
Abstract. Background: α-Santalol, a terpenoid found in
sandalwood oil, has been shown to inhibit cancer cell growth
in vitro by inducing apoptosis. This study was performed to
investigate the anticancer properties of α-santalol associated
with the induction of apoptosis in cultured MCF-7 [estrogen
receptor (ER)-positive, and wild-type p53)] and MDA-MB-
231 (ER-negative and mutant p53) breast cancer cells.
Materials and Methods: Expression of major proteins
examined in the study were determined using a standard
western blot protocol and analyzed by LICOR-Odyssey infra-
red scanner. Total protein levels of survivin were confirmed
by survivin enzyme-linked immunosorbent assay (ELISA) kit.
Cell viability was assessed by the trypan blue dye exclusion
assay, and caspase-3 activity was determined by caspase-3
(active) ELISA kit. Results: Treatment of breast cancer cells
for 6 and 9 h with α-santalol (20, and 40 μM) resulted in
statistically significant concentration-dependent down-
regulation of survivin. Phosphorylated protein kinase B
(pAKT) levels were found to be slightly up-regulated despite
the down-regulation of survivin. Pharmacological inhibition
of the phosphoinositide 3-kinase - protein kinase B (PI3K-
AKT) pathway did not result in a synergistic/additive
increase in cell death or caspase-3 activity caused by α-
santalol. Conclusion: The study reveals that survivin down-
regulation by α-santalol in breast cancer cells is not
mediated through the PI3K–AKT pathway. 

Breast cancer remains one of the most commonly diagnosed
types of cancer and the second leading cause of cancer-

related deaths in women worldwide, despite significant
advances in therapeutic approaches (1). It is estimated that
one in every ten women will develop breast cancer in their
lifetime and that there will be 231,840 new cases of breast
cancer and 40,290 deaths due to breast cancer this year alone
in the United States (1, 2). Chemotherapy and hormonal
therapy are largely ineffective in advanced-stage and
refractory breast cancer (3, 4). In addition, patients present
with severe side-effects of therapy that may negatively affect
the person’s quality of life. For these reasons, it is vital novel
therapeutic or preventive agents that not only combat
cancerous growth, but are also safe to normal, healthy cells
are discovered and developed (5).

Studies from our laboratory and others have shown that α-
santalol, a naturally-occurring terpenoid from the
sandalwood tree, possesses anticancer and cancer-preventive
properties. For example, α-santalol was shown to have
chemopreventive properties against chemically-induced and
UVB-induced skin carcinogenesis (6-10), suppress
proliferation of non-melanoma and melanoma skin cancer
cells (11), and inhibit the growth of human prostate cancer
PC-3 and LNCaP cells irrespective of their androgen or p53
status (12,13). Moreover, α-santalol was found to be non-
toxic to normal epithelial cells at the concentrations used in
the current study (12). Even though the growth-inhibitory
effects of α-santalol against breast cancer cells are not fully
understood, we previously showed that α-santalol treatment
induces apoptosis and causes cell-cycle arrest in both MCF-
7 and MDA-MB-231 cells (14). The present study aimed to
explore the mechanistic details associated with the induction
of apoptosis by α-santalol using cultured breast cancer cells
(MDA-MB-231 and MCF-7 cells). 

Materials and Methods

Materials. α-Santalol used in the study was isolated as described by
us previously (14). Cell-culture reagents, including RPMI-1640
medium, minimal essential medium (MEM), fetal bovine serum
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(FBS), and penicillin/streptomycin antibiotic mixture were
purchased from Invitrogen-Life Technologies (Carlsbad, CA, USA).
ELISA kit for survivin activity was purchased from Cell Signaling
(Danvers, MA, USA) and caspase-3 activity ELISA kit was
purchased from Invitrogen (Camarillo, CA, USA). All the antibodies
used in the study were purchased from Cell Signaling. 

Cell lines. Cell lines MDA-MB-231 and MCF-7, which were
previously authenticated by Research Animal Diagnostic Laboratory
(University of Missouri, Columbia, MO, USA) to test for
interspecies contamination and alleles for short tandem repeats
identifiable in the ATCC database, were a generous gift from Dr.
Shivendra V. Singh (University of Pittsburgh Cancer Institute,
Pittsburgh). MDA-MB-231 cells were cultured in RPMI Nutrient
Mixture supplemented with 10% (v/v) FBS and 1%
penicillin/streptomycin antibiotic mixture. The MCF-7 cells were
maintained in MEM supplemented with sodium pyruvate (1 mM/l),
non-essential amino acids (1 mM/l), 10% (v/v) FBS, and 1%
penicillin/streptomycin antibiotic mixtures. Each cell line was
maintained in an atmosphere of 95% air and 5% CO2 at 37˚C. A
stock solution of α-santalol was prepared in dimethyl sulfoxide
(DMSO) and an equal volume of DMSO (final concentration
<0.5%) was added to the controls.

Cell viability assay. The effect of α-santalol on cell viability in
MDA-MB-231 cells was determined using Trypan blue dye
exclusion assay as described by us previously (12). Briefly, cells
(20×105) were plated in 12 well plates, followed by overnight
incubation, cells were treated with DMSO-control or α-santalol (20,
40 μM) for 24 hours. After the treatment time period, cells were
collected and analyzed for cell viability using Trypan blue dye
exclusion assay.

Survivin assay. Survivin sandwich ELISA kit was used to detect the
endogenous levels of total survivin protein. Briefly, cells (5×105)
were plated in tissue culture dishes, allowed to attach by overnight
incubation and exposed to DMSO-control or α-santalol (20, 40 μM)
over 6 and 9 hours. Cells were collected and lysed using 1x cell
lysis buffer (provided in the kit) supplemented with 1 mM
phenylmethylsulfonyl fluoride. Survivin ELISA was carried out
according to the manufacturer’s recommendations. Briefly, cell
lysates (60 μg) from control and treated groups were diluted with
appropriate volume of sample diluent to obtain a total volume of
100 μl of the diluted lysates. The diluted lysates were added to
microwells, which were then sealed and incubated (overnight, 4˚C).
Following incubation, contents of the wells were discarded by
gentle tapping and washed (4 times) with 1x wash buffer and
incubated with detection antibody (100 μl, 1 h, 37˚C). After removal
of the detection antibody solution, the wells were washed again and
incubated with horse radish peroxidase (anti-rabbit antibody (100
μl, 30 min, 37˚C). After aspiration of the secondary antibody,
substrate solution (100 μl) was added and plates were again
incubated (10 min, 37˚C). The reaction was stopped by adding stop
solution (100 μl) and the yellow color developed, an indication of
survivin present in the samples, was read using a microplate reader
(450 nm) within 30 min after adding the stop solution. 

Immunoblotting. Cells treated with 20 or 40 μM of α-santalol or DMSO
(control) for 6 or 9 h were processed for immunoblotting. Lysate
proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride

membrane and immunoblotting was performed as described by us
previously (12). After blocking with blocking buffer (LI-COR,
Lincoln, NE, USA), mixed with 0.1% Tween-20, the membrane
was incubated with primary antibodies (survivin, pAKT, total
AKT and actin) overnight at 4˚C. Following incubation with
appropriate secondary antibody, the immunoreactive bands were
visualized using LI-COR-Odyssey infra-red scanner (LI-COR).
The blots were re-probed with anti-actin to correct for differences
in protein loading.

Caspase-3 activity assay. The effect of α-santalol on caspase-3
activity in MDA-MB-231 cells was determined using a
commercially available caspase-3 (active) ELISA kit, as described
by us previously (12). Active caspase-3 (ng/mg total protein of cell
lysate) was determined and results were expressed as the fold of
caspase-3 activity in α-santalol-treated cells relative to that of the
DMSO-treated control. ELISA assay for caspase-3 activity was
carried out according to the manufacturer’s instructions. 

Pharmacological inhibition of AKT pathway. Inhibition of AKT
pathway was carried out by employing LY294002 (commercially
available pharmacological inhibitor of AKT pathway). Briefly,
MDA-MB-231 cells (5×105) were plated in tissue culture dishes,
allowed to attach by overnight incubation. Next day cells were
pretreated with 20 μM of LY294002 for 2 h and co-treated with
DMSO (control) or 40 μM of α-santalol for 24 h. Cells were then
collected and processed for survivin assay and caspase-3 activity
assay as described earlier.

Statistical analysis. Each experiment was carried out at least twice
with triplicate measurements for quantitative comparisons.
Statistical significance of difference in measured variables between
control and treated groups was determined by one-way ANOVA
followed by Bonferroni’s multiple comparison test. Differences were
considered significant at p<0.05.

Results

α-Santalol treatment reduced total survivin level and protein
expression in cultured breast cancer cells. Figure 1 shows the
total survivin level in MDA-MB-231 and MCF-7 cells. A dose-
dependent statistically significant decrease in survivin level was
observed in both cell lines treated with α-santalol for 9 h.
Figure 1C and D represent expression of survivin protein in
MDA-MB-231 cells treated with α-santalol (at 20, or 40 μM)
over 6 and 9 h. As shown in the Figure, survivin expression
decreased in a concentration-dependent manner, indicating that
α-santalol suppresses the total protein levels of survivin. Based
on these results, we reasoned that survivin down-regulation
may be modulated through the PI3K–AKT pathway, hence we
investigated the expression levels of p-AKT (S473) and total
AKT levels. As shown in Figure 1D, expression of pAKT
(s473) appeared to be slightly up-regulated, albeit total AKT
levels being unaltered when compared using the loading
control. Taken together, these results show that α-santalol
causes down-regulation of survivin levels in both cell lines
irrespective of their ER or p53 status.
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Pharmacological suppression of AKT pathway did not
significantly reduce total survivin protein levels. Because
studies have shown the involvement of AKT pathway in
survivin down-regulation (15, 16), we decided to investigate
if there is any association between AKT and survivin. As
shown in Figure 2, MDA-MB-231 cells treated with α-
santalol exhibited decreased levels of total survivin protein
as determined by survivin ELISA assay. However, the total
survivin level in cells treated with α-santalol and Ly294002,
a pharmacological inhibitor of the AKT pathway, was not
significantly different when compared to that observed in
cells treated by α-santalol alone. These results indicate that
survivin down-regulation caused by α-santalol seems to be
independent of the PI3K-AKT pathway.

Pharmacological inhibition of the AKT pathway did not offer
synergistic/additive effect on α-santalol-induced cell death.
Next, we designed experiments to determine whether
pharmacological suppression of the AKT pathway has any
effect on cell death caused by α-santalol. Figure 3A depicts the
morphology of MDA-MB-231 cells treated with DMSO, α-
santalol, Ly294002 and a combination of α-santalol and
Ly294002. As shown in Figure 3A, cells in the α-santalol-
treated groups exhibited characteristics of apoptotic cells
compared to those treated with DMSO or Ly294002 alone.
Figure 3B represents cell viability of the same cells. As
expected, the percentage of cell viability in the α-santalol-
treated group was significantly lower compared to that of

DMSO- or Ly294002-treated groups. However, there was no
statistically significant difference in cell viability between
groups treated with α-santalol and the combination of α-
santalol and Ly294002, indicating that inhibition of AKT
pathway did not offer any additional increase in cell death.
Based on these results, it is reasonable to conclude that
pharmacological inhibition of the AKT pathway has no
synergistic or additive effect on cell death caused by α-santalol. 
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Figure 1. Effect of α-santalol on total survivin protein levels in MDA-MB-231 cells (A) and MCF-7 cells (B). Immunoblotting for survivin expression
in MCF-7 cells (C) and for survivin, phosphorylated protein kinase B (pAKT), and total AKT expression in MDA-MB-231 cells (D). *Significantly
different (p<0.05) compared with dimethyl sulfoxide-treated control cells. 

Figure 2. Effect of α-santalol on survivin protein levels in the presence
of pharmacological inhibitor of phoshoinositide-3-kinase-protein kinase
B (PI3K–AKT) pathway (Ly294002) in MDA-MB-231 cells.
*Significantly different (p<0.05) compared to dimethyl sulfoxide-treated
control cells. 



α-Santalol-mediated caspase-3 activity is independent of the
PI3K–AKT pathway. We have shown that α-santalol causes
cleavage of caspase-3 in prostate and breast cancer cells (12,
14). We questioned whether α-santalol-induced apoptosis and
cleavage of caspase-3 was mediated through the PI3K–AKT
pathway, which was speculated based on our unpublished
results in a different cancer model (Bommareddy, unpublished
observations). As shown in Figure 4, caspase-3 activity was
analyzed using ELISA assay in MDA-MB-231 cells treated
with DMSO, Ly294002, α-santalol and a combination of α-
santalol and Ly294002. The levels of active caspase-3 in α-
santalol-treated cells was statistically higher when compared
to DMSO- and Ly294002-treated groups. However, the levels
of active caspase-3 determined in cells treated with α-santalol
alone were not significantly different when compared to those
determined in cells treated with the combination of α-santalol
and Ly294002 group. These results indicate that α-santalol-
mediated caspase-3 activity, and thus apoptotic cell death, may
not be regulated through the PI3K–AKT pathway. 

Discussion

The present study shows, for the first time, that α-santalol
treatment causes down-regulation of total survivin protein
irrespective of ER expression in breast cancer cells. Recent
studies point-out the role of survivin, a member of the
inhibitor of apoptosis family, in a variety of clinical cancer
types and its selective expression in tumors compared to
normal tissues (15). Modulation of survivin is associated with
the activation of various cell survival signaling cascades
including PI3K–AKT, mammalian target of rapamycin,
mitogen-activated protein kinase, extracellular-signal regulated
kinases, vascular endothelial growth factor and several other
growth factors and epigenetic pathways (15-17).
Overexpression of survivin is correlated with tumor recurrence
and therapeutic resistance. For example, it was shown that
elevated levels of human epidermal growth factor receptor 3
(ERBB3/HER3) confers paclitaxel resistance in ERBB2-
overexpressing breast cancer cells through PI3K–AKT-
mediated up-regulation of survivin (18). In addition, studies
also showed that inhibition of the PI3K–AKT pathway down-
regulates survivin levels and reduces tumor burden. It was
shown that inhibition of the PI3K–AKT–survivin pathway
synergizes the anti-leukemic properties of nutlin-3 in acute
lymphoblastic leukemia cells (19). Similarly, suppression of
survivin by vemurafenib and nutlin-3 reduced the cell viability
of melanoma cells and tumor growth in vivo (20).

In the present study, we explored the association of the
PI3K–AKT pathway and survivin down-regulation and
identified that the suppression of survivin is not highly
dependent on PI3K–AKT pathway in breast cancer cells. We
decided to focus on the PI3K–AKT pathway owing to its
frequent up-regulation in various types of cancer, including
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Figure 3. Effect of α-santalol on MDA-MB-231 cell viability in the
presence of Ly294002. A: Microscopic analysis of cell morphology. B:
Cell viability of α-santalol-treated MDA-MB-231 cells compared to
dimethyl sulfoxide-treated control cells determined by trypan blue dye
exclusion assay. *Significantly different (p<0.05) compared to DMSO-
treated control cells. 

Figure 4. Caspase-3 activity in MDA-MB-231 cells treated with α-
santalol as determined by enzyme-linked immunosorbent assay.
*Significantly different (p<0.05) compared to dimethyl sulfoxide-treated
control cells. 



breast cancer. To our surprise, the cell death caused by α-
santalol is not regulated by this pathway as opposed to its
direct association in a different cancer model treated with
α-santalol (Bommareddy, unpublished observations). We
previously found that α-santalol induces apoptotic cell death
and causes cell-cycle arrest in breast cancer cells (14). In
the present study, we found that α-santalol-mediated
caspase-3 activity was not significantly altered upon
inhibition of the PI3K–AKT pathway, signifying that α-
santalol-mediated growth suppression of breast cancer cells
may not be regulated through the PI3K–AKT pathway. 

In conclusion, the present study demonstrates that α-
santalol-mediated anticancer effects in breast cancer cells
may be regulated, in part, through suppression of survivin.
It is possible that down-regulation of survivin may occur
through a different pathway other than the PI3K–AKT
pathway, and it is in our future interest to explore the
mechanistic details associated with the down-regulation of
survivin in breast cancer cells. 

Acknowledgements

The Authors would like to acknowledge faculty development funds
awarded to AB by Wilkes University, and thank Dr. Paul S. Adams
and the Mentoring Committee at Wilkes University for supporting
undergraduate students.

References

1 Siegel RL, Miller KD and Jemal A: Cancer statistics. CA Cancer
J Clin 65: 5-29, 2015.

2 Bigler LR1, Streckfus CF, Copeland L, Burns R, Dai X, Kuhn
M, Martin P and Bigler SA: The potential use of saliva to detect
recurrence of disease in women with breast carcinoma. J Oral
Pathol Med 31: 421-431, 2002.

3 Rivera E and Gomez H: Chemotherapy resistance in metastatic
breast cancer: the evolving role of ixabepilone. Breast Cancer
Res 12: S2, 2010.

4 Gonzalez-Angulo AM, Morales-Vasquez F and Hortobagyi GN:
Overview of resistance to systemic therapy in patients with
breast cancer. Adv Exp Med Biol 608: 1-22, 2007.

5 Lua PL, Salihah N and Mazlan N: Effects of inhaled ginger
aromatherapy on chemotherapy-induced nausea and vomiting
and health-related quality of life in women with breast cancer.
Complement Ther Med 23: 396-404, 2015.

6 Dwivedi C, Valluri HB, Guan X and Agarwal R:
Chemopreventive effects of alpha-santalol on ultraviolet B
radiation-induced skin tumor development in SKH-1 hairless
mice. Carcinogenesis. Carcinogenesis 27: 1917-1922, 2006.

7 Dwivedi C, Guan X, Harmsen WL, Voss AL, Goetz-Parten DE,
Koopman EM, Johnson KM, Valluri HB and Matthees DP:
Chemopreventive effects of alpha-santalol on skin tumor
development in CD-1 and SENCAR mice. Cancer Epidemiol
Biomarkers Prev 12: 151-156, 2003.

8 Arasada BL, Bommareddy A, Zhang X, Bremmon K and
Dwivedi C: Effects of alpha-santalol on proapoptotic caspases
and p53 expression in UVB-irradiated mouse skin. Anticancer
Res 28: 129-132, 2008.

9 Bommareddy A, Hora J, Cornish B and Dwivedi C:
Chemoprevention by alpha-santalol on UVB radiation-induced
skin tumor development in mice. Anticancer Res 27: 2185-2188,
2007.

10 Santha S and Dwivedi C: Anticancer effects of sandalwood
(Santalum album). Anticancer Res 35: 3137-3145, 2015.

11 Zhang X, Chen W, Guillermo R, Chandrasekher G, Kaushik RS,
Young A, Fahmy H and Dwivedi C: Alpha-santalol, a
chemopreventive agent against skin cancer, causes G2/M cell
cycle arrest in both p53-mutated human epidermoid carcinoma
A431 cells and p53 wild-type human melanoma UACC-62 cells.
BMC Res Notes 3: 220, 2010.

12 Bommareddy A, Rule B, VanWert AL, Santha S and Dwivedi C:
α-santalol, a derivative of sandalwood oil, induces apoptosis in
human prostate cancer cells by causing caspase-3 activation.
Phytomedicine 19: 804-811, 2012.

13 Saraswati S, Kumar S and Alhaider AA: α-santalol inhibits the
angiogenesis and growth of human prostate tumor growth by
targeting vascular endothelial growth factor receptor 2-mediated
AKT/mTOR/P70S6K signaling pathway. Mol Cancer 12: 147,
2013.

14 Santha S, Bommareddy A, Rule B, Guillermo R, Kaushik RS,
Young A and Dwivedi C: Antineoplastic effects of α-santalol on
estrogen receptor-negative breast cancer cells through cell-cycle
arrest at G2/M phase and induction of apoptosis. PLOS ONE 8:
1-12, 2013.

15 Kanwar JR, Kamalapuram SK and Kanwar RK: Survivin
signaling in clinical oncology, a multifaceted dragon. Med Res
Rev 33: 765-789, 2013.

16 Alteri DC: Survivin, cancer networks and pathway-directed drug
discovery. Nat Rev Cancer 8: 61-70, 2008.

17 Nabilis NH, Broaddus RR and Loose DS: DNA methylation
inhibits p53-mediated survivin repression. Oncogene 28: 2046-
2050, 2009.

18 Wang S, Huang X, Lee CK and Liu B: Elevated expression of
ERBB3 confers paclitaxel resistance in ERBB2-overexpressing
breast cancer cells via up-regulation of survivin. Oncogene 29:
4225-4236, 2010.

19 Zhu N, Gu L, Li F and Zhou M: Inhibition of the AKT/survivin
pathway synergizes the antileukemia effect of nutlin-3 in acute
lymphoblastic leukemia cells. Mol Cancer Ther 7: 1101-1109,
2008.

20 Ji Z, Kumar R, Taylor M, Rajadurai A, Marzuka-Alcalá A, Chen
YE, Njauw CN, Flaherty K, Jönsson G and Tsao H: Vemurafenib
synergizes with nutlin-3 to deplete survivin and suppresses
melanoma viability and tumor growth. Clin Cancer Res 19:
4383-4391, 2013.

Received June 25, 2015
Revised July 16, 2015

Accepted July 20, 2015

Bommareddy et al: Survivin Down-regulation by α-Santalol

5357


