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Abstract: γ-Tocotrienol, a kind of isoprenoid phytochemical, has antitumor activity. However,
there is limited evidence that it has an effect on cervical cancer. In this study, the capacity to
inhibit proliferation and induce apoptosis in human cervical cancer HeLa cells and the mechanism
underlying these effects were examined. The results indicated that a γ-tocotrienol concentration over
30 µM inhibited the growth of HeLa cells with a 50% inhibitory concentration (IC50) of 46.90± 3.50 µM
at 24 h, and significantly down-regulated the expression of proliferative cell nuclear antigen (PCNA)
and Ki-67. DNA flow cytometric analysis indicated that γ-tocotrienol arrested the cell cycle at G0/G1
phase and reduced the S phase in HeLa cells. γ-tocotrienol induced apoptosis of HeLa cells in a time-
and dose-dependent manner. γ-tocotrienol-induced apoptosis in HeLa cells was accompanied by
down-regulation of Bcl-2, up-regulation of Bax, release of cytochrome from mitochondria, activation
of caspase-9 and caspase-3, and subsequent poly (ADP-ribose) polymerase (PARP) cleavage. These
results suggested that γ-tocotrienol could significantly inhibit cell proliferation through G0/G1 cell
cycle arrest, and induce apoptosis via the mitochondrial apoptotic pathway in human cervical cancer
HeLa cells. Thus, our findings revealed that γ-tocotrienol may be considered as a potential agent for
cervical cancer therapy.
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1. Introduction

Cancer is a major public health problem worldwide and it still represents the second leading cause
of death [1]. Cancer rates could further increase by 50% to 15 million new cases by 2020, according
to the World Cancer Report, the most comprehensive global examination of the disease to date [2].
It has been reported that more than 30% of human cancers could be prevented by an alternative
strategy of appropriate dietary modification [3,4]. Therefore, attention is being focused on prevention
as an ultimate strategy for the management of cancer [5,6]. In recent years, many studies have been
carried out to investigate the potential cancer chemopreventive activities of natural phytochemicals, in
particular dietary polyphenols [7].

Tocotrienols and tocopherols are two subgroups of vitamin E, each composed of four different
isomers: alpha, beta, gamma and delta [8]. The basic chemical structures of tocopherols and tocotrienols
include an aromatic chromanol ring and an isoprenoid chain, with tocotrienols containing three
unsaturated phytyl side chains [9]. Barley, rice bran and palm oil have been reported to be rich
in tocotrienol. The distribution of tocopherols in the plant kingdom is primarily α-tocopherol in
green leafy plants and γ-tocopherol in non-green plant parts such as fruits and seeds [10]. Previous
studies showed that tocotrienols exert more significant neuroprotective, anti-oxidant, anti-cancer
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and cholesterol-lowering properties than tocopherol [11–13]. Particularly, γ-tocotrienol is one of the
most abundant forms of tocotrienol in foods, and has shown significant anticancer activity [14–18].
γ-Tocotrienol displays potent anticancer activity at treatment doses that have little or no effect on
normal cell growth and viability [19,20].

In previous studies, data demonstrated that γ-tocotrienol inhibited the growth of breast [18,21,22],
glioma [23], colon [24,25], prostate [26,27], liver [28], oral cavity [29], and gastric cancer cells [30,31] in
a dose-dependent manner, and altered the expression of proteins to induce apoptosis of cancer cells.
It was also reported that γ-tocotrienol displayed an anticancer effect against human cervical cancer
cell lines [32,33]. γ-Ttocotrienol-inhibited proliferation in human cervical cancer cells through the
upregulation of IL-6 and the down-regulation of cyclin D3, p16, and CDK6 expression in the cell cycle
signaling pathway has been reported [32]. However, the effect of γ-tocotrienol on the proliferation
inhibition and apoptosis induction in human cervical cancer HeLa cells and its mechanisms are still
not fully understood. The objectives of this study were to evaluate the effects of γ-tocotrienol on
proliferation and apoptosis in HeLa cells and to decipher the underlying molecular mechanism.

2. Results

2.1. Effect of γ-Tocotrienol on the Viability of HeLa Cells

The effects of γ-tocotrienol on the viability of HeLa cells are shown in Figure 1. The cells were
treated with various concentrations (15, 30, 45 and 60 µM) of γ-tocotrienol for 12, 24 and 48 h. HeLa
cells viability was significantly inhibited in a time- and dose-dependent manner by γ-tocotrienol above
15 µM. There was no significant difference between solvent control cells and cells treated with 15 µM
of γ-tocotrienol. The 50% inhibitory concentration (IC50), the dose of γ-tocotrienol required to inhibit
or kill 50% of the cells tested, were 59.10 ± 5.70, 46.90 ± 3.50 and 18.40 ± 1.90 µM at 12, 24 and 48 h.
The differences were more clearly evident under an inverted microscope (Figure 2). HeLa cells treated
with 30–60 µM of γ-tocotrienol showed shrinkage, rounding, and refractile morphology; fragmentation
was even observed in some cells, in contrast to the control group.
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Figure 1. Effect of γ-tocotrienol on cell viability. HeLa cells were treated with 15, 30, 45 and 60 µM
of γ-tocotrienol for 12, 24 and 48 h, and viability was determined by MTT assay. Cell viabilities are
presented as percentages; the negative cells were regarded as 100% viable. Data are presented as
mean ± SD (n = 3). * p < 0.05, ** p < 0.01, versus the control group.
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Figure 2. The morphological changes of HeLa cells treated by γ-tocotrienol (Inverted microscope, 
100×). HeLa cells treated with 15, 30 and 60 μM of γ-tocotrienol for 12, 24 and 48 h. 
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Figure 2. The morphological changes of HeLa cells treated by γ-tocotrienol (Inverted microscope,
100×). HeLa cells treated with 15, 30 and 60 µM of γ-tocotrienol for 12, 24 and 48 h.

2.2. Effect of γ-Tocotrienol on Mitotic Index of HeLa Cells

The effect of γ-tocotrienol treatment on mitotic index of HeLa cells is presented in Table 1. After
treatment with 15 µM of γ-tocotrienol for 12 h, 24 h or 48 h, the cell mitotic index was increased
compared with the control group. When the concentration of γ-tocotrienol was over 15 µM, the mitotic
index was decreased in comparison with the control group in a time- and dose-dependent manner.
The lowest mitotic index was observed in HeLa cells supplemented with 60 µM of γ-tocotrienol
(Table 1). The inhibitions (percentages) of mitosis were 8.4–36% at 12 h, 13.1–60.2% at 24 h,
and 19.5–79.2% at 48 h.

Table 1. Effect of γ-tocotrienol on the mitotic index of HeLa cells (n = 3).

Groups
(µM)

No. of Cancer Cells in Mitosis (Mean ± SD) Mitotic Index (%) Inhibition (%)

12 h 24 h 48 h 12 h 24 h 48 h 12 h 24 h 48 h

0 214.00 ± 4.20 256.00 ± 3.70 293.00 ± 3.50 21.40 25.60 29.30 − − −
ethanol 216.00 ± 6.50 252.00 ± 4.50 287.00 ± 3.80 21.60 25.20 28.70 −0.90 1.60 2.00

15 219.00 ± 2.50 268.00 ± 3.60 313.00 ± 3.20 21.90 26.80 31.30 −2.30 −4.70 −6.80
30 195.60 ± 6.20 222.40 ± 2.90 236.00 ± 5.30 19.60 22.20 23.60 * 8.40 13.10 19.50
45 159.00 ± 5.30 182.00 ± 4.20 80.00 ± 6.70 15.90 * 18.20 * 0.80 ** 25.70 28.90 72.70
60 137.00 ± 5.00 102.00 ± 6.30 61.00 ± 5.90 13.70 * 10.20 * 0.60 ** 36.00 60.20 79.20

* p < 0.05, ** p < 0.01 compared to the control group.

2.3. Effect of γ-Tocotrienol on Colony Formation in HeLa Cells

The effect of γ-tocotrienol treatment on colony formation of HeLa cells is presented in Table 2.
γ-tocotrienol decreased colony formation by HeLa cells compared with controls. Inhibition ranged from
7.6% to 99.6% at 12 h, from 29.8% to 100% at 24 h and from 50.4% to 100% at 48 h after treatment with
30, 45 and 60 µM of γ-tocotrienol. These results showed that 30–60 µM of γ-tocotrienol significantly
inhibited colony formation in HeLa cells in a time- and dose-dependent manner (p < 0.05).
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Table 2. Effect of γ-tocotrienol on colony formation in HeLa cells (n = 3).

Groups
(µM)

No. of Cancer Cells Colonies (Mean ± SD) Colony Formation (%) Colony Inhibition (%)

12 h 24 h 48 h 12 h 24 h 48 h 12 h 24 h 48 h

0 76.30 ± 2.90 79.80 ± 4.30 84.30 ± 3.80 38.15 39.90 42.15 − − −
ethanol 76.00± 1.00 77.00 ± 3.00 83.50 ± 3.00 38.00 38.50 41.75 0.40 3.50 −0.90

15 79.00 ± 4.00 84.30 ± 3.30 90.30 ± 1.80 39.50 42.30 45.15 −3.50 −5.60 −7.10
30 70.50 ± 6.80 56.00 ± 3.00 41.80 ± 2.30 35.25 28.00 * 20.90 * 7.60 29.80 50.40
45 34.00 ± 3.00 8.50 ± 2.00 0.50 ± 0.50 17.00 ** 4.30 ** 0.25 ** 55.40 89.30 99.40
60 0.30 ± 0.40 0 0 0.20 ** 0 ** 0 ** 99.60 100 100

* p < 0.05, ** p < 0.01, compared to the control group.

2.4. γ-Tocotrienol Induces Cell-cycle Arrest in HeLa Cells

The cell cycle distribution of HeLa cells treated with γ-tocotrienol was determined by flow
cytometry. As shown in Tables 3 and 4, HeLa cells treated with 30, 45 and 60 µM of γ-tocotrienol
for 12 and 24 h resulted in a significant increase of the proportion in G1/G0 phase and a decrease
of the proportion in S phase. The proportion in G1/G0 phase increased from 61.27% to 72.03% and
from 63.75% to 75.87% at 12 and 24 h, respectively. The percentage in S phase decreased from 19.84%
to 8.88% and from 27.14% to 15.92% at 12 and 24 h, respectively. However, no changes in 15 µM
γ-tocotrienol treatment group, solvent and the control group were observed after 12 or 24 h. These
results demonstrated that 30–60 µM of γ-tocotrienol resulted in a significant increase of the proportion
of cells at the G1/G0 phase, and a decrease in the proportion at S phase, in a time- and dose-dependent
manner (p < 0.05).

Table 3. Impact of γ-tocotrienol on the distribution of HeLa cell cycle on 12 h (n = 3).

Group (µM)
Cell Cycle Distribution (%) Cell Count

G0/G1 S G2/M × 106

0 56.27 ± 3.50 26.14 ± 2.81 17.59 ± 1.10 1.67
ethanol 56.95 ± 2.67 23.77 ± 1,83 19.28 ± 3.47 1.70

15 55.17 ± 4.22 24.22 ± 2.58 20.61 ± 2.32 1.79
30 61.27 ± 2.73 19.84 ± 3.21 18.89 ± 2.18 1.33
45 68.13 ± 3.20 * 14.90 ± 2.10 * 16.97 ± 2.51 1.04
60 72.03 ± 3.48 * 8.88 ± 1.71 ** 19.09 ± 3.21 0.82

* p < 0.05, ** p < 0.01, compared to the control group.

Table 4. Impact of γ-tocotrienol on the distribution of HeLa cells cycle on 24 h (n = 3).

Group (µM)
Cell Cycle Distribution (%) Cell Count

G0/G1 S G2/M × 106

0 57.57 ± 3.50 32.43 ± 2.81 10.00 ± 1.10 2.13
ethanol 55.97 ± 2.67 34.03 ± 1.83 12.81 ± 3.47 2.15

15 53.16 ± 4.22 36.02 ± 2.58 10.08 ± 2.32 2.27
30 63.75 ± 2.73 * 27.14 ± 3.21 * 9.11 ± 2.18 1.49
45 70.31 ± 3.20 * 19.83 ± 2.10 ** 9.86 ± 2.51 1.19
60 75.87 ± 3.48 * 15.92 ± 1.71 ** 8.21 ± 3.21 0.62

* p < 0.05, ** p < 0.01, compared to the control group.

2.5. γ-Tocotrienol Induces Apoptosis in HeLa Cells

To investigate whether γ-tocotrienol-mediated growth inhibition is associated with apoptosis,
treated and untreated HeLa cells were analyzed by flow cytometry. As shown in Figure 3, the apoptosis
rates of HeLa cells treated with 30, 45 and 60 µM of γ-tocotrienol was 5.91–24.67% at 12 h and
15.87–36.92% at 24 h, respectively. The number of apoptotic cells in 15 µM γ-tocotrienol treatment
group, solvent group was nearly the same as that of control group. In addition, DAPI staining was
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used to investigate the morphological changes of the cell nuclei and the results are presented in
Figure 4. Control cells showed homogeneous staining of the nucleus, but, after treatment with 30 and
60 µM of γ-tocotrienol for 12, 24 and 48 h, apoptotic cells had irregularly stained nuclei indicative
of chromatin condensation and nuclear fragmentation. No significant change was observed in HeLa
cells treated with 15 µM of γ-tocotrienol. The ultrastructural changes are characteristic of apoptosis
and further details are shown in Figure 5. The cells treated with 60 µM γ-tocotrienol for 12 and 24 h
showed obvious characteristic changes of apoptosis, including cytoskeletal disruption, chromatin
condensation and margination of nucleus, formation of apoptotic bodies and mitochondrial swelling,
or disappearance of mitochondria (Figure 5C,D). Similarly, the characteristic morphology of apoptosis
was also observed in those cells treated with 30 µM of γ-tocotrienol for 48 h (Figure 5B). In addition,
cells in the control group had the clear cell organs in cytoplasm, and mitochondrial cristae were
also observed clearly (Figure 5A). These data demonstrated that γ-tocotrienol significantly induced
apoptosis in HeLa cells in a time- and dose-dependent manner.
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Figure 3. Percentage of apoptotic HeLa cells induced by different concentrations of γ-tocotrienol. HeLa
cells were treated with 15, 30, 45 and 60 µM of γ-tocotrienol for 12 and 24 h, then the apoptosis rates
were analyzed by flow cytometry. * p < 0.05, ** p < 0.01, compared to the negative control group.
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Figure 4. Nuclear morphological changes of HeLa cells treated by γ-tocotrienol. The cells were
harvested and washed twice with phosphate-buffered saline (PBS). 25 µL of cell suspension was mixed
with 1 µL of dyeing solution (4′,6-diamidino-2-phenylindole, DAPI), and the images were captured by
fluorescence microscopy (Olympus IX70, 200×). Control cells showed homogeneous staining of the
nucleus. After treatment with 30 and 60 µM of γ-tocotrienol for 12, 24 and 48 h, apoptotic cells had
irregularly stained nuclei indicative of chromatin condensation and nuclear fragmentation.
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10,000×). (B) HT-29 cells treated with 30 µM of γ-tocotrienol for 48 h. The treated cells became small
and round. The nuclear volume decreased (original magnification 10,000×). (C) HT-29 cells treated
with 60 µM of γ-tocotrienol for 12 h. Chromatin condensation, formation of apoptotic body and
mitochondrial swelling were also observed in those cells (original magnification 10,000×). (D) HT-29
cells treated with 60 µM of γ-tocotrienol for 24 h (original magnification 5000×). The cells showed the
chromatin condensation and disappearance of mitochondrial.

2.6. DNA Fragmentation

The effect of γ-tocotrienol on apoptosis in HeLa cells was further assessed by a DNA fragmentation
assay. As shown in Figure 6, no DNA ladders were observed in the control group or in cells
supplemented with various concentration of γ-tocotrienol for 12 and 24 h, indicating that γ-tocotrienol
treated HeLa cells did not form DNA fragments. Our previous studies have shown that significant
DNA ladder bands appeared in HT-29 [24] and SGC-7901 [30] cells treated with 45 and 60 µM of
γ-tocotrienol for 48, 36 or 72 h.
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HeLa cells were treated with 15, 30 and 60 µM for 12 and 24 h. M: Marker. DNA was isolated and
subjected to 1.2% agarose gel electrophoresis, followed by visualization of bands and photography.
DNA fragments were not observed in the γ-tocotrienol-treated groups and control group.

2.7. Effect of γ-Tocotrienol on the Expression of Proteins Involved in Proliferation in HeLa Cells

To confirm the antiproliferation activity of γ-tocotrienol toward human cervical cancer HeLa
cells, the expressions of PCNA and Ki-67 were measured by Western blotting. As shown in Figure 7A,
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the expression levels of PCNA of HeLa cells treated with 15 µM of γ-tocotrienol and solvent group for
12 h did not change in comparison with the negative control. γ-tocotrienol (45 or 60 µM) significantly
inhibited the expression of PCNA and Ki-67 in HeLa cells in comparison with the control group in a
dose response.Molecules 2017, 22, 1299 7 of 15 
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Figure 7. Effect of γ-tocotrienol on expression of proliferation and apoptosis-related proteins in HeLa
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compared to the negative control group (n = 3). M: Marker; B: Blank control; C: Ethanol control.

2.8. Effect of γ-Tocotrienol on the Expression of Apoptosis-Related Proteins in HeLa Cells

To elucidate the molecular mechanism of γ-tocotrienol induced apoptosis in HeLa cells, expression
levels of apoptotic-regulation proteins such as Bcl-2, Bax, caspase-3, and PARP were evaluated.
As shown in Figures 7B and 8A, the expression levels of Bax and Bcl-2 were not changed in comparison
with the control group when the cells were treated with γ-tocotrienol at 15 µM for 24 h. There were
significant differences in the expression of Bax and Bcl-2 in HeLa cells treated with γ-tocotrienol at the
dose of 45 and 60 µM in comparison with the control group (* p < 0.05, ** p < 0.01). Thus, the results
indicated that γ-tocotrienol-mediated apoptosis in HeLa cells may depend on the overexpression of
Bax and suppression of Bcl-2.

In response to apoptotic stimuli, procaspase-3 is cleaved into an active 17-kDa fragment. Activated
caspase 3 cleaves the 116 kDa PARP protein into 89 kDa fragments. Thus, cleavage of PARP is an
important marker of caspase 3-mediated apoptosis. In order to obtain direct evidence showing the
relationship of caspase activation and apoptosis, procaspase-3 cleavage and PARP were examined
in HeLa cells treated with γ-tocotrienol for 24 h. As shown in Figure 8B,C, the expression of cleaved
caspase-3 in HeLa cells treated with 15–60 µM γ-tocotrienol for 24 h showed an increased trend.
An increase of the 89-kDa cleavage form of PARP was also observed in the cells treated with 45 or
60 µM of γ-tocotrienol compared to the control group. The results indicated that γ-tocotrienol induced
the cleavage of 32 kDa procaspase-3 into its active 17 kDa form and cleavage of PARP appeared in
HeLa cells.
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Figure 8. Effects of γ-tocotrienol on expression of bcl-2/bax (A), Caspase-3 (B), PARP-1 (C), and Caspase-8
(D) in HeLa cells. Cells were treated with various concentrations of γ-tocotrienol for 24 h. The expression
levels of the proteins were analyzed through Western blot method. * p < 0.05, ** p < 0.01, compared to the
negative control group (n = 3). M: Marker; B: Blank control; C: Ethanol control.

2.9. Apoptosis of HeLa Cells Induced by γ-Tocotrienol via Mitochondrial Pathway

To distinguish between the two main apoptotic pathways of HeLa cells induced by γ-tocotrienol,
the expression of caspase-8 and caspase-9 were investigated by Western blotting. γ-tocotrienol-treated
HeLa cells did not exhibit a significant increase in caspase-8 activity (Figure 8D). The expression of
cleaved caspase-9 was induced in HeLa cells treated with 30, 45 and 60 µM γ-tocotrienol (Figure 9A).
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Figure 9. Effects of γ-tocotrienol on expression of caspase-9 (A) and cytochrome C (B) in HeLa cells.
Cells were treated with various concentrations of γ-tocotrienol for 24 h. The expression levels of the
proteins were analyzed through Western blot assay. * p < 0.05, ** p < 0.01, compared to the negative
control group (n = 3). M: Marker; B: Blank control; C: Ethanol control.



Molecules 2017, 22, 1299 9 of 15

During the initiation phase of apoptosis via the mitochondria-mediated death pathway,
cytochrome c of mitochondria is released into the cytosol as a key event [34]. We also detected
cytochrome c protein levels in both the mitochondrial and cytosolic fractions in HeLa cells treated
with γ-tocotrienol for 24 h (Figure 9B). These results suggest that γ-tocotrienol specifically promoted
cytochrome c release from the mitochondria into the cytosol of HeLa cells.

3. Discussion

Cervical cancer is the fourth most common cancer among women worldwide, with an estimated
528,000 new cases and 266,000 deaths annually [35]. It is the leading cause of cancer mortality among
women in developing countries [36]. Cervical cancer is particularly amenable to prevention as it has a
long pre-clinical phase and the natural history of cervical carcinogenesis is well researched. It has been
reported that several phytochemicals, including phenolics, flavonoids and carotenoids from vegetables,
grains, fruits, and other plant products can interfere with cell regulation and proliferation, being
involved in multiple signaling pathways that are disrupted during tumor initiation, proliferation and
propagation [37,38]. γ-tocotrienol is a phenolic that has attracted great attention for its potential as a
chemopreventive and chemotherapeutic agent in various types of cancer cells. However, the molecular
mechanisms responsible for the anti-proliferative action of tocotrienols are not entirely understood,
especially in gynecology tumors.

In our study, γ-tocotrienol at 30–60 µM significantly inhibited HeLa human cervical cancer
cell proliferation in a dose- and time- dependent manner, and no cytotoxicity was observed at low
concentrations (15 µM). The IC50 of γ-tocotrienol for inhibition of HeLa human cervical cancer cell
proliferation was 59.10, 46.90 and 18.40 µM at 12, 24 and 48 h. Previous studies showed that treatment
with γ-tocotrienol at 100 µM and above for 24 h, effectively inhibited the growth of cervical cancer
CaSki cells with IC50 value of 75 µM [39]. However, treatment with 3 µM γ-tocotrienol for 24 h exerted
inhibitory effect on the proliferation of HeLa cell in a time-dependent and dose-dependent manner,
IC50 values were 2.85 ± 0.07 µM [32]. These results were not completely inconsistent with our findings.
Meantime, the 50% inhibitory concentrations for γ-tocotrienol in our study are higher or lower than
those for other cell lines, such as 7.4 µM (3 days) in human hepatocellular carcinoma cells [40], less than
10 µM (4 days) using MCF-7 and MDA-MB-231 human mammary cells [41], 31.40 ± 1.51 µM (24 h) in
SW620 cells and 32.69 ± 1.29 µM (24 h) in HCT-8 cells [42], 17.50 µM (2 days) in human colon cancer
HCT116 cells [43], 35.45 µM (2 days) in human colon cancer HT-29 cells [24]. Another study showed
that the IC50 values of γ-tocotrienol were 336 µM and 141 µM (1 day) in HT-29 and SW837 human
colorectal cancer cells [25]. The differences may be due to the time of treatment, cell numbers seeded,
state of the cells, operators, or varieties of cell line. In the present study, we also demonstrated that the
mitotic index was decreased compared with the control group as the incubation time and concentration
of γ-tocotrienol increased. Moreover, γ-tocotrienol significantly inhibited colony formation in HeLa
cells in a dose-and time-dependent manner (p < 0.05) when the concentration of γ-tocotrienol was
higher than 15 µM. PCNA, a nuclear protein that binds to DNA polymerase, is a cell-cycle regulator
expressed in the nucleus of proliferating cells. Ki-67 protein expression occurs during the G1 phase,
increases during the cell cycle, and rapidly declines after mitosis. PCNA and Ki-67 are often used as
a proliferation marker [44,45]. In this study, γ-tocotrienol was demonstrated to down-regulate the
protein expression of Ki-67 and PCNA of HeLa cells. Our data suggested a specific antiproliferative
activity for γ-tocotrienol toward HeLa human cervical cancer cells.

To test the effect of γ-tocotrienol on the proliferation of HeLa cells further, cell-cycle distribution
experiments were conducted. Our results showed that treatment with above 30 µM of γ-tocotrienol for
12 and 24 h induce the G0/G1 arrest and decreased numbers in S phase in HeLa cells compared with
the control group. It has been reported that treatment with 1–3 µM of γ-tocotrienol for 24 h induces
G0/G1 phase arrest and resulted decline in the percentage of cells in the S phase in a dose-dependent
manner in HeLa cells [32]. Our previous data showed that γ -tocotrienol at 30–60 µM affected the
cell-cycle distribution in HT-29 cells, resulting in appreciable arrest in the G0/G1 phase and S phase
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decreased at 48 h [24]. Previous studies also showed that treatment with γ-tocotrienol (10–30 µM) for
12 h induced G0/G1 phase arrest in human leukemia HL-60 cells [46]. Murine melanoma B16 cells
treated with 20 µM of γ-tocotrienol for 3 h were arrested in the G1 phase and decreased the proportion
of the cells in S phase [47]. The difference in dose of γ-tocotrienol may be associated with the time of
treatment, cell numbers seeded, varieties of cell line, cell viability, inoculation density, or laboratory
conditions. Our results suggested that γ-tocotrienol-induced G0/G1 phase arrest might be involved in
the inhibition of HeLa cell proliferation.

Apoptosis is the mechanism used by metazoans to regulate tissue homeostasis through the
elimination of redundant or potentially deleterious cells. Apoptosis induction is arguably the most
potent defense against cancer. It is well known that certain chemopreventive agents can induce
apoptosis in tumor cells [48]. It has also been reported that γ-tocotrienol can induce MDA-MB-231 [18],
HT-29 [24] and SGC-7901 [31] cell apoptosis. In our present studies, morphology and flow cytometry
demonstrated that treatment with 30–60 µM of γ-tocotrienol induced apoptosis in HeLa cells and these
effects were dose- and time-dependent. Two important groups of proteins involved in apoptotic cell
death are members of the Bcl-2 family [49] and a class of cysteine proteases known as caspases [50].
The Bcl-2 family proteins are key regulators of apoptosis, which include both anti-apoptotic (Bcl-2)
and pro-apoptotic proteins (Bax), and a slight change in the dynamic balance of these proteins may
result either in inhibition or promotion of cell death [51]. The Bcl-2 family proteins have been reported
to regulate apoptosis by controlling the mitochondrial membrane permeability [52]. A decrease in
the ratio of Bcl-2/Bax stimulates the release of cytochrome c from mitochondria into the cytosol.
Caspase-3 can be activated through cytosolic release of cytochrome c [53]. Activated caspase-3 leads
to PARP cleavage. Usually the cleavage of PARP is used as an indicator of apoptosis. In the study,
we found that γ-tocotrienol up-regulated the expression of Bax, down-regulated the expression of
Bcl-2, induced the cleavage of 32 kDa procaspase-3 into its active 20 kDa form, and resulted in
subsequent PARP cleavage in HeLa cell. These results suggested that Bcl-2 and Bax participated
in the regulation of apoptosis induction in HeLa cells by γ-tocotrienol. Similar results have been
obtained in Hep3B [29], HT-29 [24] and SGC-7901 [30] cells. However, expression of Bax and Bcl-2
(mRNA and protein) did not change significantly, PARP cleavage was not detectable in MDA-MB-231
cells treated with 25 µg/mL (≈ 60.89 µM) γ-tocotrienol for 4, 8, 12, 18 and 24 h [18]. Apoptosis
could be triggered through the activation of either an extrinsic (death receptors) pathway or an
intrinsic (mitochondrial) pathway, which are initiated by caspase-8 and caspase-9, respectively [54,55].
Caspase-8 is crucial for triggering apoptosis via death receptors since its recruitment to and activation
at the death-inducing signaling complex is the decisive step for the initiation of the caspase cascade
leading to apoptosis [56]. In contrast, the mitochondrial pathway requires the release of mitochondrial
cytochrome c and the formation of a large multiprotein complex comprising cytochrome c, Apaf-1
and procaspase-9. Caspase-8 and caspase-9 will then proteolytically activate downstream caspases,
in particular caspases-3 and -7, which are responsible for the apoptotic destruction of the cell [31].
In the present study, caspase-9, the apical caspase in mitochondria-mediated apoptotic pathway, but
not caspase-8, was activated during the process of apoptosis induced by γ-tocotrienol in HeLa cells.
We also noticed that γ-tocotrienol induced the release of cytochrome c from the mitochondria into the
cytosol in HeLa cells. Hence, we confirmed that γ-tocotrienol induces the expression of Bcl-2 family
proteins and increases the release of cytochromec, which then leads to activation of procaspase-9 and
caspase-3 to induce fragmentation of PARP. In other words, γ-tocotrienol-induced apoptosis in HeLa
cells involved the mitochondria-mediated apoptotic pathway.

In conclusion, the present study indicated that γ-tocotrienol dose- and time- dependently inhibited
cell proliferation and induced apoptosis of HeLa cells through arresting cell cycle at the G0/G1
phase, increasing the Bax/Bcl-2 ratio, the activation of caspase-3 and caspase-9, and cleavage of
PARP. γ-tocotrienol promotes apoptosis via a mitochondria-mediated intrinsic apoptotic pathway,
independent of death receptor signaling. Additionally, the findings provide good evidence for the
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anti-cancer effect of γ-tocotrienol, and suggest that γ-tocotrienol is a good potential natural compound
for the chemoprevention and treatment of cervical cancer.

4. Materials and Methods

4.1. Materials

Human cervical cancer HeLa cell line was obtained from the Department of Pathophysiology,
Basic Medical, Jiamusi University (Jiamusi, China). γ-tocotrienol was purchased from Cayman
Chemicals CO., Ltd. (Ann Arbor, MI, USA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and DAPI Staining kit were purchased from Sigma Aldrich (Kansas, MO, USA). Rabbit
polyclonal antibodies for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sc-25778), caspase-3
(sc-7148), caspase-9 (sc-8355), and PRAP-1 (sc-7150) were bought from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse monoclonal antibody for Bax (sc-7480), Bcl-2 (sc-7382), caspase-8 (sc-5263),
and anti-cytochrome c (sc-13156) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Goat anti-rabbit (w3960) and anti-mouse (w3950) secondary antibodies were purchased from Promega
(Madison, WI, USA).

4.2. Cell Culture

Human cervical cancer HeLa cells were cultured in RPMI-1640 (Gibco, Paisley, Scotland)
containing 10% (v/v) heat-inactivated fetal bovine serum (Gibco), maintained at 37 ◦C in a humidified
incubator with 5% CO2 and 95% air. Cells were plated in 75-cm2 flasks and allowed to grow to
approximately 70% confluence before experimentation.

4.3. Cell Viability

The effect of γ-tocotrienol on cell viability was determined by an MTT assay. Briefly, exponentially
growing cells were seeded in 24-well plates (Nunc, Wiesbaden, Germany) at 2.0 × 104 cells/well. After
24 h of incubation, the medium was removed and the cells were treated with 1000 µL of medium
containing various concentrations (15, 30, 45, and 60 µM) of γ-tocotrienol for the desired time. Negative
control cells were supplemented with 0.15% ethanol vehicle. Each concentration of γ-tocotrienol was
repeated in three wells. 100 µL of MTT (5 mg/mL in PBS) (Gibco, Rockville, MD, USA) was added to
each well and incubated at 37 ◦C for 4 h. The medium was carefully removed and 750 µL of dimethyl
sulfoxide (DMSO) was added to each well. The plates were shaken for 10 min and the absorbance at
490 nm was measured in an 550 Universal microplate reader (Bio-Tek Instruments, Inc., Winooski,
VT, USA). Growth inhibition by γ-tocotrienol was calculated as percentage of cell viability, taking the
viability of the blank control cells as 100%.

4.4. Mitotic Index

Exponentially growing HeLa cells were seeded in 24-well plates at 1.0 × 104 cells/well and
incubated for 24 h to allow the cells to attach the bottom of plate, and then the medium was removed
and the cells were treated with 15, 30, 45, and 60 µM of γ-tocotrienol for 12, 24 and 48 h. Each
concentration of γ-tocotrienol was repeated in three wells. After incubation, the cells were fixed with
methanol and stained with 1% Giemsa. The number of cells in mitosis was counted among 1000 cells
under an inverted microscope (Olympus CK40, Tokyo, Japan). The mitotic index was calculated using
the following Equation (1):

mitotic index = number of mitotic cells/total number of cells × 100% (1)

4.5. Colony Formation

Exponentially growing cells were plated at 200 cells/well in 24-well plates and allowed to attach
for 24 h. The medium was removed and the cells were treated with 15, 30, 45 and 60 µM of γ-tocotrienol.
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Each concentration of γ-tocotrienol was repeated in three wells. After 12, 24 or 48 h of incubation,
the cells were fixed with methanol and stained with Giemsa. Colonies containing more than 50 cells
originating from single cells were counted under the inverted microscope (Olympus CK40).

4.6. Flow Cytometric Analysis

Exponentially growing HeLa cells were plated at a density of 5.5 × 105 cells per 100-mm culture
dish for 24 h. The medium was removed and the cells were treated with 15, 30, 45 and 60 µM
of γ-tocotrienol for 12 and 24 h, then harvested and washed twice with PBS. The cells were then
resuspended in 150 µL PBS and fixed in 85% ice-cold ethanol for 2 h at 4 ◦C. They were then centrifuged
at 1000 rpm for 5 min and resuspended with PBS, repeated twice. Finally, each samples added 0.5 mL
PI (5 µg/mL), maintained at 37 ◦C in a humidified incubator for 30 min. Data acquisition was done on
a Guava easyCyte Flow Cytometer (Guava Technologies, Billerica, MA, USA) and analyzed by Modfit
L T software (Verity Software House Inc., Topsham, ME, USA).

4.7. Morphologic Observation of Apoptosis

After treatment with γ-tocotrienol, morphologic changes in HeLa cells were assessed by inverted
microscope, fluorescence microscopy and transmission electron microscopy. Briefly, the cells were
treated with 15, 30, 45 and 60 µM of γ-tocotrienol for 12, 24 and 48 h and observed under
inverted microscopy. Changes in the nuclei were investigated by staining the cells with fluorescent
DNA-binding dyes (DAPI). Cells were harvested and washed twice with PBS, and 25 µL of cell
suspension was mixed with 1 µL of dyeing solution (4′,6-diamidino-2-phenylindole, DAPI). Nuclear
morphology was assessed by fluorescence microscopy (Olympus IX70, Tokyo, Japan). For transmission
electron microscopy, the cells were harvested and fixed with 600 µL glutaraldehyde, the pellets were
dehydrated in graded ethanol solutions and embedded in Epon 812. Ultrathin sections of pellet were
counterstained with uranyl acetate and lead citrate and observed under a JEM-1220 transmission
electron microscope (JEOL Ltd., Tokyo, Japan).

4.8. Detection of DNA Fragmentation

The agarose gel electrophoresis method described previously was modified to determine DNA
fragmentation [57,58]. Briefly, HeLa cells were treated with 15, 30, 45 and 60 µM of γ-tocotrienol for
12, 24 and 48 h, and then washed twice with PBS. Total DNA was isolated using a Apoptotic DNA
Ladder Kit (Applygen Technologies Inc., Beijing, China). DNA agarose electrophoresis was executed
at 60 V on a 1.2% agarose gel. Loading was conducted with 5 µL samples with 1 µL 6× sample buffer,
and 5 µL DNA marker. The gel was photographed under ultraviolet illumination.

4.9. Western Blot Analysis

The HeLa cells were treated with various concentrations of γ-tocotrienol for 12 h and then
collected, washed twice with PBS, and detached in PBS containing 0.25% pancreatin. Whole-cell lysates
obtained from the different treatment groups were isolated by lysing in 20 mM Tris-HCl, pH 7.5, 2% SDS
(w/v), 2 mM benzamidine, 0.2 mM phenyl-methane-sulphonyl fluoride. Preparation of mitochondrial
and cytosolic fractions was conducted as previously described [18]. The total protein concentrations of
each sample were measured in a 550 Universal microplate reader (Bio-Tek Instruments, Inc.) at 562 nm.
For western blotting, 100 µg of protein was resolved on 10% polyacrylamide gels and transferred to a
nitrocellulose membrane. The membrane was blocked in blocking buffer (1% BSA, 1% Tween 20 in
20 mM Tris-buffered saline (TBS), pH 7.6) for 30 min at 37 ◦C in a hybridization oven, incubated with
appropriate monoclonal or polyclonal primary antibody in blocking buffer for 2 h at 37 ◦C or overnight
at 4 ◦C. The membrane was washed 3 × 5 times with Tris-buffered saline tween-20 (TBST) followed by
incubation with anti-mouse or anti-rabbit secondary antibody at 37 ◦C for 1 h. The membrane was
washed 3 × 5 times with TBST and then washed with TBS twice. Then the membrane was incubated
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with alkaline phosphatase until an appropriate signal level was obtained. Protein bands were detected
by FluorChem Imaging Systems (Bio-Rad, Hercules, CA, USA).

4.10. Statistical Analysis

Statistical analysis was performed using SPSS version 14.0 (SPSS, Inc., Chicago, IL, USA). The data
were expressed as Mean ± SD. Differences between the control and treated groups were evaluated by
the one-way analysis of variance (ANOVA) test with the Bonferroni post hoc multiple comparisons
and considered significant at p < 0.05.
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