were cultured at 37°C in a 5%
CO, incubator.

Animal Care

Male, 8-week old, Fischer 344 inbred rat were pur-
chased from the National Laboratory Animal Center
(Taipei, Taiwan). Food and water were provided ad
libitum to the animals in standard cages. The rats
were maintained in a daily cycle of 12h period of
lightness and darkness. All administrate were per-
formed and proved in accordance with the guidelines
of the Institutional Animal Care and Use Committee
at the Dalin Lin Tzu Chi Hospital, Buddhist Tzu Chi
Medical Foundation (1031003-2).

Animals were monitored for morbidity or signs of
distress throughout the study. Humane endpoints for
these studies were based on weight loss (>10-15%)
and clinical observations for behavior (decreased
activity, hunched posture, shivering, labored breathing,
moribund). We did not observe any adverse event
during our studies, including signs of illness or mor-
tality prior to experimental endpoint.

Development of Subcutaneous Xenograft
Tumors

RT2 cells (1x107 cells in 500 ul per injection site) were
suspended in PBS. Rats were anesthetized by contin-
uous flow of 3% isofluorane (2.5% LPM oxygen), and
RT2 glioma cells were implanted into the subcutaneous
space of right flank in Fischer 344 rats. Animals were
observed for 45 to 60min, after tumor inoculation,
until fully recovered. Tumor growth was monitored
with a digital caliper every week. Tumor volume was
estimated according to the following formula: Volume =
0.5 x (d1 x d2 x d3), in which d1, d2, and d3 are
the vertical of the tumor, respectively (8).
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Grouping and Treatments

Two weeks later, rats with tumor volume greater than
62.5mm?® were randomly and equally divided into
three study groups (10 rats in each group). To make
sure that the amount of TMZ and/or caffeine was
intook standardly, rats were treated by oral instillation
of saline or TMZ, or TMZ plus caffeine once at the
same time in the morning. Control group received
only saline once daily for 5day; TMZ group received
only TMZ (30 mg/kg) once daily for 5day; TMZ plus
Caffeine group received TMZ (30mg/kg) once daily
for 5day plus caffeine (100 mg/kg) once daily for
2weeks. The relative tumor fold was calculated by
tumor volume at each week compared to that at the
start of this study (8).

Western Blotting Analysis

Then, all rats were sacrificed at the end of this study
(2weeks after start of this study and 4 weeks subse-
quent to injection of RT2 cells). Orthotopic tumor
masses were collected and snap-frozen in liquid nitro-
gen and stored at —80°C until analysis.

Sections of the orthotopic tumor masses were
washed in PBS, and broken into small tumor pieces
using scissors in 0.2ml T-PER tissue protein extraction
reagent (Thermo, USA). Aspirate the PBS, then add
200 pl ice-cold T-PER tissue protein extraction reagent
(Thermo, USA), and crushed the tissue. Vortex the
mixture, then incubate the mixture on ice for 30 mins,
with occasional vortexing. Clarify the lysates by cen-
trifugation at 14,000rpm at 4°C for 10 min. Transfer
the clarified tissue extracts to clean tube. The clarified
tissue extracts should be stored at —80°C until ready
for analysis. Avoid repeated freeze-thaw cycles. In
preparation for performing the assay, allow the sam-
ples to thaw on ice. Mix well prior to analysis.
Determine protein concentration using a suitable
method, such as the Protein Extraction Kit
(Thermo, USA).

The protein concentration was determined by BCA
protein quantitative method (Pierce™ BCA Protein
Assay Kit, Thermo, USA). After SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis)
protein electrophoresis, proteins were transferred to
a PVDF (polyvinylidene fluoride) membrane. Then
5% nonfat milk was added to block the membrane
for 1h. Subsequently, primary antibodies of
hypoxia-inducible factor-la (HIF-1a) (Abcam, USA),
vascular endothelial growth factor (VEGF) (Millipore,
USA), Neuropilin-1 (NRP-1) (Cell signaling, USA),
CCAAT/enhancer-binding protein homologous protein
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(CHOP) (Cell signaling, USA), LC-3A/B (Cell signal-
ing, USA), apoptosis-inducing factor-1 (AIF-1) (Cell
signaling, USA), cleaved caspase 3 (cell signaling,
USA), and P-actin (cell signaling, USA), were added
to the membrane and incubated overnight at 4°C.
Then, horseradish peroxidase (HPR)-conjugated sec-
ondary antibodies were added to the membrane and
incubated for 2h. The film was then developed using
ECL (enhanced chemiluminescence). The internal con-
trol was B-actin.

Statistical Analysis

The relative tumor folds, and protein expressions ratio
relative to PB-actin of HIF-1la, VEGE, NRP-1, CHOP,
ATF-1, caspase 3, LC-3A/B, were compared between
three groups by one-way analysis of variance (ANOVA)
with post-hoc Bonferroni correction. All analyses were
performed by commercial software (Stata Corp LP,
College Station, TX, USA), and P-values < 0.05 were
considered statistically significant.

Results

Figure 1 showed the relative tumor folds at each week
in three groups. The relative tumor folds were not
significantly different between control group
(mean + standard deviation, SD = 2.6+1.3), TMZ
group (3.2+2.5), and TMZ plus Caffeine group
(2.3+1.7) at day 7 (one-way ANOVA, P=0.5449)
(Figure la). The relative tumor fold of TMZ group
was higher significantly than that of the control group

AN

20+

Relative tumor folds

=

Day 7 Day 14

|D Control group MTMZ group M TMZ+Caffeine group ‘

Figure 1. The relative tumor folds at each week in three
groups. The relative tumor folds were not significantly different
between three groups at day 7 (P=0.5449). The relative tumor
fold of TMZ group was higher significantly than that of the
control group and that of the TMZ plus Caffeine group at day
14 (P<0.001 and 0.022, respectively). But, the relative tumor
fold of TMZ plus Caffeine group was not significantly higher
than that of the control group at day 14 (P=0.265).

and that of the TMZ plus Caffeine group at day 14
(one-way ANOVA, P=0.0003 and post-hoc Bonferroni
correction, P<0.001 and 0.022, respectively). But, the
relative tumor fold of TMZ plus Caffeine group was
not significantly higher than that of the control group
at day 14 (post-hoc Bonferroni correction, P=0.265).
That is, caffeine inhibited glioma growth after TMZ
treatment (Figure 1b).

Figure 2 showed the results of Western blotting of
HIF-1a, VEGE, NRP-1, and CHOP in three groups at
day 14. The expression of HIF-la (0.052+0.023 for
control group; 0.054+0.026 for TMZ group;
0.072+0.025 for TMZ plus Caffeine group, one-way
ANOVA, P=0.1478) (Figure 2a), VEGF (2.011+0.541
for control group; 2.110+0.974 for TMZ group;
2.950+2.017 for TMZ plus Caffeine group, one-way
ANOVA, P=0.2400) (Figure 2b), NRP-1 (0.090+0.034
for control group; 0.125+0.048 for TMZ group;
0.117+0.063 for TMZ plus Caffeine group, one-way
ANOVA, P=0.2678) (Figure 2c), and CHOP
(2.159£2.834 for control group; 2.015+1.654 for TMZ
group; 2.171+1.166 for TMZ plus Caffeine group,
one-way ANOVA, P=0.9815) (Figure 2d), were not
significantly different in the three groups at the end
of study.

Figure 3 showed the results of Western blotting of
LC3A/B in three groups at day 14. The LC3A/B
expression of TMZ plus Caffeine group (2.555+2.863)
was higher significantly than that of the control group
(0.173£0.205) and TMZ group (0.479+1.018)
(one-way ANOVA, P=0.0104 and post-hoc Bonferroni
correction, P=0.016 and 0.041, respectively). But, the
LC3A/B expression was not significantly different in
the TMZ group (0.479+1.018) and control group
(0.173+£0.205) (post-hoc Bonferroni correction,
P=1.000).

Figure 4 showed the results of Western blotting of
AJF-1 in three groups at day 14. The AIF expressions
of TMZ group (1.334+0.727) and TMZ plus Caffeine
group (1.976+0.532) were higher significantly than
that of the control group (0.513+0.539) (one-way
ANOVA, P<0.0001 and post-hoc Bonferroni correc-
tion, P=0.016 and <0.001, respectively). But, the AIF
expression of TMZ plus Caffeine group (1.976 +0.532)
was not significantly higher than that of TMZ group
(1.334+£0.727) (post-hoc Bonferroni correction,
P=0.076).

Figure 5 showed the results of Western blotting of
cleaved caspase 3 in three groups at day 14. The
cleaved caspase-3 expression of TMZ plus Caffeine
group (3.655+1.530) was higher significantly than
that of the control group (0.645+1.173) and TMZ
group (0.248+0.110) (one-way ANOVA, P<0.0001
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Figure 2. Western blotting of HIF-1a, VEGF, NRP-1, and CHOP in three groups at day 14. The expression of HIF-1a (a) (P=0.1478),
VEGF (b) (P=0.2400), NRP-1 (c) (P=0.2678), and CHOP (d) (P=0.9815), were not significantly different in three groups at the

end of study.
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Figure 3. Western blotting of LC3A/B in three groups at day
14. The LC3A/B expression of TMZ plus Caffeine group was
higher significantly than that of the control group and TMZ
group (P=0.016 and 0.041, respectively). But, the LC3A/B
expression was not significantly different in the TMZ group
and control group (P=1.000).

and post-hoc Bonferroni correction, P<0.001 for both
comparisons). But, the caspase-3 expression was not
significantly different in the TMZ group (0.248+0.110)
and control group (0.645+1.173) (post-hoc Bonferroni
correction, P=1.000).
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B-actin
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Figure 4. Western blotting of AIF-1 in three groups at day 14.
The AIF expressions of TMZ group and TMZ plus Caffeine group
were higher significantly than that of the control group
(P=0.016 and <0.001, respectively). But, the AIF expression of
TMZ plus Caffeine group was not significantly higher than that
of TMZ group (P=0.076).

Discussion

This experimental study showed that caffeine might
inhibit the growth of TMZ-treated glioma in rats.
And, this tumor inhibitory effect of caffeine might
be associated with increasing protein expressions of
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Figure 5. Western blotting of cleaved caspase 3 in three
groups at day 14. The cleaved caspase-3 expression of TMZ
plus Caffeine group was higher significantly than that of the
control group and TMZ group (P<0.001 for both comparisons).
But, the caspase-3 expression was not significantly different
in the TMZ group and control group (P=1.000).

autophagy- and apoptosis-related genes, but not asso-
ciated with expressions of HIF-1a, VEGF, NRP-1, and
CHOP genes.

HIF-1a, VEGE, VEGF-receptor 2 (VEGFR-2), endo-
thelial nitric oxide synthase (eNOS), NRP-1, and
NRP-2 were associated with angiogenesis (9). VEGF
is best known for its angiogenic activity on endothelial
cells, but it also affects neurons, pneumocytes, and
other mature cell types as well as endothelial, neural,
and hematopoietic progenitors (10). Second, HIF-1a-
dependent up-regulation of NRP-1 is also a critical
molecular event involved in the vasculogenic mimicry
and tumor formation in vivo (11). NRP-1, as a
non-tyrosine kinase receptor for VEGF, was overex-
pressed in a number of human tumors, including
GBM (12). NRP-1 would mediate diverse cellular sig-
naling pathways in gliomas, including proliferation,
invasion, and migration, as well as tumor angiogenesis
(13). However, we did not find caffeine could mod-
ulate significantly protein expressions of these
angiogenesis-related genes in this animal study.

Caffeine might play different or contradictory roles
on various pathophysiologic conditions. For example,
caffeine suppressed hepatosteatosis by downregulation
of genes associated with lipogenesis, ER stress, and
inflammatory responses, and enhancement of lipid
oxidation in the zebrafish model (14). Early caffeine
treatment protects developing lungs from
hyperoxia-induced injury by attenuating ER stress

(15). Caffeine is a pleiotropic neuroprotective drug in
the developing brain due to its anti-oxidative,
anti-inflammatory, and anti-apoptotic properties (16).
Contradictorily, caffeine combined with sedative/anes-
thetic drugs could trigger widespread neuroapoptosis
in a mouse model of prematurity (17). Furthermore,
the effects and mechanisms of caffeine on cancer
treatment belonged to other stories.

Some agents could induce autophagic cell death
and/or apoptosis of cancer cells mediated by ER stress
and other mechanisms in vitro. For example, luteolin
induced a lethal ER stress response and mitochondrial
dysfunction in glioblastoma cells by increasing intra-
cellular reactive oxygen species (ROS) levels (18).
Minocycline could inhibit glioma growth through ER
stress-induced autophagic cell death and apoptosis
(19). Fluoxetine synergizes with TMZ to induce the
CHOP-dependent ER stress-related apoptosis pathway
in glioma cells (20). As for caffeine, it could inhibit
ultraviolet-induced skin carcinogenesis via increasing
a DNA repair gene (NEIL3) expression and increasing
the ataxia telangiectasia and rad3 (ATR)-related apop-
tosis (21). Caffeine could induce premature chromo-
some condensation and result in cell death in root
meristems of Vicia faba (22). However, caffeine mod-
ulated the cytotoxicity of doxorubicin, gemcitabine,
and paclitaxel in SH-SY5Y cells via different mech-
anisms in vitro. Pretreatment with caffeine (100 nM
and 10uM) sensitized SH-SY5Y cells to
doxorubicin-induced toxicity, decreased total cell ROS
production but increased mitochondrial ROS produc-
tion, and increased apoptosis. In contrast, caffeine
(10nM and 10uM) protected cells against
gemcitabine-induced toxicity and apoptosis. Similarly,
1puM and 10uM caffeine protected cells against
paclitaxel-induced toxicity and mitochondrial ROS
production (23). In this animal model of RT2 glioma,
however, CHOP expression did not elevated signifi-
cantly in the TMZ and TMZ plus Caffeine (100 mg/
kg once daily for 2 weeks) groups. These discrepancies
might be due to the differences in vitro or in vivo
experiments, cancer types, and/or treatment protocols.

Actually, the activation of autophagy might play a
contradictory role on the viability of glioma.
Autophagy appeared earlier than apoptosis after irra-
diation on MG cells (24). Tiwari et al. (25) reported
that N-(4-hydroxyphenyl) retinamide (4-HPR)-
induced autophagy in glioma cell may provide sur-
vival advantage, but inhibition of autophagy may
enhance the cytotoxicity of 4-HPR to glioma.
Resveratrol induced autophagy in human U251 gli-
oma cells, but autophagy inhibitors can increase the
cytotoxicity of resveratrol to glioma cells (26). Bufalin



could induce autophagy, but autophagy itself played
a cytoprotective role in bufalin-induced ER stress and
cell death (27). Chloroquine drugs blocked autophagy
and triggers ER stress, thereby increased the chemo-
sensitivity of glioma cells to TMZ (28). As for caf-
feine, Sailki et al. (29) reported that caffeine induced
apoptosis by enhancement of autophagy via PI3K/
Akt/mTOR/p70S6K inhibition. But, Pitaksalee et al.
(30) claimed that caffeine could potentiate metham-
phetamine toxicity on SH-SY5Y cells through inhi-
bition of autophagy. Now, we showed that caffeine
increased expression of LC3A/B in TMZ-treated gli-
oma in rats. More study was needed to confirm the
exact mechanism about caffeine-related glioma cell
death in animals.

There were some weak points in this study. First,
TMZ would be given to patients with malignant gli-
oma for several courses in a period clinically. The
findings and related expressions of gene/protein might
alter with time. However, the relative size of glioma
was too high in the end of 2nd week in this study.
So, we had to set the end point of this study in the
2nd week. Second, based on our protocol, we had
just known that the caffeine could prevent re-growth
of glioma after cessation of TMZ, but could not tell
the readers whether caffeine played an additive or
synergistic therapeutic effect with TMZ on inhibition
of glioma. Third, only one dose of caffeine was used
in this study. It is better to use multiple doses of
caffeine to compare chemopreventive measures and/
or possible toxic effects. Fourth, we had not investi-
gated the effect on glioma cells inoculated intracere-
brally. Also, we had not performed histological
examinations of gliomas including tumor vascularity,
necrosis, and apoptosis following combination treat-
ment of caffeine and TMZ.

Conclusion

This animal study showed that caffeine might inhibit
the growth of TMZ-treated glioma. And, the inhibitory
effect of caffeine on glioma might be associated with
increasing protein expressions of autophagy- and
apoptosis-related genes, but not associated with hypoxia,
angiogenesis, and ER stress. Long-term animal and/or
clinical studies should be conducted in the future.
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