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Abstract Pancreatic cancer is the fourth leading cause of

cancer-related deaths in the United States. Identifying

novel chemotherapeutic and chemopreventive approaches

is critical in the prevention and treatment of cancers such

as pancreatic cancer. Vitamin E succinate (VES) is a

redox-silent analog of the fat-soluble vitamin alpha-

tocopherol. In the present study, we explored the antipro-

liferative action of VES and its effects on inhibitor of

apoptosis proteins in pancreatic cancer cells. We show that

VES inhibits cell proliferation and induces apoptosis in

pancreatic cancer cells. Further, we demonstrate that VES

downregulates the expression of survivin and X-linked

inhibitor of apoptosis proteins. The apoptosis induced by

VES was augmented by siRNA-mediated inhibition of

survivin in PANC-1 cells. In summary, our results suggest

that VES targets survivin signaling and induces apoptosis

in pancreatic cancer cells.

Keywords Vitamin E � Vitamin E succinate � Survivin �
Pancreatic cancer � Apoptosis

Introduction

Pancreatic cancer is the fourth leading cause of cancer death

with 43,140 new cases and 36,800 deaths estimated in the

United States in 2010. Despite resection and adjuvant ther-

apy attempts, patients diagnosed with pancreatic cancer

continue to have a poor prognosis with a 5-year survival rate

of 20% (Jemal et al. 2010). The high mortality rate for

pancreatic cancer is due primarily to the advanced stage at

diagnosis in the majority of cases: by the time of diagnosis,

80% of pancreatic cancers are no longer localized to the

pancreas. Gemcitabine, currently the most effective che-

motherapeutic drug against pancreatic cancer, results in a

response rate of 24% and median survival of 5.6 months.

Thus, there is a need for more effective therapeutic approa-

ches. Dietary modulation of signaling pathways is a prom-

ising strategy for cancer prevention and treatment. Vitamin

Es (VitEs) are the most potent natural antioxidant vitamins

and generally include all compounds that exhibit natural

vitamin E-like activity. The naturally occurring VitEs

include tocopherols and tocotrienols. Alpha-tocopheryl

succinate or vitamin E succinate (VES), obtained by the

esterification of alpha-tocopherol, is included in the class of

drugs called ‘‘mitocans’’ and is the most studied vitamin E

compound known to reduce the growth of various cancer

cells in vitro and in vivo with no effect on normal cells

(Neuzil et al. 2006; Wang et al. 2006).

VES has been shown to generate anticancer activity in a

wide range of solid tumors including breast, prostate,

gastric, and colorectal tumors as well as in melanomas

(Malafa et al. 2006; Malafa and Neitzel 2000; Neuzil 2003;
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Quin et al. 2005). VES exerts its apoptotic effect in cancer

cells by various apoptotic signaling pathways. It modulates

transforming growth factor-beta (TGFb) and Fas (CD95)

apoptotic signaling pathways, thereby contributing to the

activation of c-Jun N-terminal kinase (JNK)-mediated

apoptosis (Kline et al. 2004). However, TGFb-independent

mechanisms are also reported (Yu et al. 2002). Mitocans

generate reactive oxygen species (ROS) that mediate the

formation of disulfide bridges between cytosolic Bax

monomers to form mitochondrial outer membrane chan-

nels. The activation of Bax channels resulting in the

translocation of cytochrome C into the cytoplasm and

activation of caspase 3 and 9 is a key event during VES-

induced apoptosis (Neuzil et al. 2006). Recent studies have

also suggested the potential use of VES in cancer therapy

and sensitization of cancer cells to different chemothera-

peutics (Tomasetti et al. 2004; Yu et al. 2002). Despite

exploratory studies on the effect of VES on different cancer

cells, the exact mechanism of VES-induced apoptosis

remains elusive.

Fat-soluble vitamins play an important role in pancreatic

cells (Ohlsson et al. 2004). Limited studies have been

performed to examine the effects of vitamin E and its

analogs in pancreatic cancer cells (Greco et al. 2010;

Heisler et al. 2000; Ohlsson et al. 2004). A few studies

have indicated that vitamin E does not inhibit the growth of

pancreatic cancer cell line (Greco et al. 2010; Ohlsson et al.

2004). In another study, vitamin E supplements failed to

reduce tumor growth in azaserine-treated rats and

N-nitrosobis (2-oxopropyl) amine (BOP)-treated hamsters

(Appel et al. 1996). Contrary to these findings, in the

present study, we demonstrated that VES inhibits the

growth of pancreatic cancer cells by inducing apoptosis

and modulates the expression of inhibitor of apoptosis

proteins (IAPs).

Materials and methods

Cell culture and materials

Human pancreatic cancer cells (PANC-1, COLO-357,

and ASPC-1) were obtained from Georgetown University’s

tissue culture facility. All the cell lines were cultured

as a monolayer in Dulbecco’s modified Eagle medium

(DMEM; Invitrogen, Carlsbad, CA) supplemented with 5%

heat-inactivated fetal bovine serum and 25 lg/ml genta-

micin (Invitrogen).

The following antibodies, reagents, and chemicals were

obtained commercially: vitamin E succinate (VES) and

monoclonal anti-b-actin antibody (Sigma-Aldrich, St.

Louis, MO); survivin antibody (Santa Cruz Biotechnology,

Santa Cruz, CA); caspase-3, Cdc2, p53, p21, and cleaved

PARP antibodies (Cell Signaling Technology, Danvers,

MA); horseradish peroxidase-conjugated secondary anti-

body (Jackson Immunoresearch Laboratories, West Grove,

PA); WST-1 reagent and protease inhibitor cocktail tablets

(Roche Applied Science); ECL Plus Western blotting

detection system (GE Life Sciences, Piscataway, NJ); and

Coomassie protein assay reagent (Pierce Thermo Scientific,

Rockford, IL).

Cell viability

The effects of VES on cell viability and the proliferation of

pancreatic cancer cells were determined using a cell viability

detection kit (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1, 3-benzene disulfonate, WST-1) according to

the manufacturer’s instructions (Roche Applied Science,

Indianapolis, IN). Briefly, pancreatic cancer cells (PANC-1,

COLO-357, and ASPC-1) were seeded onto 96-well plates at

a density of 3,000 cells per well in complete media and

treated at various concentrations and times with a vehicle

(ethanol) or VES. At the end of treatment, 10 ll of the

WST-1 reagent was added to each well to measure cell

proliferation using a plate reader (Bio-Rad Model 680) at

A = 450/600.

Quantification of apoptosis by sub-G1 analysis

Apoptosis was determined by the flow cytometric analysis

of cells treated with VES. The cells were treated with

different concentrations of VES for the indicated time. The

floating and adherent cells were pooled, washed, fixed in

70% ethanol and stained with propidium iodide for FACS

analysis (Becton–Dickinson, Franklin Lakes, NJ). The

percentage of cells in the sub-G1 phase was calculated

using Reproman computer software and was used as an

index of apoptosis as previously described (Kumar et al.

2004).

Cell cycle analysis

To determine the effect of VES on the cell cycle, pancre-

atic cancer cells were plated in complete medium and

allowed to grow to 70–80% confluence. The cells were

synchronized by serum starvation for 18 h, treated with the

indicated concentrations of VES for 24 h, washed, fixed

with 70% ethanol, stained with propidium iodide as above

and analyzed by FACS. Gating was set to exclude cell

debris, doublets, and clumps.

DNA fragmentation assay

COLO-357 cells were treated with VES with indicated

concentrations. DNA fragmentation was analyzed using the
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Apoptotic DNA Laddering Kit (Roche Applied Science).

Apoptotic DNA fragments were isolated according to the

manufacturer’s protocol and resolved on 2% agarose gels

for visualizations of DNA ladders.

Transfection with siRNA

PANC-1 cells were plated in 6-well plates in complete

medium and allowed to grow to 50% confluence.

Approximately, 100 nM survivin or control siRNA (cell

signaling) was transfected using the TransIT-siQUEST

(Mirus, Madison, WI) transfection reagent according to the

manufacturer’s protocol. At 24 h, indicated concentrations

of VES or vehicle were added to the siRNA-transfected

cells. Cells were lysed at 48-h post-transfection and sub-

jected to Western blot analysis.

Western blotting

Immunoblotting was performed essentially as described

previously (Kumar et al. 2004). At indicated times after

treatment with VES, adherent and floating cells were col-

lected. Whole cell extracts (total cell homogenates) were

prepared by lysing cells in radio immune precipitation

assay buffer, and proteins were separated on a 4–12%

gradient Tris–glycine SDS gel (Pierce). Following SDS–

PAGE, proteins were transferred to polyvinylidene difluo-

ride membranes, immunoblotted and detected using ECL

reagent.

Statistical analyses

All the experiments were replicated at least 3 times. The

data provided are a representative of the experiments per-

formed. A Student’s t test was used to analyze treated

versus untreated cells. Results are expressed as averages

±SD. P \ 0.05 is considered significant.

Results

VES inhibits the proliferation of pancreatic cancer cells

We examined the cytotoxic effects of VES on three human

pancreatic cancer cell lines: PANC-1, COLO-357, and

ASPC-1. In PANC-1 cells, varying concentrations of VES

treatment for 24, 48, and 72 h resulted in IC50 values of

40.2, 36.6, and 35.06 lM, respectively. Similarly, the IC50

values for COLO-357 and ASPC-1 were 51.3, 39.2, and

25.1, and [80, 48.7, and 50 lM for the 24, 48, and 72 h

treatments, respectively (Fig. 1). The growth inhibitory

effects of VES were comparable in all the cell lines tested.

We further studied whether the inhibition was due to the

induction of apoptosis in these cells.

Induction of apoptosis by VES

To determine whether VES induces apoptosis in pancreatic

cancer cells, COLO-357 and PANC-1 cells were treated

with various concentrations of VES and evaluated by dif-

ferent apoptotic methods. COLO-357 cells treated with

40–80 lM VES for 24 h exhibited reduced growth, altered

cell morphology and cell death (Fig. 2a). Apoptosis was

confirmed by cleaved PARP and caspase-3 (Fig. 2b, c).

Additionally, internucleosomal fragmentation of DNA was

evident in COLO-357 cells treated with 40 and 80 lM VES

(Fig. 2d). We also determined the percentage of cells in

sub-G1 using FACS analysis following treatment with

varying concentrations of VES. Apoptotic cells were

observed to have increased from 4 to 8% compared to the
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Fig. 1 VES inhibits the proliferation of COLO-357, ASPC-1, and

PANC-1 pancreatic cancer cells. Cells were seeded at a density of

3,000 cells/well in a 96-well plate and treated with DMSO control or

different concentrations of VES for indicated time periods. Cell

proliferation was determined by WST-1 assay (Roche). The filled

circle, square, triangle, and open triangle represent 10, 20, 40, and

80 lM VES treatment, respectively. A representative of 3 experi-

ments performed in six replicates each is shown. P \ 0.05 was

considered significant
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control at 40 lM VES and significantly increased to 25%

at 80 lM VES (Fig. 2e). These data indicate that VES-

induced growth inhibition in COLO-357 is due to

apoptosis.

Interestingly, in PANC-1 cells, 80 lM VES treatment

for 24 h did not demonstrate apoptotic cell death. How-

ever, increasing the duration of VES treatment to 30 and

48 h resulted in increased apoptosis as evidenced by sub-

G1 cells and PARP cleavage (Fig. 3). These data indicate

that VES exhibits a delayed apoptotic response in PANC-1

cells as compared to COLO-357 cells.

Effects of VES on cell cycle and cell cycle-related

proteins

We studied the effects of VES on the cell cycle of PANC-1

and COLO-357 cells. In PANC-1 cells, we did not observe

a change in cell cycle at 24 h (data not shown). At 48 h,

VES induced a modest G2/M arrest along with downreg-

ulation of Cdc2 protein (Fig. 4a). However, in COLO-357

cells, although we did not observe any change in cell cycle

after 24 h of VES treatment (Fig. 4b), we did observe a

marked increase in p21 protein expression after treatment

with VES. Interestingly, there was no change in the

expression of p53 or its phosphorylation (p53Ser15), sug-

gesting an alternative pathway and function for p21

induction (Fig. 4b).

VES inhibits the expression of inhibitor of apoptosis

proteins (IAPs)

To identify possible targets for VES, we studied the effects

of VES on the expression of IAPs. VES treatment of

PANC-1 cells at 80 lM concentration for 24 h resulted in

the inhibition of survivin expression (Fig. 5). Similarly, we

also observed the downregulation of X-linked inhibitor of

apoptosis protein (XIAP) levels upon VES treatment at

80 lM concentration. However, the downregulation of

survivin expression was more pronounced than that of

XIAP.
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Fig. 2 VES induces apoptosis

in COLO-357 cells. a The

morphology of COLO-357 cells

treated with 40 and 80 lM VES

after 24 h; cell shrinkage, blebs

appearance. Original

magnifications, 400 9. b and

c The expression of apoptotic

indicators, cleaved PARP and

cleaved caspase 3, in COLO-

357 was determined by

immunoblotting; b actin was

used as loading control. Cells

were treated at various

concentrations of VES (10, 20,

40, and 80 lM) after 24 h.

d DNA fragmentation was also

examined at 40 and 80 lM VES

treatment for 24 h. e Apoptosis

was determined by the flow

cytometric analysis of cells

treated with VES at various

concentrations (10, 20, 40, 60,

and 80 lM) for 24 h. The

percentage of cells containing

sub-G1 DNA content was used

as an index of apoptosis.

P \ 0.05 was considered

significant. Asterisk denotes

P \ 0.01 as compared to control
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Inhibition of survivin augments VES-induced apoptosis

In earlier experiments, we observed that VES inhibits the

expression of survivin in PANC-1 cells. We further ana-

lyzed whether inhibition of survivin protein expression

along with VES treatment would result in increased

apoptosis in PANC-1 cells. We knocked down the

expression of survivin using survivin siRNA for 24 h fol-

lowed by VES treatment for another 24 h. As shown in

Fig. 6, inhibition of survivin augmented the apoptotic

effects of VES in PANC-1 cells.

Discussion

VES has been shown to have anticancer activity in breast,

prostate, gastric, colorectal, and skin cancers via various

apoptotic signaling pathways. Earlier studies on the effects

of VES on pancreatic cancer cells have reported contra-

dictory results (Greco et al. 2010; Heisler et al. 2000;

Ohlsson et al. 2004). Ohlsson et al. (2004) found that

pancreatic cell lines are insensitive to VES; however, the

maximum concentration used in this study was low at

1 lM (Ohlsson et al. 2004). In another recent study, Greco

et al. (2010) studied the effects of VES on a range of

pancreatic cancer cell lines and concluded that even at

concentrations as high as 50 lM, the cell lines were not

sensitive to VES. Our results differ as we demonstrated that

VES at 40 lM concentration not only inhibited cell pro-

liferation but also induced apoptosis as demonstrated in

COLO-357 cells. PANC-1 cells, although sensitive to VES,

0

5

10

15

20

25

30

35

40

C
on

tr
ol 4h 8h

24
h

30
h

48
h

Cleaved PARP
116

85

%
 C

el
ls

 in
 S

ub
-G

1 
Ph

as
e

*

Fig. 3 VES induces apoptosis in PANC-1 cells. a Apoptosis was

determined by the flow cytometry of cells treated with 80 lM VES

at the indicated time periods (4, 8, 24, 30, and 48 h). The percentage

of cells containing sub-G1 DNA content was used as an index of
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by immunoblotting
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did not show any apoptotic changes until 30-h incubation

with 80 lM VES. Greco et al. (2010) also observed mild

sensitivity to VES at 100 lM concentration, which was

close to our apoptotic-inducing concentration in PANC-1

cells (Greco et al. 2010). Other than PANC-1, the cell lines

used by Greco et al. were different than used in our study

and might explain the differences in results.

We next studied cell cycle modulation by VES in

COLO-357 and PANC-1 cells. In PANC-1 cells, we

observed a modest G2 arrest and inhibition of cdc-2 upon

treatment with VES. Cell cycle alterations by VES had

been reported earlier in multiple cancer cell lines (Alleva

et al. 2006; Qian et al. 1996; Yu et al. 2002). In COLO-357

cells, VES treatment did not result in any change in cell

cycle; however, p53 target protein p21 was induced

(Fig. 3) without any change in expression or phosphory-

lation (p53ser15) of p53, suggesting the presence of an

alternative pathway for p21 induction. As of this writing,

we are investigating the mechanism of p21 induction by

VES and its role in VES-induced apoptosis. Investigating

the mechanisms of VES-induced apoptosis, we also studied

the expression of IAPs in VES-treated PANC-1 cells. IAPs

prevent apoptosis by a variety of mechanisms including

caspase inhibition or modulating survival pathways.

X-linked inhibitor of apoptosis (XIAP) and survivin are

two members of the IAP family. We demonstrated that

VES targeted IAPs and inhibited the expression of both

survivin and XIAP at 80 lM VES in PANC-1 at 24 h

(Fig. 5). Survivin is the smallest member (16.5 kDa) of the

IAP family and is selectively expressed in most human

cancers including pancreatic cancer (Altieri 2010). The

expression of survivin in cancer cells has been linked to

cancer cell viability and drug resistance. Because of its

association with tumor growth and drug resistance, survi-

vin has attracted growing attention as a potential target for

cancer treatment. Downregulation of survivin using siRNA

in pancreatic cancer cells leads to cellular apoptosis and

sensitization to TRAIL and chemo- and radiotherapy

(Asanuma et al. 2000; Chawla-Sarkar et al. 2004). Various

strategies using genetic and pharmacologic inhibitors to

inhibit antiapoptotic proteins such as IAPs, survivin, XIAP,

AKT, NF-kB, Bcl-2, and MMPs have been used to sensi-

tize cancer cells to chemotherapy and TRAIL-induced

apoptosis (Chawla-Sarkar et al. 2004; Tamm et al. 1998).

Similar to previous studies, we also demonstrated that

inhibition of survivin potentiates VES-induced apoptosis in

PANC-1 cells (Fig. 6). In summary, we have demonstrated

that VES does inhibit the growth of pancreatic cancer cells

by inducing apoptosis, and survivin is a possible target for

VES. Additional studies in our laboratory are directed

toward mechanistic insights into VES action with respect

to survivin signaling.
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