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Abstract

Background: Regardless of the availability of therapeutic options, the overall 5-year survival for patients diagnosed
with pancreatic cancer remains less than 5%. Gum resins from Boswellia species, also known as frankincense, have
been used as a major ingredient in Ayurvedic and Chinese medicine to treat a variety of health-related conditions.
Both frankincense chemical extracts and essential oil prepared from Boswellia species gum resins exhibit
anti-neoplastic activity, and have been investigated as potential anti-cancer agents. The goals of this study are to
identify optimal condition for preparing frankincense essential oil that possesses potent anti-tumor activity, and to
evaluate the activity in both cultured human pancreatic cancer cells and a xenograft mouse cancer model.

Methods: Boswellia sacra gum resins were hydrodistilled at 78°C; and essential oil distillate fractions were collected
at different durations (Fraction | at 0-2 h, Fraction Il at 8-10 h, and Fraction Il at 11-12 h). Hydrodistillation of the
second half of gum resins was performed at 100°C; and distillate was collected at 11-12 h (Fraction IV). Chemical
compositions were identified by gas chromatography—-mass spectrometry (GC-MS); and total boswellic acids
contents were quantified by high-performance liquid chromatography (HPLC). Frankincense essential oil-modulated
pancreatic tumor cell viability and cytotoxicity were determined by colorimetric assays. Levels of apoptotic markers,
signaling molecules, and cell cycle regulators expression were characterized by Western blot analysis. A heterotopic
(subcutaneous) human pancreatic cancer xenograft nude mouse model was used to evaluate anti-tumor capability
of Fraction IV frankincense essential oil in vivo. Frankincense essential oil-induced tumor cytostatic and cytotoxic
activities in animals were assessed by immunohistochemistry.

Results: Longer duration and higher temperature hydrodistillation produced more abundant high molecular
weight compounds, including boswellic acids, in frankincense essential oil fraactions. Human pancreatic cancer cells
were sensitive to Fractions Il and IV (containing higher molecular weight compounds) treatment with suppressed
cell viability and increased cell death. Essential oil activated the caspase-dependent apoptotic pathway, induced a
rapid and transient activation of Akt and Erk1/2, and suppressed levels of cyclin D1 cdk4 expression in cultured
pancreatic cancer cells. In addition, Boswellia sacra essential oil Fraction IV exhibited anti-proliferative and
pro-apoptotic activities against pancreatic tumors in the heterotopic xenograft mouse model.

(Continued on next page)

* Correspondence: zjizzzq@sina.com; hk-lin@ouhsc.edu

'Department of General Surgery, Long Hua Hospital Shanghai University of
Traditional Chinese Medicine, Shanghai, China

Full list of author information is available at the end of the article

- © 2012 Ni et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
( B|°Med Central Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.


mailto:zjzzzq@sina.com
mailto:hk-lin@ouhsc.edu
http://creativecommons.org/licenses/by/2.0

Ni et al. BMC Complementary and Alternative Medicine 2012, 12:253
http://www.biomedcentral.com/1472-6882/12/253

Page 2 of 14
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Conclusion: All fractions of frankincense essential oil from Boswellia sacra are capable of suppressing viability and
inducing apoptosis of a panel of human pancreatic cancer cell lines. Potency of essential oil-suppressed tumor cell
viability may be associated with the greater abundance of high molecular weight compounds in Fractions Ill and IV.
Although chemical component(s) responsible for tumor cell cytotoxicity remains undefined, crude essential oil
prepared from hydrodistillation of Boswellia sacra gum resins might be a useful alternative therapeutic agent for
treating patients with pancreatic adenocarcinoma, an aggressive cancer with poor prognosis.

Keywords: Apoptosis, Boswellia sacra, Boswellic acid, Essential oil, Frankincense, Hydrodistillation, Pancreatic cancer

J

Background

Pancreatic cancer is one of the most common cancers,
ranking the fourth most common cause of cancer-
related mortality in the United States [1] and across the
world [2]. Due to the lack of specific and effective bio-
markers for early detection and diagnosis, the majority
of cases (53%) are diagnosed when cancer has already
metastasized. Based on Surveillance, Epidemiology, and
End Results (SEER) data for 2002-2008, the overall
5-year relative survival was 5.8%, with a survival rate of
23.3% for patients with localized disease and 1.8% for
those with distant metastases (http://seer.cancer.gov/
statfacts/html/pancreas.html). Gemcitibine (Gemzar®),
5-flourouracil, and erlotinib have been used as thera-
peutic agents for treating advanced pancreatic cancer;
however, these agents are associated with poor
responses, multiple adverse events, and drug resistance
[3-6]. There is a vital need to identify and develop novel
therapeutic agents that will specifically and effectively
target pancreatic cancer cells.

Aromatic gum resins obtained from trees of the genus
Boswellia (family Burseraceae), also known as frankin-
cense, have been shown to possess anti-tumor activity.
Winking et al. reported that a frankincense extract
induces apoptosis and prolong survival in a rat glioma
model [7]. A methanol extract of Boswellia serrata inhibits
abnormal skin cell proliferation induced by 12-O-tetrade-
canoylphorbol-13-acetate (TPA) and tumor promotion
initiated by 7,12-dimethylbenz[a]anthracene (DMBA) in a
mouse model [8]. In a human clinical study, a Boswellia
serrata resin extract has been shown to reduce cerebral
edema and potential anti-cancer activity in patients irra-
diated for brain tumors [9]. These studies suggest that
gum resins of Boswellia species contain active ingredients
that have anti-cancer activity.

We previously reported that cultured human bladder
and breast cancer cells are more sensitive to frankincense
essential oils prepared from both Boswellia carteri and
Boswellia sacra than their normal counterparts with sup-
pressed proliferation and increased apoptosis [10,11]. The
anti-cancer activity is mediated through multiple signaling
pathways. In addition, frankincense essential oil over-
comes multicellular resistant and invasive phenotypes of

human breast cancer cells. Using frankincense essential oil
obtained from hydrodistillation of Boswellia sacra gum
resins, our goals are to determine optimal preparation
conditions that induce potent cytotoxic effects in cultured
human pancreatic cancer cells, to establish a relationship
between Boswellia sacra essential oil chemical compos-
ition and anti-cancer activity, and to evaluate Boswellia
sacra essential oil anti-tumor activity in vivo. Our results
demonstrated that anti-tumor activity of Boswellia sacra
essential oil depends upon hydrodistillation duration and
hydrodistillation temperature; and high molecular weight
compounds in the essential oil may be responsible for its
anti-tumor properties. More importantly, frankincense es-
sential oil-activated anti-tumor activity was observed in
both in vitro and in vivo conditions.

Methods

Reagents and chemicals

Cell culture media (DMEM and RPMI 1640), fetal bovine
serum (FBS), sodium pyruvate, and penicillin-streptomycin
were purchased from Invitrogen (Grand Island, NY). XTT
cell proliferation assay, lactate dehydrogenase (LDH) cyto-
toxicity detection, and i situ cell death detection kits were
obtained from Roche Applied Science (Indianapolis, IN).
Bicinchoninic acid (BCA) protein assay kit was purchased
from Thermo Scientific Pierce (Rockford, IL). Rabbit
anti-phospho-Akt (protein kinase B; PKB) (Ser473) anti-
body, rabbit anti-phospho-p44/42 MAP kinase (ERK1/2)
(Thr202/Tyr204) antibody, mouse anti-cyclin D1 monoclo-
nal antibody, mouse anti-cdk4 monoclonal antibody,
mouse anti-human caspase-8 monoclonal antibody, rabbit
anti-human caspase-9 polyclonal antibody, rabbit anti-
cleaved caspase-3 (Aspl75) monoclonal antibody, rabbit
anti-poly (ADT-ribose) polymerase (PARP) polyclonal anti-
body, and rabbit anti-human phospho-histone H3 (PHH3)
(Ser10) polyclonal antibody were purchased from Cell Sig-
naling Technology (Danvers, MA). Mouse anti-human
pro-caspase-3 monoclonal antibody was obtained from
abcam (Cambridge, MA). Mouse anti-B-actin antibody was
obtained from Sigma (St. Louis, MO). Matrigel " basement
membrane matrix was purchased from BD Biosciences
(Bedford, MA).
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Frankincense essential oil preparation

Hougari grade Boswellia sacra resins were harvested in
the Hasik area east of Salalah, Oman. Distillation was
performed in a custom made, 250 L-capacity hydrodis-
tiller following previously reported procedures [11].
Four fractions of frankincense essential oils were
obtained: 78°C for 0-2 h (Fraction I), 78°C for 8-10 h
(Fraction II), 78°C for 11-12 h (Fraction III), and 100°C
for 11-12 h (Fraction IV).

Analysis of chemical components

Preparations and conditions for chemical analysis of Bos-
wellia sacra essential oil Fractions I-IV using gas chro-
matography—mass spectrometry (GC-MS) were the
same as reported previously [11]. In addition, the use of
high-performance liquid chromatography (HPLC) ana-
lysis for boswellic acids quantification in Fractions I-IV
essential oils were the same as reported previously [11].

Human pancreatic cancer cell lines

Four human pancreatic cancer cell lines, MIA PaCa-2,
Panc-28, BxPC-3, and DANG, were provided by Dr.
Danny Dhanasekaran at the University of Oklahoma
Health Sciences Center (Oklahoma City, OK). The MIA
PaCa-2 cell line was established from carcinoma of the
pancreas [12]. Panc-28 cells were derived from ductal
adenocarcinomas of the pancreas [13]. BxPC-3 cells
were established from a histologically confirmed adeno-
carcinoma of the body of the pancreas [14]. DANG is a
malignant human pancreatic ductal carcinoma cell line
[15]. MIA PaCa-2, Panc-28, and BxPC-3 cells were cul-
tured in DMEM supplemented with 10% FBS, 1 mM so-
dium pyruvate, and 100 units/ml penicillin-100 pg/ml
streptomycin. DANG cells were cultured in RPMI 1640
supplemented with 10% FBS, 1% sodium pyruvate, and
penicillin-streptomycin. Cells were maintained in a hu-
midified cell incubator at 37°C and 5% CO, and pas-
saged every 3-4 days or when cells reached 70-80%
confluence.

Cell viability assay

Frankincense essential oil-suppressed human pancreatic
tumor cell viability was performed using a colorimetric
XTT cell proliferation assay kit. Human pancreatic can-
cer cell seeding, frankincense essential oils treatment
(1:200 to 1:2,700 dilutions), and XTT assay were per-
formed as reported previously [10,11]. Numbers of vi-
able cells were calculated from standard curves with
known numbers of cells run in parallel. Cell viability was
calculated by dividing the number of viable cells at 24 h
after essential oil treatment by the number of cells at the
time of treatment. Results were presented as percentages
of cell viability.
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Cell cytotoxicity assay

Frankincense essential oil-induced damage in pancreatic
cancer cells was quantified using the LDH cytotoxicity
detection reagent. Conditions for cell seeding and essen-
tial oil treatment were identical those reported previ-
ously [11]. Numbers of damaged cells were calculated
from standard curves with cell lysis buffer-induced cell
death. Cell cytotoxicity was calculated by dividing the
number of damaged cells in essential oil-treated wells by
total numbers of cells in untreated wells determined by
the XTT assay. Results were presented as percentages of
cell death.

Genomic DNA fragmentation

To determine whether frankincense essential oil induces
chromosomal DNA fragmentation (a biochemical hall-
mark of apoptosis) in tumor cells, 3 x 10° pancreatic
cancer cells were seeded in 60 mm tissue culture plates
in their growth media, incubated overnight for adher-
ence, and treated with Fraction III (1:600 dilution) or
Fraction IV (1:1,200 dilution) essential oil in growth
media based on IC50 and LC50 values from all cell lines.
Cells were harvested at 0 (untreated control), 1, 2, 4, and
8 h following treatment; and genomic DNA was pre-
pared based on reported procedures [16]. Agarose gel
separation of the isolated genomic DNA, gel staining,
and gel image capture were performed as described pre-
viously [11].

Western blot analysis

To determine frankincense essential oil-regulated ex-
pression of caspases, signaling molecules, and cell cycle
regulators, pancreatic cancer cells (5 x 10°) were seeded
in 60 mm tissue culture plates for adherence and treated
with Fraction III (1:600 dilution) or IV (1:1,200 dilution)
essential oil. Conditions for total cellular protein isola-
tion and quantification, protein separation using Tris—
HCI gels and transfer to PVDF membranes, primary and
secondary antibodies incubation, as well as detection of
immunoreactive proteins and image capture of the
immunoreactive bands followed procedures reported
previously [11].

Subcutaneous tumor implantation and frankincense
essential oil administration

The animal protocol was approved by Institutional Ani-
mal Care and Use Committees (IACUA) at the Univer-
sity of Oklahoma Health Sciences Center and Shanghai
University of Traditional Chinese Medicine. Male athy-
mic (nu/nu) mice between 4-5 weeks old (20-25 g)
were purchased and kept in individually ventilated cages
with 3-5 mice/cage on sawdust. To establish xenograft
tumors, 1 x 10’ MIA PaCa-2 cells suspended in 250 pl
Hank’s balanced salt solution (HBSS) supplemented with
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20% Matrigel”™ were subcutaneously implanted into the
flank of each mouse.

At day 7 after tumor cells implantation, mice were
randomly assigned to receive either 100 pl PBS (control)
or a mixture of 30 ul Fraction IV frankincense essential
oil plus 70 ul PBS through subcutaneous injections. Ani-
mals were treated every 4 days; and a total of 3 injec-
tions were administered. Tumor diameters were
measured iz situ in two dimensions at 4 days after each
treatment, or immediately before the next treatment,
using calipers. Tumor volume was calculated as length
(the longest dimension) x width? x 052 (mm?®) [17].
Animals were euthanized at day 4 after the third injec-
tion; and the tumors were surgically removed. The iso-
lated tumors were weighted and measured in three
dimensions with calipers; and tumor volume was calcu-
lated as length x width x height x 0.52 (mm®) [18].
Tumors were then fixed in 10% formalin and subjected
to paraffin embedding for immunohistochemistry.

Immunohistochemical staining

To access cytostatic activity of frankincense essential oil
Fraction IV in vivo, tumor sections were stained for
PHH3 (Ser10). Since PHH3 (Ser10) can only be detected
during mitosis, PHH3 (Ser10)-positive staining provides
a quantitative method to measure numbers of tumor
cells undergoing cell division. Paraffin blocks were sec-
tioned at 5 pm thick, deparaffinized, and rehydrated.
Immunohistochemistry was performed with a citric acid
antigen retrieval protocol as previously described [19].
Primary antibody was applied at 1:400 dilution and
incubated at 4°C overnight. Diaminobenzidine and
hematoxylin were used as chromogen and counter stain,
respectively.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) analysis was applied to determine es-
sential oil-induced tumor cell apoptosis. Briefly, paraffin
sections were cut at 5 pm thick, deparaffinized, and rehy-
drated. Apoptotic cells were detected using the in situ cell
death detection kit. Following the terminal deoxynucleoti-
dyl transferase reaction, labeled nick ends were visualized
by alkaline phosphatase-based immunohistochemistry
with fast red as substrate as previously described [20].
Stained slides were washed and sealed with an aqueous
mounting medium. For each animal, total numbers of
PHH3 (Ser10) and TUNEL immunoreactive cells were cal-
culated by counting randomly selected 20 fields at 40x
magnification from 2 separate sections. Results were com-
pared between the control (PBS) and frankincense essen-
tial oil Fraction IV treatment groups.

Statistics analysis
The half maximal inhibitory concentration (IC50) and
the half lethal concentration (LC50) of frankincense
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essential oil were calculated from cell viability and death
assays, respectively, using the curve fitting function in
Sigma Plot (Systac Software, San Jose, CA). Essential oil-
mediated cell viability and cytotoxicity were analyzed
using the one-way analysis of variance (ANOVA) fol-
lowed by post hoc Dunnett’s test. For the comparison of
tumor volumes as well as tumor cell growth and
death between control and frankincense essential oil-
treated animals, Student’s ¢-test was performed.
Results were considered statistically significant when
P < 0.05.

Results

Chemical profiles of frankincense essential oils

Chemical constituents of Boswellia sacra essential oil
fractions were dependent on duration and temperature
of hydrodistillation. For example, when essential oils col-
lected from 0-2 h (Fraction I), 8—10 h (Fraction II), and
11-12 h (Fraction III) at 78°C were compared, longer
distillation produced higher percentages of sesquiter-
penes, between alpha-copaene and caryophyllene oxide
(Table 1). All three fractions were primarily composed of
monoterpenes (82.77-90.67%), including alpha-thujene,
beta-pinene, and myrcene. Among the monoterpenes,
alpha-pinene was the major compound present in all es-
sential oil fractions, ranging from 65.49% to 78.45%. As
anticipated, the abundance of alpha-pinene decreased
with longer and higher temperature distillation due to
its highly volatile nature. Compounds such as borneol,
dimethyl ether orcinol, allo-aromadendrene, gamma-
cadinene, and caryophyllene oxide were only present in
Fraction III essential oil.

Frankincense essential oil obtained from 11-12h at
100°C hydrodistillation (Fraction IV) consisted of all
compounds detected in Fraction III essential oil. Com-
pounds with higher retention indices, starting with sabi-
nene (RI 973), were present in higher quantities in
Fraction IV than in Fraction I, II, or III essential oil with
few exceptions (Table 1).

Boswellic acids contents in frankincense essential oil
fractions

Since triterpenes including boswellic acids could not be
detected by the described GC-MS protocol used in our
laboratory due to their extremely low volatility, an
HPLC method was used to determine total boswellic
acids contents in the four fractions. We found that bos-
wellic acids contents depended on hydrodistillation dur-
ation and temperature (Table 2). Essential oils prepared
from longer distillation time and higher distillation
temperature contained greater amounts of boswellic
acids. For example, boswellic acids contents in Fractions
I (19.6%) and IV (30.1%) were higher than those
detected in Fraction I (0.9%) or II (0.8%) essential oil.
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Table 1 Chemical profiles of frankincense essential oil

fractions
Boswellia sacra Fractions (%)

Ret. Index Component | Il 1] v
755 toluene 018 016 010 006
922 unidentified* 113 1.05 1.03 080
929 alpha-thujene 087 1.02 098 093
940 alpha-pinene 7845 7629 6549 5940
953 camphene + verbenene 409 439 342 346
973 sabinene 141 1.1 212 363
979 beta-pinene 216 233 227 238
987 myrcene 256 282 746 536
994 ortho-methyl anisole 016 018 017 035
1004 alpha-phellandrene 054 069 120 130
0om delta-3-carene 003 004 089 009
1018 para-cymene 065 087 124 123
1031 limonene 555 692 843 899
1039 cis-beta-ocimene 007 010 019 033
1055 gamma-terpinene 006 010 022 044
1079 para-cymenene 004 005 005 008
1085 alpha-terpinolene 004 006 017 029
1101 myrcenol 005 005 006 01
1112 alpha-campholene aldehyde 008 013 030 070
1134 trans-pinocarveol 007 010 027 077
1138 cis-verbenol 007 007 022 046
1146 unidentified** 003 005 012 041
1149 pinocamphone 002 002 004 01
1153 alpha-phellandren-8-ol 003 004 022 080
1160 borneol 001 006
1166 para-cymene-8-ol 003 004 007 013
171 terpinene-4-ol 003 004 014 050
1180 alpha-terpineol + myrtenal 005 006 012 040
1187 myrtenol 002 002 005 013
1191 verbenone 007 015 042
1203 cis-carveol 001 001 004 0.0
1243 dimethyl ether orcinol 006 010
1278 bornyl acetate 004 005 019 047
1339 alpha-terpenyl acetate 001 001 005 015
1391 alpha-copaene 001 001 006 013
1400 beta-elemene 003 004 041 0.94
1437 trans-beta-caryophyllene 002 002 028 062
1470 alpha-humulene 003 001 011 017
1477 allo-aromadendrene 002 006
1485 gamma-muurolene 001 005 0.10
1494 germacrene D 002 009
1501 beta-selinene 001 002 021 045
1509 alpha-selinene 002 001 012 024
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Table 1 Chemical profiles of frankincense essential oil
fractions (Continued)

1523 gamma-cadinene 004 007
1527 delta-cadinene 001 005 014
1593 caryophyllene oxide 002 005

Total 99.30 99.42 99.31 98.78

*unidentified m/z 93(100%), 41(54%), 67(39%), 69(36%), 91(33%), 77(29%),
79(26%), 39(25%), 108(15%), 53(14%), 55(12%), 121(9%).
**unidentified m/z 59(100%), 79(85%), 94(85%), 91(66%), 77(37%), 43(37%),
93(36%), 92(20%), 39(17%), 119(11%), 51(10%), 78(10%).

Frankincense essential oil-regulated tumor cell viability
All four fractions of essential oils were studied for their
potency in suppressing pancreatic cancer cell viability.
Based on results from preliminary testing, 1:200 to
1:1,600 dilutions were used for essential oils collected at
78°C (Fractions I-III), and a wider range of dilutions
(1:600-1:2,700) was used for Fraction IV essential oil.
Although different cancer cell lines had different sensi-
tivities to frankincense essential oils treatment, all frac-
tions, in general, suppressed viability of the human
pancreatic cancer cell lines (Figure 1).

Frankincense essential oil-suppressed cell viability was
dependent on length and temperature of hydrodistilla-
tion. Fractions I and II essential oils were the least po-
tent in suppressing cancer cell viability (Figure 1A and
1B). In contrast, Fraction IV possessed the most potent
activity followed by Fraction III essential oil (Figure 1D
and 1C). IC50 values supported the observation that
longer duration and higher temperature distillation pro-
duced more potent frankincense essential oils. For ex-
ample, IC50 values for MIA PaCa-2 cells were 1:270,
1:330, 1:550 and 1:1,300 dilutions for Fractions I, II, III,
and IV essential oils, respectively (Table 3). Since Frac-
tions I and II were not as potent as Fraction III or IV in
suppressing tumor cell viability, Fractions III and IV
containing higher amounts of sesquiterpenes and bos-
wellic acids were the logical choice for further study and
comparison for their anti-tumor properties.

Frankincense essential oil-suppressed pancreatic can-
cer cell viability might result from a combination of
reduced cell growth and enhanced cell death. LDH re-
lease assay was applied to determine frankincense essen-
tial oil-induced cell membrane damages and cytotoxicity
in tumor cells. Fractions III and IV frankincense

Table 2 Boswellic acids in frankincense essential oil
fractions

Specific gravity Total boswellic acids (mg/ml)

Fraction | 0.885 0.91
Fraction Il 0.866 0.81
Fraction Il 0.852 19.6
Fraction IV 0.847 30.1
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Figure 1 Suppression of pancreatic cancer cell viability in response to frankincense essential oil treatment. Human pancreatic cancer
cells (5 x 10% in 100 ul) were seeded in each well of 96-well tissue culture plates for adherence. Cells were subjected to serial dilutions of
frankincense essential oils treatment, (A) Fraction | obtained at 78°C hydrodistillation for 0-2 h, (B) Fraction Il obtained at 78°C for 8-10 h. (C)
Fraction IIl obtained at 78°C for 11-12 h, or (D) Fraction IV obtained at 100°C for 11-12 h. All experiments were prepared in triplicate. Cell viability
was determined at 24 h following essential oil treatment using the XTT colorimetric assay. Results are presented as mean cell viability (%) +
standard error of mean (SEM) in relation to the number of cells at the time of essential oil treatment from at least 4 independent experiments. *
indicates statistical difference in cell viability between essential oil-treated and untreated cells (P < 0.05).
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essential oils significantly induced cytotoxicity of the
human pancreatic cancer cell lines shortly (3 h) after treat-
ment in a concentration dependent manner (Figure 2).
Fraction IV was more potent than Fraction III essential oil
at inducing cell death. LC50 values were calculated for

Table 3 IC50 and LC50 values of frankincense essential
oil fractions on human pancreatic cancer cells

Fraction | Fraction Il Fraction llI Fraction IV

IC50 values 1:270 1:330 1:600 1:1,200
MIA PaCa-2 1:440 1:590 1:860 1:1,230
Panc-28 1:440 1:700 1:930 1:1,560
DANG 1:570 1:720 1:950 1:1,350
BxPC-3

LC50 values ND* ND 1:240 1:1,310
MIA PaCa-2 ND ND 1:310 1:1,140
Panc-28 ND ND NA** 1:820
DANG ND ND NA 1:700
BxPC-3

*ND: value was not determined.
**NA: value was not available.

both Fractions III and IV essential oils, and provided in
Table 3. Results also showed that at 3 h following treat-
ment DANG and BxPC-3 cells were more resistant to es-
sential oil-induced death.

Frankincense essential oil-regulated apoptosis

Genomic DNA fragmentation analysis was performed to
demonstrate that essential oil induces apoptosis in
human pancreatic cancer cells. Fractions III and IV es-
sential oils at 1:600 and 1:1,200 dilutions, respectively,
induced DNA fragmentation in a time-dependent man-
ner in MIA PaCa-2, Panc-28, BxPC-3, and DANG cells
within 8 h post-treatment as we observed in human
breast cancer cell lines [11].

Caspases, a family of aspartate-specific, cysteine pro-
teases, are central components of the machinery respon-
sible for apoptosis. Caspase-2, -8, -9, and —10 have been
classified as apoptotic initiator caspases, whereas cas-
pase-3, -6, and -7 are recognized as apoptotic effector
caspases. Upon the receipt of death signal, apoptotic ini-
tiator caspases are activated (or cleaved) and result in
the cleavage of downstream effector caspases. Cleaved
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Figure 2 Quantitative analysis of frankincense essential oil-induced pancreatic cancer cell death. Human pancreatic cancer cells were
seeded into each well of 96-well tissue culture plates at the concentration of 5 x 10°/100 . After adherence, cells were subjected to serial dilutions of
either (A) Fraction Ill or (B) Fraction IV essential oil treatment. At 3 h post-treatment, cell viability was determined by the LDH cytotoxicity detection kit.
Experiments were prepared in triplicate; and results are presented as mean % of cell death + SEM in relation to untreated cells from at least 3
independent experiments. * indicates statistical difference of cell death between essential oil-treated and untreated cells (P < 0.05).
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caspase-8 p43/p41 and caspase-9 p37/p35 were detected
within 2 h in MIA PaCa-2 cells treated with essential oils
(Figure 3). Essential oil up-regulated levels of caspase-3
activation corresponding to decreased levels of pro-
caspase-3 within 2 h post-stimulation in MIA PaCa-2
cells treated with Fractions III and IV essential oils.
Cleavage of PARP, being involved in DNA repair follow-
ing environmental stress [21] and a main target of acti-
vated caspase-3 [22], was also detected in MIA PaCa-2
cells within 1 h following treatment. The other three

Fraction Il Fraction IV

Time after

treatment(h) 0 025 1 2 4 0 0251 2 4
. S

e . -

Caspase-8

Caspase-9

Pro-caspase-3

Caspase-3

PARP

Figure 3 Frankincense essential oil-induced caspase apoptotic
pathway in pancreatic cancer cells. An aliquot of 5 x 10°
pancreatic cancer MIA PaCa-2 cells were seeded in each of 60 mm
tissue culture plates. Adherent cells were then subjected to Fractions
Il (1:600 dilution) or IV (1:1,200 dilution) essential oil stimulation.
Total cellular proteins were isolated between 0 (untreated control)
and 4 h after treatment. Levels of pro- and activated-caspase-8, 9, 3
and PARP in MIA PaCa-2 cells were detected by Western blot
analysis before and after frankincense essential oil treatment. Levels
of B-actin was determined in the same samples and used as a
protein loading control.

pancreatic cancer cell lines also exhibited similar pat-
terns of the time-dependent caspases activation. Fraction
IV essential oil might induce faster pancreatic cancer cell
death as compared to Fraction III, since lower retriev-
able genomic DNA and total cellular proteins were
observed in Fraction IV essential oil (1:1,200 dilution)-
treated MIA PaCa-2 cells at 4 h (Figure 3).

Regulation of signaling and cell cycle molecules by
frankincense essential oil

Frankincense essential oil transiently activated both Akt
and Erkl/2 signaling molecules in human pancreatic
cancer cells within 4 h following treatment. Levels of
phospho-Akt Ser(473) expression peaked within 15 min,
gradually decreased at 1 h, and returned to untreated
levels at 2 h after essential oil exposure in Panc-28 cells
(Figure 4). MIA PaCa-2 and DANG cells exhibited tran-
sient up-regulation of phospho-Akt Ser(473) within 15
min after treatment, whereas there was no detectible
phospho-Akt until 2 h post-stimulation in MIA PaCa-2
cells treated with Fraction IV essential oil. BxPC-3 cells
responded differently between Fractions III and IV es-
sential oils; Fraction III essential oil suppressed levels of
phospho-Akt Ser(473), whereas Fraction IV up-regulated
phosphorylated levels of Akt. In contrast, patterns of
frankincense essential oil-stimulated Erk1/2 phosphoryl-
ation were similar in these four tumor cell lines. Pancre-
atic cancer cells responded to essential oils exposures
with an immediate increase (within 15 min) followed by
gradual decreases (between 1-4 h) in levels of phospho-
Erk1/2 (Thr202/Tyr204) expression (Figure 4).

In addition, frankincense essential oil modulated ex-
pression of cell cycle regulator proteins, cdk4 and cyclin
D1 (crucial cell cycle regulators), in pancreatic cancer
cells. Although levels of cdk4 maintained relatively
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Figure 4 Frankincense essential oil-regulated signaling and cell cycle-related proteins expression in pancreatic cancer cells. Human
pancreatic cancer cells (5 x 10°) were plated into each of 60 mm tissue culture plates for adherence. Cells were treated with either Fractions |l
(1:600 dilution) or IV (1:1,200 dilution) essential oils. Total cellular proteins were isolated from these cells between 0 (untreated control) and 4 h
following essential oil treatment. Levels of Akt and Erk1/2 proteins phosphorylation as well as total cyclin D1 and cdk4 proteins expression were
determined using Western blot analysis, and compared between cells with and without frankincense essential oils treatment. Expression of
B-actin was also assessed in parallel and used as a protein loading control.
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constant in Fractions III and IV essential oils-treated
Panc-28 cells within 4 h treatment, cdk4 expression was
suppressed following essential oils treatment in MIA
PaCa-2, DANG, and BxPC-3 cells (Figure 4). Further-
more, essential oil suppressed cyclin D1 expression
almost immediately, within 15 min, after treatment in all
four pancreatic cancer cell lines (Figure 4).

Frankincense essential oil-regulated tumor growth

in a xenograft mouse model

Mice bearing human pancreatic cancer MIA PaCa-2
cells were weighted before and after frankincense essen-
tial oil treatment. In control animals receiving PBS,

averages of body weights increased from 27.53 + 349 g
before the first injection to 28.81 + 2.90, 29.49 + 3.27, to
30.70 + 2.85 g at day 4 after the first, second, and third
injections, respectively. In contrast, animals received
Fraction IV frankincense essential oil treatment main-
tained similar body weights before (24.93 + 2.30 g) and
4 days after (24.78 + 2.57 g) the first injection, but grad-
ually increased to 25.48 + 2.40 and 26.73 + 2.67 g at day
4 after the second and third injections, respectively.
Tumor volume was measured in situ immediately be-
fore the beginning of treatment and 4 days after each
treatment. Tumors continued to grow in the control
group, from 118.6 + 31.58 mm? before treatment to 402
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+ 14327 mm?® at day 12 after the initial treatment
(Figure 5A). In contrast, tumors that were treated with
Fraction IV essential oil peaked around day 8 (229.50 +
130.70 mm?®) and gradually decreased in volumes to
212,50 + 120.50 mm® at day 12 after the beginning of
treatment (Figure 5A). Increases in tumor volume were
also calculated in relation to the size at the beginning of
treatment; at day 12, tumor volumes increased by
239.32% and 56.78% in the control and frankincense es-
sential oil groups, respectively (Table 4).

Tumor volume was measured again in three dimen-
sions after they were removed from experimental sub-
jects. Similar to the tumor volume determined in situ,
significantly smaller tumors were observed in frankin-
cense essential oil-treated animals (76.67 + 24.11 mm?)
as compared to the control group (204.80 + 101.19
mm?) (Figure 5B). Although tumor weight in frankin-
cense essential oil-treated group (98.33 + 41.19 mg) was
less than a half of that was observed in the control group
(250.00 + 186.41 mg), the difference was not statistically
significant (P = 0.082).

Immunohistochemistry for PHH3 recognizes mitotic
figures from early prophase through metaphase, ana-
phase, and telophase on the condensed chromatin. This
method provides a quantification of mitotic activities in
tumor cells [23]. Numbers of PHH3-immunoreactive
cells were significantly lower in frankincense essential
oil-treated tumors (197.5 + 40.4) than in the control
group (252.8 + 30.6) (Figure 6A). By labeling the
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terminal end of nucleic acids, TUNEL is a quantitative
method to determine cells undergoing apoptosis [24].
Significantly higher numbers of TUNEL-positive cells
were detected in the experimental group receiving frank-
incense essential oil (316.7 + 117.3) than the control
group (100.6 + 47.2) (Figure 6B).

Discussion
Gum resins harvested from Boswellia species have long
been used in Ayurvedic and traditional Chinese medi-
cine to treat a variety of health issues. In addition, frank-
incense has many pharmaceutical uses particularly in
anti-inflammatory activity. In the present communica-
tion, we studied anti-tumor activity of frankincense
essential oil hydrodistilled from Boswellia sacra gum
resins against a panel of human pancreatic cancer cell
lines. We demonstrated that frankincense essential oil is
highly effective in suppressing proliferation and inducing
cytoxocity of various pancreatic cancer cell lines; and
these in vitro activities correlate with the repression of
cell cycle regulators and activation of the caspase path-
way. Consistent with the in vitro activities, frankincense
essential oil was effective in reversing tumor growth,
suppressing tumor cell growth, and inducing tumor cell
death in a heterotopic xenograft human pancreatic can-
cer mouse model.

The abundance of high molecular weight compounds
is positively correlated with distillation time and
temperature, based on GC-MS and HPLC analyses.
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Figure 5 Frankincense essential oil-suppressed pancreatic tumor growth in a heterotopic xenograft mouse model. The xenograft mouse
tumor model was established by subcutaneous implantation of 1 x 10" MIA PaCa-2 cells in 250 ul HBSS supplemented with 20% Matrigel™ into
the flank of each mouse. Tumors were allowed to grow for 7 days. Mice were randomly assigned to receive either 100 ul PBS (control; 5 mice) or
Fraction IV frankincense essential oil (30 ul essential oil plus 70 ul PBS; 6 mice). Treatment was administered through subcutaneous injection away
from the tumors. (A) Tumor volumes measured in situ. Arrows indicate the time of tumor size measurement followed by frankincense essential oil
treatment. (B) Tumor volumes calculated after the tumors have been removed from the experimental subjects at the end of experiments. Images
were taken at the time of tumor harvest. * indicates statistical difference between PBS- and essential oil-treated groups (P < 0.05).
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Table 4 Changes in tumor volumes (mm?) after
frankincense essential oil treatment

First Second Third
injection* injection injection
Control 20.54+1731% 124.10461.67% 239.32+102.25%
Frankincense essential  32.73£5048%  66.54+54.06%  56.78+50.19%

oil Fraction IV

*Tumor volumes were measured on the 4™ day after each injection. Changes
in tumor volumes after each treatment were calculated based on volumes
obtained at the beginning of treatments.

Longer duration and higher temperature distillations
produce greater quantities of high molecular weight
compounds (sesquiterpenes and boswellic acids). The
presence of high molecular weight compounds might be
positively correlated with frankincense essential oil-
induced cytotoxity in human pancreatic cancer cells.
First, Fraction IV is more potent than Fraction I, II, or
III essential oil in suppressing tumor cell growth and in-
ducing tumor cell death. Second, differential fractiona-
tions of Fraction IV essential oil enriched with high
molecular weight compounds, when alpha-pinene con-
tents were lowered to 5-10%, were significantly more po-
tent than Fraction IV essential oil in inducing tumor cell
death (data not shown). Results from cell viability and
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cell cytotoxicity assays suggest that high molecular
weight compounds and/or ratios of these compounds
present in Fractions III and IV essential oils play a sig-
nificant role in anti-tumor activity. However, due the
complexity of chemical constituents in essential oil, the
active compound(s) responsible for anti-tumor activity
has not been identified. Identification of active compo-
nent(s) in frankincense essential oil and its activated
molecular pathways in inducing tumor cell death will be
a subject of future studies.

Boswellic acids have been suggested as a major com-
ponent in frankincense for the observed anti-tumor ac-
tivities. For example, ethanol extracts of Boswellia
serrata gum resins contain a defined amount of boswel-
lic acids, and have cytotoxic and pro-apoptotic activities
against leukemia cell lines (HL-60, K 562, U937, MOLT-
4, and THP-1) and brain tumor LN-18 and LN-229 cells
[25]. Purified boswellic acids exhibit potent cytotoxic ac-
tivities against cultured human neuroblastoma cell lines
(IMR-32, NB-39, and SK-N-SH) [26], and inhibit DNA,
RNA, and protein synthesis in human leukemia HL-60
cells [27]. Furthermore, boswellic acids including acetyl-
11-keto-B-boswellic acid (AKBA) have been shown to
possess anti-tumor activity against a variety of human
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Figure 6 Frankincense essential oil-induced anti-tumor activity in a xenograft mouse model. Harvested tumors were subjected to formalin
fixation and paraffin embedding. Tumor blocks were cut at 5 um thick, deparaffinized, rehydrated, and stained for cell growth and death markers.
(A) Tumor cell growth. Tumor cells that are actively proliferating at the time of harvest were detected by PHH3 immunohistochemical staining.
(B) Tumor cell death. Tumor cells undergoing apoptosis at the time of harvest were assessed by TUNEL staining. Images from 2 of each control
and frankincense essential oil treated animals are presented (20x magnification); and inserts were taken at 60x magnification to highlight positive
immunoreactivity. Immunoreactive cells were counted from a total of 20 randomly selected fields at 40x magnification from 2 separate sections
from each animal. Results are presented as total numbers of PHH3- and TUNEL-positive tumor cells from these fields. * and ** indicate statistical
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cancer cell lines including meningioma cells [28],
leukemia cells [27,29], hepatoma cells [30], melanoma
cells, fibrosarcoma cells [31], colon cancer cells [32,33],
prostate cancer cells [34,35], and pancreatic cancer cells
[36,37] in both in vitro and in vivo conditions.

However, boswellic acids may not be the only com-
pounds in frankincense essential oil for inducing pancre-
atic cancer cell death. Total boswellic acids contents
were not proportionally related to essential oil-induced
tumor cell cytotoxicity among different fractions by
comparing Tables 2 and 3. Additionally, frankincense
hydrosol, the aqueous distillate of hydrodistilled Boswel-
lia sacra gum resins, contained 0.0 to 15.5% boswellic
acids, but did not have detectible cytoxicity against
tumor cells even when a 1:5 dilution was added to the
cultures (data not shown). Finally, tirucallic acids puri-
fied from Boswellia carteri gum resins have been shown
to induce human prostate cancer cells death [38]. We
also observed that frankincense essential oil enriched
with high molecular weight compounds but lower bos-
wellic acids contents compared to Fraction IV essential
oil was much more potent at inducing cytotoxicity in
cultured pancreatic cancer cells (data not shown). With
the complexity and mixture of chemical compounds in
frankincense essential oil, our results are in agreement
with other reports that crude extracts of frankincense
are more potent than boswellic acids alone in inducing
cytotoxicity in malignant cells [25]. The higher potency
of total extracts, not just boswellic acids, may result
from a combination of multiple active compounds.

Frankincense essential oil-regulated cell cycle regula-
tors and signaling pathways were compared to boswellia
acids-activated pathways in a variety of cancer cell lines.
It has been reported that boswellic acids can regulate
tumor cell viability by activating a variety of mechan-
isms. AKBA arrests cancer cells at the G1 phase of cell
cycle, suppresses levels of cyclin D1 and E, cdk 2 and 4,
and Rb phosphorylation, as well as increases expression
of p21 through a p53-independent pathway [33,39].
AKBA activates death receptor-5 through elevated ex-
pression of CATT/enhancer binding protein homologus
protein in human prostate cancer LNCaP and PC-3 cells
[35]. Boswellic acids including AKBA strongly induce
apoptosis through activation of caspase-3, -8, and -9
and cleavages of PARP in colon cancer HT29 cells and
hepatoma HepG2 cells [30,32]. In addition, AKBA inhi-
bits topoisomerases I and II without inhibiting DNA
fragmentation in glioma and leukemia HL-60 cells
[40,41]. Our results demonstrated that frankincense es-
sential oil suppresses cyclin D1 and cdk4 proteins ex-
pression in pancreatic cancer cells. Cyclins function as
regulators of CDK Kkinases; cyclin D1 forms a complex
with and functions as a regulatory subunit of cdk4, this
activity is required for G1/S transition in cell cycle
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[42,43]. Frankincense essential oil suppressed cyclin D1
and cdk4 expression may lead to suppressed Rb phos-
phorylation which results in suppressed cell cycle pro-
gression in pancreatic cancer cells [44]. Consistent with
results from boswellic acids-treated HT29 and HepG2
cells, essential oil-induced apoptosis in pancreatic cancer
cells is caspase-dependent based on the cleavages and
activation of caspase-3, -8, -9, and PARP in these cells.

Boswellic acids have also been shown to activate mul-
tiple signaling pathways in human cancer cells. Boswellic
acids and AKBA activate the PI3K/Akt pathway in colon
cancer HT29, HCT-116, SW480, and LS174T cells [45].
Although AKBA has been reported to rapidly and po-
tently inhibit the phosphorylation of Erk1/2 in primary
cultures of meningioma cells [28], other studies show
that boswellic acids and AKBA activate Erk1/2 in human
polymorphonuclear leukocytes and platelets [46,47]. Our
results are in line with these reports that frankincense
essential oil increases levels of Akt phosphorylation at
Ser(473) and enhances Erkl1/2 activation in most or all
four pancreatic cancer cell lines. Activation of Akt and
Erk1/2 signaling molecules in cancer cells by anti-cancer
compounds with pro-apoptotic activity have been
reported [48,49]. Biological activities and significances of
the transient activation of PI3K/Akt and Erkl1/2 path-
ways by frankincense essential oil in inducing pancreatic
tumor cell death require further studies.

Boswellic acids can activate additional pathways in
cancer cells. For example, boswellic acids can inhibit nu-
clear factor-kB and STATs activities in tumor cells
[36,50]. In addition, Park et al. reported that AKBA
down-regulates the expression of COX-2, MMP-9,
CXCR4, and VEGF [36]. Pathways that are activated by a
mixture of chemical components in frankincense essen-
tial oil are expected to be more complicate than the
results presented in this communication. We reported
that frankincense essential oil simultaneously modulates
the activation of multiple signaling pathways and expres-
sion of multiple genes related to negative regulation of
cell proliferation and cell cycle progression, as well as
positive regulation of apoptosis in human bladder cancer
J82 cells [10].

Both heterotopic and orthotopic xenograft human
cancer mouse models have been used to study anti-
tumor activity of boswellic acids in vivo. Administration
of boswellic acids have been shown to significantly sup-
press the progression of brain tumor [7], prostate cancer
[34,39], and pancreatic cancer [36]. In our heterotopic
xenograft pancreatic cancer mouse model, wide varia-
tions of tumor growth were observed before the initi-
ation of treatment in both groups receiving PBS (97-174
mm?) and frankincense essential oil (96-197 mm?). The
wide variation of tumor growth provides an explanation
why tumor weight is not statistically significant between
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these two groups. In addition, the duration of the
present study is shorter than other reports using boswel-
lic acids or AKBA in xenograft animal models [34,36,39];
a more frequent and longer treatment regime might
further enhance the differences between the control and
experimental groups. In agreement with frankincense
essential oil-induced DNA fragmentation in cultured
pancreatic cancer cells, there are elevated numbers of
TUNEL-positive tumor cells in the essential oil-treated
group. Since apoptosis is observed within hours following
Boswellia sacra Fraction IV essential oil treatment in cul-
tured cancer cells, frankincense essential oil-activated
anti-proliferative and pro-apoptotic activities may be more
prominent if tumors were studied shortly after essential
oil administration.

Frankincense has been used and investigated as a can-
cer therapeutic agent in clinical settings. For examples,
frankincense gum resins are used as a main component
in an anti-cancer drug in traditional Chinese medicine.
In addition, frankincense is considered as an alternative
medicine in Arab countries and has been used as an
anti-cancer agent to treat neoplastic diseases. In a pro-
spective, randomized, placebo-controlled, double-blind
clinical trial conducted in patients irradiated for brain
tumors, an extract prepared from Boswellia serrata gum
resins (H15) significantly reduces cerebral edema with
anti-tumor properties, without severe adverse effects [9].
Boswellia serrata extracts is included as an adjuvant
agent in patients with high grade gliomas under an on-
going phase II clinical trial (http://www.cancer.gov/clini-
caltrials/search/view?
cdrid=445603&version=healthprofessional).

We expect that frankincense essential oil obtained from
hydrodistillation of Boswellia sacra gum resins can be a
novel and alternative therapeutic agent to suppress pan-
creatic cancer progression and metastasis. Nevertheless, a
standardized procedures to process Boswellia species gum
resins and to prepare essential oil are required for provid-
ing consistent anti-tumor activity. Although the identifica-
tion of active compound(s) responsible for essential oil’s
anti-cancer activity would be important, it may not be ne-
cessary if a standard assessment of chemical compositions
and predicted biological functions can be established.
Although no serious safety and toxicity issues have been
raised in animal models and patients receiving oral admin-
istration of frankincense extracts [51-55], the maximum
safe dose of essential oil needs to be defined for cancer
therapy, and pharmacokinetics and pharmacodynamic
properties of essential oil need to be determined.

Conclusion

Frankincense essential oil prepared from hydrodistilla-
tion of Boswellia sacra gum resins activates anti-
proliferative and pro-apoptotic activities in human
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pancreatic cancer cells in cultures and reverses tumor
growth in a heterotopic xenograft mouse tumor model.
The anti-tumor activity of frankincense essential oil is
mediated through multiple signaling pathways and cell
cycle regulators, and is dependent upon caspase pathway-
mediated apoptosis. Based on the safety and tolerability of
different frankincense extracts in animal models and
human subjects, extracts from hydrodistillation of Boswel-
lia sacra gum resins might represent a new therapeutic
option on pancreatic cancer treatment in human patients
after efficacy can be further confirmed. In addition,
pharmacokinetics and pharmacodynamic studies are
required to optimize the administration frankincense es-
sential oil for anti-cancer therapy.

Abbreviations

AKBA: Acetyl-11-keto-B-boswellic acid; GC: Gas chromatography; LDH: Lactate
dehydrogenase; MS: Mass spectrometry; HPLC: High-performance liquid
chromatography; PARP: Poly-(ADP-ribose)-polymerase; PHH3: Phospho-
histone H3; TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end
labeling.

Competing interests
CW and GY are affiliated with Young Living Essential Oils. The rest of authors
declare that they have no competing interests.

Authors’ contributions

XN carried out xenograft animal studies. MMS, CW, and GY prepared and
analyzed frankincense essential oils prepared from Boswellia sacra gum
resins. QY, AC, and HKL performed molecular and cell biology studies in
cultured pancreatic cancer cells. KMF studied pathological presentations of
tumor cells from xenograft mice. MMS, KMF, RGP, CW, GY, JZ, and HKL
conceived the idea, designed the experiments, and interpreted the
experimental results. All authors contributed to manuscript preparations and
approved the final manuscript.

Acknowledgements
This work was partly supported by Young Living Essential Oils (Lehi, UT).
Interpretation and publication of results were the prerogative of the authors.

Author details

'Department of General Surgery, Long Hua Hospital Shanghai University of
Traditional Chinese Medicine, Shanghai, China. Al Afia Medical Complex,
Salalah, Sultanate of Oman. *Department of Urology, University of Oklahoma
Health Sciences Center, Oklahoma City, OK 73104, USA. 4Departn’went of
Biological Sciences, University of Southern California, Los Angeles, CA 90089,
USA. *Department of Pathology, University of Oklahoma Health Sciences
Center, Oklahoma City, OK 73104, USA. %Oklahoma City Veterans Medical
Center, Oklahoma City, OK 73104, USA. "Department of Surgery, University of
Oklahoma Health Sciences Center, Oklahoma City, OK 73104, USA. ®Young
Living Essential Qils, Lehi, UT 84043, USA.

Received: 24 April 2012 Accepted: 11 December 2012
Published: 13 December 2012

References

1. Siegel R, Naishadham D, Jemal A: Cancer statistics, 2012. CA Cancer J Clin
2012, 62(1):10-29.

2. Hariharan D, Saied A, Kocher HM: Analysis of mortality rates for pancreatic
cancer across the world. HPB (Oxford) 2008, 10(1):58-62.

3. Nakai Y, Isayama H, Sasaki T, Sasahira N, Tsujino T, Toda N, Kogure H,
Matsubara S, Ito Y, Togawa O, et al: A multicentre randomised phase Il
trial of gemcitabine alone vs gemcitabine and S-1 combination therapy
in advanced pancreatic cancer: GEMSAP study. Br J Cancer 2012,
106(12):1934-1939.

4. Neoptolemos JP, Stocken DD, Bassi C, Ghaneh P, Cunningham D, Goldstein
D, Padbury R, Moore MJ, Gallinger S, Mariette C, et al: Adjuvant


http://www.cancer.gov/clinicaltrials/search/view?cdrid=445603&version=healthprofessional
http://www.cancer.gov/clinicaltrials/search/view?cdrid=445603&version=healthprofessional
http://www.cancer.gov/clinicaltrials/search/view?cdrid=445603&version=healthprofessional

Ni et al. BMC Complementary and Alternative Medicine 2012, 12:253
http://www.biomedcentral.com/1472-6882/12/253

chemotherapy with fluorouracil plus folinic acid vs gemcitabine
following pancreatic cancer resection: a randomized controlled trial.
JAMA 2010, 304(10):1073-1081.

5. Gebbia V, Maiello E, Giuliani F, Borsellino N, Arcara C, Colucci G: Irinotecan
plus bolus/infusional 5-Fluorouracil and leucovorin in patients with
pretreated advanced pancreatic carcinoma: a multicenter experience of
the Gruppo Oncologico Italia Meridionale. Am J Clin Oncol 2010,
33(5):461-464.

6. Jeon EK, Won HS, Ko YH, Lee IS, Hong TH, You YK, Lee MA: Comparison of
the efficacy and the toxicity between gemcitabine with capecitabine
(GC) and gemcitabine with erlotinib (GE) in unresectable pancreatic
cancer. J Cancer Res Clin Oncol 2012, 138(10):1625-1630.

7. Winking M, Sarikaya S, Rahmanian A, Jodicke A, Boker DK: Boswellic acids
inhibit glioma growth: a new treatment option? J Neurooncol 2000,
46(2):97-103.

8. Huang MT, Badmaev V, Ding Y, Liu Y, Xie JG, Ho CT: Anti-tumor and anti-
carcinogenic activities of triterpenoid, b-boswellic acid. Biofactors 2000,
13(1-4):225-230.

9. Kirste S, Treier M, Wehrle SJ, Becker G, Abdel-Tawab M, Gerbeth K, Hug MJ,
Lubrich B, Grosu AL, Momm F: Boswellia serrata acts on cerebral edema in
patients irradiated for brain tumors: a prospective, randomized, placebo-
controlled, double-blind pilot trial. Cancer 2011, 117(16):3788-3795.

10.  Frank MB, Yang Q, Osban J, Azzarello JT, Saban MR, Saban R, Ashley RA,
Welter JC, Fung KM, Lin HK: Frankincense oil derived from Boswellia
carteri induces tumor cell specific cytotoxicity. BMC Complement Altern
Med 2009, 9:6.

11, Suhail MM, Wu W, Cao A, Mondalek FG, Fung KM, Shih PT, Fang YT, Woolley
C, Young G, Lin HK: Boswellia sacra essential oil induces tumor cell-
specific apoptosis and suppresses tumor aggressiveness in cultured
human breast cancer cells. BMC Complement Altern Med 2011, 11:129.

12. Yunis AA, Arimura GK, Russin DJ: Human pancreatic carcinoma (MIA
PaCa-2) in continuous culture: sensitivity to asparaginase. Int J Cancer
1977, 19(1):128-135.

13.  Frazier ML, Fernandez E, de Llorens R, Brown NM, Pathak S, Cleary KR,
Abbruzzese JL, Berry K, Olive M, Le Maistre A, et al: Pancreatic
adenocarcinoma cell line, MDAPanc-28, with features of both acinar and
ductal cells. Int J Pancreatol 1996, 19(1):31-38.

14. Tan MH, Nowak NJ, Loor R, Ochi H, Sandberg AA, Lopez C, Pickren JW,
Berjian R, Douglass HO Jr, Chu TM: Characterization of a new primary
human pancreatic tumor line. Cancer Invest 1986, 4(1):15-23.

15. Rosewicz S, Stier U, Brembeck F, Kaiser A, Papadimitriou CA, Berdel WE,
Wiedenmann B, Riecken EO: Retinoids: effects on growth, differentiation,
and nuclear receptor expression in human pancreatic carcinoma cell
lines. Gastroenterology 1995, 109(5):1646-1660.

16.  Mondalek FG, Lawrence BJ, Kropp BP, Grady BP, Fung KM, Madihally SV, Lin
HK: The incorporation of poly(lactic-co-glycolic) acid nanoparticles into
porcine small intestinal submucosa biomaterials. Biomaterials 2008,
29(9):1159-1166.

17. Boehm T, Folkman J, Browder T, O'Reilly MS: Antiangiogenic therapy of
experimental cancer does not induce acquired drug resistance. Nature
1997, 390(6658):404-407.

18. Amoh Y, Li L, Yang M, Jiang P, Moossa AR, Katsuoka K, Hoffman RM: Hair
follicle-derived blood vessels vascularize tumors in skin and are
inhibited by Doxorubicin. Cancer Res 2005, 65(6):2337-2343.

19. Fung KM, Samara ENS, Wong C, Metwalli A, Krlin R, Bane B, Liu CZ, Yang JT,
Pitha JT, Culkin DJ, et al: Increased expression of type 2 3a-hydroxysteroid
dehydrogenase/type 5 17b-hydroxysteroid dehydrogenase (AKR1C3)
and its relationship with androgen receptor in prostate carcinoma.
Endocr Relat Cancer 2006, 13(1):169-180.

20.  Yang Q, Titus M, Fung KM, Lin HK: 5a-Androstane-3a,17f3-diol supports human
prostate cancer cell survival and proliferation through androgen receptor-
independent signaling pathways: Implication of androgen-independent
prostate cancer progression. J Cell Biochem 2008, 104(5):1612-1624.

21. Satoh MS, Lindahl T: Role of poly(ADP-ribose) formation in DNA repair.
Nature 1992, 356(6367):356-358.

22. Oliver FJ, de la Rubia G, Rolli V, Ruiz-Ruiz MC, de Murcia G, Murcia JM:
Importance of poly(ADP-ribose) polymerase and its cleavage in
apoptosis. Lesson from an uncleavable mutant. J Biol Chem 1998,
273(50):33533-33539.

23. Tapia C, Kutzner H, Mentzel T, Savic S, Baumhoer D, Glatz K: Two mitosis-
specific antibodies, MPM-2 and phospho-histone H3 (Ser28), allow rapid

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

Page 13 of 14

and precise determination of mitotic activity. Am J Surg Pathol 2006,
30(1):83-89.

Gavrieli Y, Sherman Y, Ben-Sasson SA: Identification of programmed cell
death in situ via specific labeling of nuclear DNA fragmentation. J Cel/
Biol 1992, 119(3):493-501.

Hostanska K, Daum G, Saller R: Cytostatic and apoptosis-inducing activity
of boswellic acids toward malignant cell lines in vitro. Anticancer Res
2002, 22(5):2853-2862.

Akihisa T, Tabata K, Banno N, Tokuda H, Nishimura R, Nakamura Y, Kimura Y,
Yasukawa K, Suzuki T: Cancer chemopreventive effects and cytotoxic
activities of the triterpene acids from the resin of Boswellia carteri. Biol
Pharm Bull 2006, 29(9):1976-1979.

Shao Y, Ho CT, Chin CK, Badmaev V, Ma W, Huang MT: Inhibitory activity of
boswellic acids from Boswellia serrata against human leukemia HL-60
cells in culture. Planta Med 1998, 64(4):328-331.

Park YS, Lee JH, Bondar J, Harwalkar JA, Safayhi H, Golubic M: Cytotoxic
action of acetyl-11-keto-b-boswellic acid (AKBA) on meningioma cells.
Planta Med 2002, 68(5):397-401.

Xia L, Chen D, Han R, Fang Q, Waxman S, Jing Y: Boswellic acid acetate
induces apoptosis through caspase-mediated pathways in myeloid
leukemia cells. Mol Cancer Ther 2005, 4(3):381-388.

Liu JJ, Nilsson A, Oredsson S, Badmaev V, Duan RD: Keto- and acetyl-keto-
boswellic acids inhibit proliferation and induce apoptosis in Hep G2
cells via a caspase-8 dependent pathway. Int J Mol Med 2002,
10(4):501-505.

Zhao W, Entschladen F, Liu H, Niggemann B, Fang Q, Zaenker KS, Han R:
Boswellic acid acetate induces differentiation and apoptosis in highly
metastatic melanoma and fibrosarcoma cells. Cancer Detect Prev 2003,
27(1).67-75.

Liu JJ, Nilsson A, Oredsson S, Badmaev V, Zhao WZ, Duan RD: Boswellic
acids trigger apoptosis via a pathway dependent on caspase-8
activation but independent on Fas/Fas ligand interaction in colon cancer
HT-29 cells. Carcinogenesis 2002, 23(12):2087-2093.

Liu JJ, Huang B, Hooi SC: Acetyl-keto-b-boswellic acid inhibits cellular
proliferation through a p21-dependent pathway in colon cancer cells. Br
J Pharmacol 2006, 148(8):1099-1107.

Pang X, Yi Z, Zhang X, Sung B, Qu W, Lian X, Aggarwal BB, Liu M: Acetyl-11-
keto-b-boswellic acid inhibits prostate tumor growth by suppressing
vascular endothelial growth factor receptor 2-mediated angiogenesis.
Cancer Res 2009, 69(14):5893-5900.

Lu M, Xia L, Hua H, Jing Y: Acetyl-keto-b-boswellic acid induces apoptosis
through a death receptor 5-mediated pathway in prostate cancer cells.
Cancer Res 2008, 68(4):1180-1186.

Park B, Prasad S, Yadav V, Sung B, Aggarwal BB: Boswellic acid suppresses
growth and metastasis of human pancreatic tumors in an orthotopic
nude mouse model through modulation of multiple targets. PLoS One
2011, 6(10):226943.

Park B, Sung B, Yadav VR, Cho SG, Liu M, Aggarwal BB: Acetyl-11-keto-b-
boswellic acid suppresses invasion of pancreatic cancer cells through
the downregulation of CXCR4 chemokine receptor expression. Int J
Cancer 2011, 129(1):23-33.

Estrada AC, Syrovets T, Pitterle K, Lunov O, Buchele B, Schimana-Pfeifer J,
Schmidt T, Morad SA, Simmet T: Tirucallic acids are novel pleckstrin
homology domain-dependent Akt inhibitors inducing apoptosis in
prostate cancer cells. Mol Pharmacol 2010, 77(3):378-387.

Syrovets T, Gschwend JE, Buchele B, Laumonnier Y, Zugmaier W, Genze F,
Simmet T: Inhibition of IkB kinase activity by acetyl-boswellic acids
promotes apoptosis in androgen-independent PC-3 prostate

cancer cells in vitro and in vivo. J Biol Chem 2005,

280(7):6170-6180.

Glaser T, Winter S, Groscurth P, Safayhi H, Sailer ER, Ammon HP,
Schabet M, Weller M: Boswellic acids and malignant glioma:
induction of apoptosis but no modulation of drug sensitivity.

Br J Cancer 1999, 80(5-6):756-765.

Hoernlein RF, Orlikowsky T, Zehrer C, Niethammer D, Sailer ER, Simmet T,
Dannecker GE, Ammon HP: Acetyl-11-keto-b-boswellic acid induces
apoptosis in HL-60 and CCRF-CEM cells and inhibits topoisomerase I.

J Pharmacol Exp Ther 1999, 288(2):613-619.

Quelle DE, Ashmun RA, Shurtleff SA, Kato JY, Bar-Sagi D, Roussel MF, Sherr
CJ: Overexpression of mouse D-type cyclins accelerates G1 phase in
rodent fibroblasts. Genes Dev 1993, 7(8):1559-1571.



Ni et al. BMC Complementary and Alternative Medicine 2012, 12:253 Page 14 of 14
http://www.biomedcentral.com/1472-6882/12/253

43, Fahraeus R, Paramio JM, Ball KL, Lain S, Lane DP: Inhibition of pRb
phosphorylation and cell-cycle progression by a 20-residue peptide
derived from p16“P<N2/NK4A cyrr Biol 1996, 6(1):84-91.

44.  Dupont J, Karas M, LeRoith D: The cyclin-dependent kinase inhibitor
p21<"WAF is a positive regulator of insulin-like growth factor l-induced
cell proliferation in MCF-7 human breast cancer cells. J Biol Chem 2003,
278(39):37256-37264.

45, Liu JJ, Duan RD: LY294002 enhances boswellic acid-induced apoptosis in
colon cancer cells. Anticancer Res 2009, 29(8):2987-2991.

46.  Altmann A, Fischer L, Schubert-Zsilavecz M, Steinhilber D, Werz O: Boswellic
acids activate p42(MAPK) and p38 MAPK and stimulate Ca(2+)
mobilization. Biochem Biophys Res Commun 2002, 290(1):185-190.

47. Poeckel D, Tausch L, Altmann A, Feisst C, Klinkhardt U, Graff J, Harder S,
Werz O: Induction of central signalling pathways and select functional
effects in human platelets by b-boswellic acid. Br J Pharmacol 2005,
146(4):514-524.

48. Wang L, Wang P, Liu Y, Xue Y: Regulation of cellular growth, apoptosis,
and Akt activity in human U251 glioma cells by a combination of
cisplatin with CRM197. Anticancer Drugs 2012, 23(1):81-89.

49. Lee YJ, Jeong HY, Kim YB, Won SY, Shim JH, Cho MK, Nam HS, Lee SH:
Reactive oxygen species and PI3K/Akt signaling play key roles in the
induction of Nrf2-driven heme oxygenase-1 expression in sulforaphane-
treated human mesothelioma MSTO-211H cells. Food Chem Toxicol 2012,
50(2):116-123.

50.  Kumar A, Shah BA, Singh S, Hamid A, Singh SK, Sethi VK, Saxena AK, Singh J,
Taneja SC: Acyl derivatives of boswellic acids as inhibitors of NF-kB and
STATs. Bioorg Med Chem Lett 2012, 22(1):431-435.

51. Holtmeier W, Zeuzem S, Preiss J, Kruis W, Bohm S, Maaser C, Raedler A,
Schmidt C, Schnitker J, Schwarz J, et al: Randomized, placebo-controlled,
double-blind trial of Boswellia serrata in maintaining remission of
Crohn’s disease: good safety profile but lack of efficacy. Inflamm Bowel
Dis 2011, 17(2):573-582.

52. Krishnaraju AV, Sundararaju D, Vamsikrishna U, Suryachandra R, Machiraju G,
Sengupta K, Trimurtulu G: Safety and toxicological evaluation of Aflapin: a
novel Boswellia-derived anti-inflammatory product. Toxicol Mech Methods
2010, 20(9):556-563.

53.  Sengupta K, Alluri KV, Satish AR, Mishra S, Golakoti T, Sarma KV, Dey D,
Raychaudhuri SP: A double blind, randomized, placebo controlled study
of the efficacy and safety of 5-Loxin for treatment of osteoarthritis of
the knee. Arthritis Res Ther 2008, 10(4):R85.

54.  Lalithakumari K, Krishnaraju AV, Sengupta K, Subbaraju GV, Chatterjee A:
Safety and Toxicological Evaluation of a Novel, Standardized 3-O-Acetyl-
11-keto-beta-Boswellic Acid (AKBA)-Enriched Boswellia serrata Extract
(5-Loxin(R)). Toxicol Mech Methods 2006, 16(4):199-226.

55. Kimmatkar N, Thawani V, Hingorani L, Khiyani R: Efficacy and tolerability of
Boswellia serrata extract in treatment of osteoarthritis of knee-a
randomized double blind placebo controlled trial. Phytomedicine 2003,
10(1):3-7.

doi:10.1186/1472-6882-12-253

Cite this article as: Ni et al.: Frankincense essential oil prepared from
hydrodistillation of Boswellia sacra gum resins induces human
pancreatic cancer cell death in cultures and in a xenograft murine
model. BMIC Complementary and Alternative Medicine 2012 12:253.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Reagents and chemicals
	Frankincense essential oil preparation
	Analysis of chemical components
	Human pancreatic cancer cell lines
	Cell viability assay
	Cell cytotoxicity assay
	Genomic DNA fragmentation
	Western blot analysis
	Subcutaneous tumor implantation and frankincense essential oil administration
	Immunohistochemical staining
	Statistics analysis

	Results
	Chemical profiles of frankincense essential oils
	Boswellic acids contents in frankincense essential oil fractions
	Frankincense essential oil-regulated tumor cell viability
	Frankincense essential oil-regulated apoptosis
	Regulation of signaling and cell cycle molecules by frankincense essential oil
	Frankincense essential oil-regulated tumor growth in a xenograft mouse model

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

