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The emergence of MDR bacterial pathogens has directed antibiotic discovery research towards alternative therapies and tra-
ditional medicines. Boswellia sacra oleoresin (frankincense) was used to treat bacterial infections in traditional Arabian and Asian
healing systems for at least 1000 years. Despite this, B. sacra extracts have not been rigorously tested for inhibitory activity against
gastrointestinal pathogens or bacterial triggers of autoimmune diseases. Solvent extracts were prepared from Boswellia sacra
oleoresins obtained from three regions near Salalah, Oman. MIC values were quantified against gastrointestinal pathogens and
bacterial triggers of selected autoimmune diseases by disc diffusion and broth dilution methods. The antibacterial activity was also
evaluated in combination with conventional antibiotics, and the class of interaction was determined by XFIC analysis. Iso-
bolograms were used to determine the optimal ratios for synergistic combinations. Toxicity was evaluated by ALA and HDF cell
viability bioassays. The phytochemical composition of the volatile components of all extracts was identified by nontargeted GC-
MS headspace analysis. All methanolic extracts inhibited the growth of all of the bacteria tested, although the extracts prepared
using Najdi oleoresin were generally more potent than the Sahli and Houjari extracts. Combinations of the methanolic B. sacra
extracts and conventional antibiotics were significantly more effective in inhibiting the growth of several bacterial pathogens. In
total, there were 38 synergistic and 166 additive combinations. Approximately half of the synergistic combinations contained
tetracycline. All B. sacra extracts were nontoxic in the ALA and HDF cell viability assays. Nonbiased GC-MS headspace analysis of
the methanolic extracts putatively identified a high diversity of monoterpenoids, with particularly high abundances of a-pinene.
The antibacterial activity and lack of toxicity of the B. sacra extracts indicate their potential in the treatment and prevention of
gastrointestinal and autoimmune diseases. Furthermore, the extracts potentiated the activity of several conventional antibiotics,
indicating that they may contain resistance-modifying compounds.

1. Introduction

The World Health Organisation (WHO) considers antibi-
otic-resistant bacteria to be one of the most urgent issues
facing medical science [1]. The development of widespread
antibiotic-resistant strains of many common bacterial

pathogens in recent years has reduced the efficacy of many
clinical antibiotics and in many cases has rendered common
clinical antibiotics of little or no use to combat infections.
This trend is expected to increase in future years with the
transfer of resistance genes between strains of the same
bacterial species and between species. Several classes of
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antibiotics are now of limited efficacy in a growing number
of pathogens, which are now classified as multidrug-resistant
(MDR) strains. Of considerable concern, some strains are
now totally drug resistant (TDR) to all common clinical
antibiotics and there are few effective treatment modalities
to treat these infections. Indeed, several important human
bacterial pathogens including Klebsiella pneumoniae and
Neisseria gonorrhoeae have already been reported to be
resistant to all current antibiotic chemotherapies [2]. Fur-
thermore, a TDR strain of Mycobacterium tuberculosis has
evolved in recent years and is now relatively common in
some areas of the world, including Africa and some parts of
Asia. There is a lack of effective treatments against that
strain, and given the highly infectious nature of
M. tuberculosis and the high mortality of the active form of
the disease, tuberculosis has the potential to cause sub-
stantial + loss of life in future years. Indeed, this disease has
the potential to cause substantially greater mortality than the
current COVID-19 pandemic and new antibiotic therapies
against this (and other MDR pathogens) are urgently
needed.

For reasons reviewed elsewhere [2], it is unlikely that
previous pathways for the development on new antibiotics
from microbial sources, or from the modification of existing
chemical scaffolds, will provide adequate antibiotic pipelines
in the future. New antibiotic sources and methods of an-
tibiotic therapy are urgently required. An examination of
traditional plant-based medicine systems for the develop-
ment of new antibacterial therapeutics is promising as plant-
derived medicines have often been used for hundreds (in
some cases, thousands) of years and are relatively well
documented. Asian, Middle Eastern, and African traditional
systems are perhaps the most extensively documented, al-
though many of the therapies are yet to be extensively
studied and verified. Frankincense oleoresins are renowned
for their therapeutic properties, although they have not been
extensively studied to date.

Frankincense oleoresin, obtained from trees of the genus
Boswellia (family Burseraceae), has long been traded on the
Arabian Peninsula and in Northern Africa. Whilst all of the
approximately twenty Boswellia spp. are used for frankin-
cense production, the oleoresin sourced from Boswellia sacra
Flueck. is considered to be one of the highest qualities. It is
praised for its aromatic and fumigating properties and is
widely used in religious practices. It is also valued for its
therapeutic effects and has been used in the treatment of
gastric disease, dermatitis, and pulmonary disease and for
preventing and treating autoimmune diseases (e.g., rheu-
matoid arthritis) [3]. Several of the therapeutic properties of
B. sacra, including its analgesic effects and cardioprotective
and anti-inflammatory properties, have previously been
evaluated and verified [4, 5]. Additionally, the ability of
B. sacra essential oils to treat urinary tract infections (UTIs)
have been verified in vitro [6]. Many of these conditions are
caused by bacterial or fungal infections, and several studies
have reported the growth inhibitory properties of B. sacra
essential oils against several important bacterial and fungal
human pathogens including Aspergillus spp., Candida
albicans, Escherichia coli, Malassezia furfur,
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Propionibacterium acnes, Proteus mirabilis, Proteus vulgaris,
Pseudomonas aeruginosa, and Staphylococcus aureus [7-10].

The previous studies have examined the antimicrobial
activity of essential oils, which would have significantly
altered compositions compared to the oleoresins. Those
studies have focussed on the volatile mono- and sesqui-
terpenoid components present in the essential oils. How-
ever, many other nonvolatile components would be lost
during the distillation process and the essential oils may have
substantially different properties to the unprocessed oleo-
resin. Furthermore, due to the physiochemical properties of
essential oils, the MICs obtained in the earlier studies are
difficult to compare to those of other plant extracts. Indeed, a
recent study reported MIC values up to 55 mg/mL against
some pathogens [7]. Notably, these values indicate relatively
low activity, possibly due to the loss of antimicrobial or
potentiating compounds during the distillation process. We
were unable to find studies that tested the therapeutic
properties of B. sacra extracts, which would contain the
nonvolatile and the volatile components. In contrast, ex-
tracts prepared from Boswellia serrata Roxb. have previously
been studied and MIC values as low as 60 yug/mL were re-
ported against some bacterial pathogens [11, 12].

Furthermore, whilst several of the earlier studies have
reported noteworthy activity for Boswellia spp. oleoresin
preparations, all have myopically focussed on the direct
antibacterial effects of the oleoresin products themselves and
have neglected to determine whether Boswellia spp. prep-
arations can potentiate the activity of other antibacterial
preparations and/or antibiotic compounds. This is partic-
ularly surprising as frankincense is often used in combi-
nation with other plant materials, especially Commiphora
myrrha (Nees) Engl. (commonly known as myrrh) oleoresin
[12] or in combination with conventional antimicrobial
therapies [2]. It is therefore important to determine if
Boswellia spp. preparations have combinatorial effects
(particularly potentiating or antagonistic effects) when used
with other therapies. The current study examined the ability
for B. sacra extracts to inhibit the growth of panels of human
gastrointestinal bacterial pathogens, and autoimmune dis-
ease-stimulating bacteria, both alone and in combination
with selected conventional antibiotics.

2. Materials and Methods

2.1. Boswellia sacra Oleoresin Source, Harvesting, and Quality.
Oleoresins were collected from verified Boswellia sacra
Flueck. trees (Figure 1(a)) during 2016 from various sites in
the Dhofar region of Oman, within 100 km of the centre of
Salalah (Table 1). The oleoresins were produced by scarifi-
cation (Figure 1(b)) and collected by traditional methods.
The Najdi samples were collected from verified trees at Wadi
Doka, on the plateau region north of Salalah. This region
experiences a desert climate, with low rainfall (<100 mm
annually) and sharp temperature variations throughout the
day. The samples designated as Sahli were sourced from Al
Magseel in the Shabi valley region to the west of Salalah. This
region also experiences desert climate, with high tempera-
ture and low rainfall (110-360 mm per year), although with
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FIGURE 1: (a) A Boswellia sacra tree in the Dhofar region near Salalah; (b) scarification of a B. sacra tree trunk and formation of high-quality
oleoresin; (c) first-grade (Houjari) oleoresin; (d) second-grade (Sahli) oleoresin; and (e) third-grade (Najdi) oleoresin.

TaBLE 1: The grades and regions of collection for the frankincense oleoresin cultivars examined in this study

Sample Region Species Collection site Cultivar Oleoresin Voucher code
code grade

1 . 1 GU-BS12al1-17
) Dhofe;r i};ll:lateau B. sacra Wadi Doka (43:;1:r :;)uth of Salalah Najdi 2 GU-BS12b2-17
3 & 3 GU-BS12¢3-17
4 Sahli 1 GU-BS13al-17
5 Dhofar valleys region B. sacra Al Magseel (47 km west of Salalah centre) (Shaebi) 2 GU-BS13b2-17
6 3 GU-BS13¢3-17
7 1 GU-BSl4al-17
8 Samhan mountains B. sacra Jabal Samah (86'9t kx)n from Salalah Houjari 2 GU-BS14b2-17
9 centre 3 GU-BS14b3-17

higher annual precipitation than that of the Wadi Doka
region. The sample called Houjari was sourced from Jebel
Sambhan, approximately 86 km east of Salalah. These trees
grow at higher altitudes in cooler temperatures than either
the Najdi or Sahli cultivars. This region also has substantially
higher rainfall (generally 600-700 mm per year).

Three different oleoresins of different grades were obtained
from different regions of Dhofar, near Salalah. The grade 1 (also
known as Houjari) oleoresin (Figure 1(c)) is the lightest in
colour and has the largest clump size. Grade 1 oleoresin is
considered the highest quality and is substantially more ex-
pense than the other grades. The second-grade (also known as
Sahli) oleoresin (Figure 1(d)) is pale yellow to brown in colour,
whilst the third-grade (also known as Najdi) oleoresin
(Figure 1(e)) is darker in colour, is the cheapest, and is generally

considered to be lower quality than the other grades. The
oleoresins were authenticated by comparison with preserved
voucher samples stored at the Herbarium, Nizwa University,
Oman. The samples were transported to Australia for phyto-
chemical and bioactivity investigation, and voucher specimens
(Table 1) are stored at Griffith University, Australia.

2.2. Extraction of B. sacra Oleoresins. Prior to extraction, the
individual oleoresins were ground to a coarse powder using a
mortar and pestle. Individual 1 g masses were weighed into
separate tubes, and 50 mL volumes of AR grade methanol
(Ajax Fine Chemicals, Australia) or sterile deionised water
was added; and the ground oleoresin was extracted by
maceration at three different temperatures:



(i) Extraction method 1: the oleoresin was extracted for
24 hours at 4°C with gentle shaking.

(ii) Extraction method 2: the oleoresin was extracted for
24 hours at 23°C with gentle shaking.

(iii) Extraction method 3: the oleoresin was extracted for
24 hours at 35°C with gentle shaking.

The resultant extracts were filtered through filter paper
(Whatman No. 54) under vacuum and dried in a vacuum
oven at 35°C until there was no further change in mass
following additional drying time. The dried extracts were
weighed, the extraction yield was calculated, and the extracts
were redissolved in 10 mL deionised water (containing 1%
DMSO).

2.3. Qualitative Phytochemical Studies. Qualitative analysis
of the chemical composition of the extracts for the presence
of alkaloids, anthraquinones, cardiac glycosides, flavonoids,
phenolic compounds, phytosterols, saponins, tannins, and
triterpenoids was conducted by previously described assays
[13-15].

2.4. Antibacterial Screening

2.4.1. Test Bacteria. Acinetobacter baylyi (ATCC33304),
Escherichia coli (ATCC 0157 H7), Klebsiella pneumoniae
(ATCC31488), Proteus mirabilis (ATCC21721), Shigella
sonnei (ATCC 25931), Staphylococcus aureus (ATCC
157293), and Pseudomonas aeruginosa (ATCC39324) were
purchased from the American Type Culture Collection
(ATCC), USA. The clinical bacterial strains of Enterococcus
faecalis and Salmonella newport were obtained from the
School of Environment and Science teaching laboratory at
Griffith University. All bacteria were subcultured and
maintained aerobically in Mueller-Hinton broth and on
Mueller-Hinton agar at 37°C. All media powders were ob-
tained from Oxoid Ltd., Australia. The antibacterial
screening studies conformed to CLSI standardised methods
[16].

2.4.2. Standard Antibiotics. All standard antibiotic controls
used in the microplate liquid dilution assays were purchased
from Sigma-Aldrich (Australia) as powders at the following
purities/potencies: Penicillin-G (potency of 1440-1680 ug/
mg), chloramphenicol (298% purity by HPLC), erythro-
mycin (potency of >850 ug/mg), ciprofloxacin (>98% purity
by HPLC), and tetracycline (=95% purity by HPLC). All
powders were resuspended individually in sterile deionised
water and diluted to 10 yg/mL for use in the assay. Preloaded
discs of ampicillin (10 ug) and chloramphenicol (10 ug) were
obtained from Oxoid Ltd. (Australia) and served as positive
controls for the disc diffusion assay.

2.4.3. Evaluation of Antimicrobial Activity. Initial screening
of the antimicrobial activity of the oleoresin extracts was
achieved by standard disc diffusion assay [17]. Briefly, a
100 4L volume of individual exponential growth-phase
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bacterial cultures grown in Mueller-Hinton broth (ap-
proximately 10°® cells/mL) was spread uniformly onto in-
dividual Mueller-Hinton agar plates. Susceptibility of the
bacteria to growth inhibition by the oleoresin extracts was
evaluated using 6 mm sterilised filter paper discs infused
with 10 yL of the test extract. All plates were incubated for 24
hours at 37°C. The diameters of the zones of inhibition
(ZOIs) were subsequently measured to the closest whole
millimetre. All susceptibility assays were performed three
times, each with internal triplicates (n=9) and the mean
values are reported herein. Standard discs of ampicillin
(10 pg) and chloramphenicol (10 ug) were included for each
assay as positive controls, whilst discs infused with 10 yL of
sterile distilled water were included as negative controls.

2.44. Minimum  Inhibitory  Concentration  (MIC)
Determination. Two methods were used to determine the
minimum inhibitory concentration of each oleoresin extract.
Colorimetric broth dilution MIC (checkerboard) assays are
sensitive measures of bacterial growth inhibitory activity.
They are commonly used to quantify bacterial growth in-
hibition efficacy, allowing for easy comparison with other
studies. Broth dilution MIC (checkerboard) assays were
performed by standard methods [18]. A standard solid-
phase agar disc diffusion assay using Mueller-Hinton agar
plates was also used in this study for comparison and as a
closer representation of solid-phase infections.

2.4.5. Broth Microdilution MIC Assay. The MICs of the
B. sacra oleoresin extracts were determined by standard
broth microdilution assays in 96-well microtitre plates
[18, 19]. Briefly, 100 uL of the test extracts or control an-
tibiotics (100 uL) was added to individual wells of a 96-well
microtitre plate containing 100 uL of sterile broth. A growth
control (without extract) and a sterile control (without in-
oculum) were included on each plate. A further 100 uL of 0.5
McFarland bacterial cultures was added to all wells except
the sterile control wells and incubated at 37°C for 24 h.
Aliquots (40uL) of p-iodonitrotetrazolium violet (INT;
Sigma, Australia) at a concentration of 0.2 mg/mL in sterile
deionised water were added into all wells, and the plates were
incubated for a further 6 h at 37°C. The MIC was visually
determined as the lowest dose at which colour development
was inhibited.

2.4.6. Disc Diffusion MIC Quantification. Standard disc
diffusion assays were also used to quantify the minimum
inhibitory concentration (MIC) of the oleoresin extracts
across a range of doses [20]. Graphs of the ZOI versus the Ln
of the extract concentration were used to calculate the MIC
values of each extract.

2.5. Evaluation of Combinational Effects: XFIC Assessment.
Interactions between the B. sacra oleoresin extracts and
conventional antibiotics were evaluated via the sum of
fractional inhibitory concentrations () FIC) method [18]. In
order to conduct these experiments, only oleoresin extracts
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that had appreciable activities (MIC<2000 yg/mL) were
tested in combination with antibiotics whose MIC values
could be determined against the bacterial strains. The FIC
values for each component (a and b) were calculated using
the following equations where a represents the plant extract
sample and b represents the conventional antibiotic:

FIC(a) =MIC (a in combination with b)/MIC
(a independently).

FIC(b) = MIC (b in combination with a)/MIC
(b independently).

The XFIC was then calculated using the formula
YFIC = FIC(a) + FIC(b). The interactions were classified as
synergistic (XFIC<0.5), additive (XFIC>0.5-1.0), indif-
ferent (ZFIC > 1.0-4.0), or antagonistic (XFIC >4.0) [18].

2.6. Toxicity Screening. The toxicity of the oleoresin extracts
was evaluated by two methods. The Artemia nauplii lethality
assay (ALA) provided a rapid preliminary evaluation of
toxicity, whilst MTS-based cellular viability assays were used
to evaluate cytotoxicity towards human cells.

2.6.1. Artemia franciscana Nauplii Toxicity Screening.
Toxicity was tested using standard A. franciscana nauplii
lethality assays (ALA) [21, 22]. Briefly, 400 yL of individual
extract dilutions or the reference toxin (1000 ug/mL po-
tassium dichromate) was added to 400uL of artificial

% cellular viability =

Abs test sample — (mean Abs control — mean Abs blank)

seawater containing approximately 50 newly hatched
A. franciscana nauplii (<1 day from hatching) and incubated
at 25°C. Artificial seawater (400 uL) was also included on
each plate in triplicate as a negative control. All treatments
and controls were performed three times, each with three
internal replicates (n=9). Following 24-h exposure, the
nauplii were sacrificed by the addition of a drop of glacial
acetic acid to each well, the dead nauplii were counted, and
the % mortality per well was calculated. The LCs, with 95%
confidence limits for each treatment was calculated using
probit analysis. Oleoresin extracts with LCso> 1000 yg/mL
were considered to be nontoxic.

2.6.2. Cell Viability Screening. 'The toxicity of the oleoresin
extracts was also evaluated using normal human primary
dermal fibroblasts (HDF) obtained from American Type
Culture Collection (ATCC PCS-201-012). All B. sacra
oleoresin extracts were tested for cytotoxicity towards these
cells at 200 ug/mL after 24-h exposure using standard
protocols [23]. Three biological repeats, each with three
technical replicates (n=9), were tested for each oleoresin
extract. The absorbances of each test were recorded using a
Molecular Devices Spectra Max M3 plate reader at 540 nm
(blank wavelength 690 nm). The % cellular viability of each
oleoresin extract was subsequently calculated using the
following formula:

(1

Cellular viabilities >50% (compared to the untreated
control viability) were deemed to be nontoxic, whereas tests
that resulted in <50% of the untreated control viability were
classified as toxic.

2.7. Therapeutic Index Evaluation. The therapeutic index
(TI) of the B. sacra oleoresin extracts were calculated to
determine their suitability as potential therapeutic agents
using the formula:

ALALC
Therapeutic index = ————2, (2)
MIC
2.8. Nontargeted GC-MS Head Space Analysis.

Chromatographic separation of the individual oleoresin
extracts was achieved using a Shimadzu GC-2010 plus (USA)
linked to a Shimadzu MS TQ8040 (USA) mass selective
detector [24]. The system was equipped with a Shimadzu
AOC-5000 autosampler fitted with a solid-phase micro-
extraction fibre (SPME) handling system equipped with
Supelco (USA) divinyl  benzene/carbowax/poly-
dimethylsiloxane (DVB/CAR/PDMS) fibres. Chromato-
graphic separation was achieved using a 5% phenyl, 95%

(mean Abs control — mean Abs blank)

dimethylpolysiloxane capillary column
(30 m x 0.25 mm x 0.25 ym internal diameter; Restek, USA).
Helium was used as the carrier gas at a flow rate of 0.79 mL/
min at an injector temperature of 230°C. The SPME was
exposed to the sample for 10 m to allow the sample com-
pounds to absorb and then desorbed in the injection port at
250°C for 1min. The column temperature was initially
maintained at 30°C for 2 min, increased to 140°C for 5 min,
increased further to 270°C over 5 min, and then maintained
at that temperature for the duration of the analysis. The GC-
MS interface was maintained at 200°C, and no signal was
acquired for 1min after injection. The mass spectrometer
was operated in electron ionisation mode at 70eV, and
analytes were recorded in total ion count (TIC) mode for
45 min across a mass range of 45-450 m/z. Compounds were
putatively identified by comparison of mass spectral data
with the ChemSpider database.

2.9. Statistical Analysis. Data are expressed as mean + SEM
of three independent experiments, each with three internal/
technical replicates (n=9). One-way ANOVA followed by
Tukey’s post hoc analysis was used to calculate statistical
significance between control and treated groups (p <0.01
was deemed to be statistically significant).



3. Results

3.1. Liquid Extraction Yields and Qualitative Phytochemical
Screening. Extraction of 1 g of each of the B. sacra oleoresins
with methanol or deionised water yielded dried extracts
ranging from 276 mg (aqueous Houjari extraction method 1
extract) to 687 mg (methanolic Najdi extraction method 1
extract) (Table 2). Methanol was a better solvent than water
against all oleoresins, with substantially higher masses of
extracted material measured. Qualitative phytochemical
studies showed that both methanol and water extracted
similar classes and relative amounts of phytochemicals.
Similarly, only minor differences in phytochemical profiles
were noted between the three B. sacra cultivars and between
the three different extraction methods. All had moderate
levels of phenolics, saponins, and flavonoids, as well as low to
moderate levels of triterpenoids and phytosterols. All ex-
tracts were generally devoid of all other classes of phyto-
chemicals, or they were below the detection threshold.

3.2. Antimicrobial Activity of the Oleoresin Extracts. To de-
termine the growth inhibitory activity of the B. sacra
oleoresin extracts against selected human bacterial patho-
gens, 10 uL volumes were individually applied to filter paper
discs and applied to Mueller-Hinton agar plates spread with
individual bacteria for testing in the disc diffusion assay. The
gastrointestinal bacterial pathogens were inhibited by
oleoresin extracts prepared from all B. sacra oleoresins and
extraction methods (Figure 2). The methanolic extract were
substantially better inhibitors of growth of all of the bacteria
species tested. Indeed, all aqueous extracts were generally
inactive or of only low activity against E. faecalis, S. aureus,
and S. sonnei. In contrast, the aqueous Houjari (extraction
methods 1 and 2) displayed better inhibition of E. coli
growth compared with the corresponding methanolic ex-
tracts. The Najdi and Sahli (all extraction methods) also
inhibited the growth of S. aureus and S. newport, albeit with
much smaller ZOIs measured than for the corresponding
methanolic extracts. These inhibitory activities are note-
worthy compared with the activity of the antibiotic controls.
Indeed, S. aureus and S. newport were found to be totally
resistant to the ampicillin control. Similarly, relatively small
ZOIs were measured for ampicillin against E. coli and
S. sonnei, indicating that these extracts may be particularly
useful in the treatment of -lactam-resistant gastrointestinal
infections. However, testing against other bacterial species
and further strains of the bacteria tested in this study is
warranted. Notably, E. faecalis also displayed low suscep-
tibility to the chloramphenicol control (on the basis of the
small ZOI), indicating that this bacterium was also resistant
to chloramphenicol. Thus, the methanolic B. sacra oleoresin
extracts may be particularly useful against both antibiotic-
sensitive and antibiotic-resistant gastrointestinal illness, and
turther studies to screen against bacteria with wider anti-
biotic resistance spectrums is warranted.

The B. sacra oleoresin extracts were also screened against
some bacterial pathogens that can trigger specific autoim-
mune inflammatory diseases in genetically susceptible

Evidence-Based Complementary and Alternative Medicine

people (Figure 3). The bacterial species P. mirabilis and
K. pneumonia were selected as they can trigger rheumatoid
arthritis and ankylosing spondylitis, respectively, whilst
A. baylyi and P. aeruginosa can both trigger multiple scle-
rosis [25]. The methanolic extracts of all three oleoresins,
produced by all three extraction methods, inhibited the
growth of P. mirabilis (Figure 3(a)) and K. pneumonia
(Figure 3(b)) with ZOIs ~11.5mm noted against
K. pneumonia. These activities were particularly noteworthy
when compared against the inhibition by the ampicillin
control. Indeed, both of these bacteria were resistant to
ampicillin, with no inhibition at all evident. In contrast, both
bacteria were particularly susceptible to chloramphenicol,
with ZOlIs in the range of 11.5-14.5 mm. All B. sacra aqueous
extracts also inhibited the growth of both P. mirabilis and
K. pneumonia, albeit to a substantially lesser extent than
noted for the corresponding methanolic extracts. A further
trend was evident against these bacteria: The Najdi cultivar
generally had slightly stronger growth inhibitory activity
against P. mirabilis and K. pneumonia than the Sahli and
Houjari cultivars. Additionally, the extracts prepared using
the second extraction method generally had greater activity
than the extracts produced using the first or third extraction
method. Therefore, these extracts (particularly the meth-
anolic extracts prepared from Najdi oleoresin) have po-
tential in the prevention and treatment of rheumatoid
arthritis and ankylosing spondylitis in genetically susceptible
people.

Lower activity was noted for the extracts screened
against A. baylyi (Figure 3(c)) and P. aeruginosa
(Figure 3(d). Indeed, only the methanolic Najdi extracts
(all extraction methods) and the Houjari (extraction
method 2) methanolic extract inhibited P. aeruginosa
growth. All other extracts were completely ineffective
against this bacterium. Even for the extracts that displayed
inhibitory activity, the small ZOIs (6.5-7.0 mm) are in-
dicative of only low potency. However, it is noteworthy
that this bacterium is a particularly antibiotic-resistant
strain, with no inhibition noted for ampicillin and only
relatively small ZOIs measured for chloramphenicol.
These results are consistent with other studies that have
also reported that this bacterial strain is resistant to
penicillin, nystatin [26], erythromycin, ciprofloxacin [27],
ampicillin, and chloramphenicol [19, 26, 28]. Due to the
resistance of this bacterium to conventional antibiotics,
the methanolic B. sacra oleoresin Najdi extracts may still
have potential against infections of this bacterium.

Whilst a greater number of the B. sacra oleoresin extracts
inhibited the growth of the A. baylyi strain tested
(Figure 3(c)), generally only small ZOIs were measured. The
methanolic extracts prepared using extraction methods 2
and 3 (particularly for the Najdi cultivar) were generally
stronger inhibitors of A. baylyi growth than the other ex-
tracts. Notably, this bacterial strain was also resistant to
ampicillin, although it was susceptible to chloramphenicol
(as determined by ZOls). In contrast, the aqueous extracts
for all oleoresins (prepared by all extraction methods) were
ineffective, or were only weak inhibitors of A. baylyi growth.
However, as the Najdi methanolic extracts (prepared by
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FIGURE 2: Antibacterial activity of the B. sacra oleoresin extracts against gastrointestinal bacterial pathogens measured as zones of inhibition
(mm): (a) E. coli, (b) E. faecalis, (c) S. aureus, (d) S. newport, and (e) S. sonnei. Method refers to the extraction method. M = methanolic
extract; W=water extract; NC=0.5% DMSO; Amp =ampicillin (10 pg) control; Chl=chloramphenicol (10ug) control. Results are
expressed as mean zones of inhibition + SEM. The symbol * indicates results significantly different to the untreated control (p <0.01).

extraction methods 2 and 3) displayed the best activity
against both A. baylyi and P. aeruginosa, further studies are
warranted to identify potential drug leads for the prevention
of multiple sclerosis and its treatment once the disease has
been triggered.

3.2.1. Quantification of Minimum Inhibitory Concentration
(MIC). The MIC values for each extract were evaluated by
two methods (disc diffusion and broth dilution assays)
against the bacterial species that showed susceptibility in the
disc diffusion assay. Extracts prepared from all oleoresins
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FIGURE 3: Antibacterial activity of the B. sacra oleoresin extracts against bacterial triggers of autoimmune inflammatory diseases measured
as zones of inhibition (mm): (a) P. mirabilis, (b) K. pneumoniae, (c) A. baylyi, and (d) P. aeruginosa. Method refers to the extraction method;

M =methanolic extract; W=water extract; NC=0.5% DMSO; Amp

=ampicillin (10 4g) control; Chl = chloramphenicol (10 ug) control.

Results are expressed as mean zones of inhibition + SEM. The symbol * indicates results significantly different to the untreated control

(p<0.01).

inhibited the growth of the all bacteria tested, although the
methanolic extracts were generally substantially more potent
than the aqueous extracts on the basis of the determined
MIC values (Table 3). The S. newport strain tested in this
study was particularly susceptible to the B. sacra oleoresin
extracts. Indeed, LD MIC values of 146, 86, and 128 ug/mL
were determined for all Najdi extracts prepared by methods
1, 2, and 3, respectively. The other oleoresin extracts were
also effective against this bacterium, albeit with substantially
higher MIC values. These MIC values are especially
promising as this bacterium was also resistant to all of the
conventional antibiotics tested (MIC values > 1 yg/mL) ex-
cept ciprofloxacin. As Salmonella spp. are major causes of
food poisoning and diarrhoea. The B. sacra oleoresin ex-
tracts tested herein are particularly promising for treating
food poisoning, even against resistant infections (especially
the methanolic Najdi extracts).

All of the other gastrointestinal pathogens were also
susceptible to the methanolic B. sacra extracts, although the
aqueous extracts were substantially less effective. Indeed,
MIC values less than 1000 yg/mL were recorded against all

gastrointestinal bacterial strains, although E. coli and
S. sonnei were generally more resistant to the extracts than
were the other bacterial species. Interestingly, all of these
bacteria were also resistant to all of the conventional anti-
biotics tested except ciprofloxacin, indicating that all of the
methanolic oleoresin extracts may be useful in the treatment
of gastrointestinal infections and may provide effective leads
in the development of new antibiotic chemotherapies.

The methanolic B. sacra oleoresin extracts were similarly
effective at inhibiting the growth of the bacterial triggers of
selected autoimmune inflammatory diseases. Similar to the
trends noted for the gastrointestinal pathogens, the aqueous
extracts generally exerted only moderate to low inhibitory
activities, whilst noteworthy activity (<1000 ug/mL) was
noted for all of the methanolic extracts. Also, similar with the
trends for the gastrointestinal pathogens, the extracts pre-
pared from the Najdi cultivar (all extraction methods) were
generally more effective than the corresponding extracts
prepared from the Sahli or Houjari oleoresins. The
P. mirabilis and K. pneumoniae strains tested in this study
were particularly susceptible to the extracts (as judged by
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MIC values). As these bacteria are causes of rheumatoid
arthritis and ankylosing spondylitis, respectively, in genet-
ically susceptible individuals [25], the B. sacra extracts tested
in our study have potential in the prevention and treatment
of these diseases. Of further note, both of these bacteria were
multidrug-resistant (MDR) strains, each only being sus-
ceptible to two of the five conventional antibiotics tested.
Thus, these extracts may prove particularly useful in pre-
venting and treating clinical strains (which are often MDR)
of the bacterial triggers of rheumatoid arthritis and anky-
losing, although clinical trials are required to verify this.

The effects of the B. sacra oleoresin extracts against the
bacterial triggers of multiple sclerosis were less definitive.
Both A baylyi and P. aeruginosa can trigger multiple sclerosis
in genetically susceptible individuals [25]. Noteworthy
growth inhibitory activity was noted for the methanolic
B. sacra oleoresin extracts. As observed with the other
bacteria tested, the Najdi oleoresin extracts were generally
substantially more potent than the extracts prepared from
the other oleoresins. Notably, the aqueous Najdi extracts
(prepared by extraction methods 2 and 3) also had note-
worthy activity, with MIC values < 1000 yg/mL. Thus, the
Najdi extracts may be useful against one of the bacterial
triggers of multiple sclerosis. In contrast, all extracts were
substantially less effective against P. aeruginosa, which may
also trigger multiple sclerosis in genetically susceptible
people. Indeed, with the exception of the methanolic Houjari
extract prepared using method 2, the MIC values recorded
for all extracts indicated only low to moderate activity.
However, it is noteworthy that the P. aeruginosa strain
examined in our study was a particularly resistant strain.
Indeed, no inhibition of P. aeruginosa growth was noted for
penicillin, erythromycin, or tetracycline at any dose tested.
Furthermore, whilst chloramphenicol did inhibit
P. aeruginosa growth, the MIC value 2.5ug/mL indicated
that this bacterium is also resistant to this antibiotic. Only
ciprofloxacin was effective at inhibiting the growth of this
bacterium. As the B. sacra extracts were effective inhibitors
of one of the bacterial triggers of multiple sclerosis
(A. baylyi), they may partially prevent the induction of
multiple sclerosis, despite their low efficacy against
P. aeruginosa.

3.3.  Assessment of Combinational Effects: XFIC
Determination. The low MIC values demonstrate that the
B. sacra extracts have good antibacterial properties against
the majority of the bacterial species tested. Thus, these ex-
tracts may themselves be useful antibiotic therapies. How-
ever, extracts contain multiple components and the activity
of crude plant extracts may be substantially stronger than an
equivalent amount of the individual antibiotic compo-
nent(s), indicating that the extracts may contain compounds
that synergise the activity of the growth inhibitory com-
ponents, thereby substantially increasing their potency
[2, 29]. Identification of potentiating extracts and individual
components (if present) may provide methods to “reac-
tivate” conventional antibiotics, even in bacterial strains
resistant to those bacteria. Therefore, a series of experiments
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were undertaken to determine the effects of combinations of
the B. sacra oleoresin extracts and conventional antibiotics
on the growth of the gastrointestinal and autoimmune
panels of bacteria.

3.3.1. Combinational Effects against Gastrointestinal Bacte-
rial Pathogens. A wide range of interactions was evident for
combinations of the B. sacra oleoresin extracts with con-
ventional antibiotics when tested the panel of gastrointes-
tinal pathogens (Table 4). Only combinations where both the
antibiotic and extract components individually inhibited
bacterial growth were tested in this study. The majority of the
combinations resulted in XFIC values>1.0-4.0 and were
therefore classed as noninteractive effects. Indeed, 240 of the
405 combinations (~59%) were noninteractive against the
tested bacteria. Whilst these combinations do not provide
additional benefits above those of the individual compo-
nents alone, they also do not decrease the activity of the
other component. This is important information as many
people self-prescribe complementary therapies (including
frankincense), and it is important that the individual
therapies do not negate each other’s effects.

Of greater interest, a substantial number of combina-
tions resulted in potentiation of the growth inhibitory ac-
tivity. Twenty-five (~6%) of the total combinations showed
synergistic effects, with the growth inhibition far stronger
than the combined effects of the individual components.
Notably, many of these synergistic effects were detected
against MDR bacteria using antibiotic components that had
only low effects against those species. Thus, the extracts
appear to “reactivate” the antibiotic components towards
those bacteria, increasing their efficacy substantially. These
are noteworthy results and indicate promising new che-
motherapies. No synergistic interactions were noted against
E. coli or S. sonnei, whereas six combinations were syner-
gistic against S. newport and three each were synergistic
against E. faecalis and S. aureus. Also noteworthy, the ex-
tracts only synergised the activity of chloramphenicol,
ciprofloxacin, and tetracycline, and therefore, the extract
component(s) may be inhibiting a resistance mechanism
common to these antibiotics (e.g., efflux pumps). In contrast,
no synergistic effects were noted against any gastrointestinal
bacterial pathogens in combinations containing penicillin or
erythromycin.

A further 119 (~29%) of the total combinations tested
produced additive effects against the gastrointestinal
bacteria. Whilst not as strong as the potentiation seen for
the synergistic combinations, these are still noteworthy as
the combinations enhance the antibiotics efficacy of the
treatment. Thus, these combinations would be beneficial
in the treatment of gastrointestinal disease caused by these
bacteria. In contrast, 21 of the extract/conventional an-
tibiotic combinations (~5%) resulted in antagonism, i.e.,
the activity of the combination was decreased substan-
tially compared with the activity of the individual com-
ponents. Thus, it is recommended that these combinations
be avoided when treating gastrointestinal disease caused
by these bacteria.
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3.3.2. Combinational Effects against Autoimmune Inflam-
matory Disease-Inducing Bacteria. As noted for the gas-
trointestinal bacterial panel, the majority of the extract/
combinations tested against the bacterial triggers of selected
autoimmune diseases resulted in noninteractive effects
(Table 4). In total, 167 of the 239 combinations (~70%)
produced noninteractive effects against this panel of bac-
teria. Thus, these combinations may be safely used without
decreasing the efficacy of either component. Notably, three
(~1%) antagonistic combinations were also noted. It is
recommended that these combinations be avoided in in-
dividuals with these autoimmune diseases. In contrast, 13
(~6%) synergistic and 47 (~20%) additive combinations
were recorded. Three of the synergistic combinations and
several more of the additive combinations were noted
against K. pneumoniae, which was determined in the MIC
studies to be an MDR strain. However, few of these po-
tentiating combinations contained antibiotic components
towards, which K. pneumonia showed resistance. The ma-
jority of the synergistic effects (eight of the thirteen), as well
as most of the additive effects, occurred when the combi-
nations were tested against A. baylyi, indicating that these
combinations may be particularly useful in the prevention
and treatment of multiple sclerosis.

3.4. Varied Ratio Combination Studies (Isobolograms). In all
cases where synergistic effects were detected, the oleoresin
extracts produced using extraction method 2 resulted in
more pronounced synergy. Therefore, in the varied ratio
studies, where synergy was noted for a conventional anti-
biotic with oleoresin extracts produced by several extraction
methods, only the ratio effects for combinations containing
the method 2 oleoresin extracts were examined.

3.4.1. Component Ratios of Synergistic Combinations Con-
taining Najdi Oleoresin Extracts. Four combinations of
Najdi methanolic extract (produced using extraction
method 2) with conventional antibiotics were identified as
inducing synergistic interactions (Figure 4). These combi-
nations were further examined using isobologram analysis
across a range of extract:antibiotic ratios to identify the ideal
ratios to obtain synergy. For the combination of methanolic
Najdi extract and chloramphenicol against S. newport
(Figure 4(a)), the values aligned with the y (conventional
antibiotic) axis, indicating that chloramphenicol is the major
contributor to the antibacterial effect and the extract
functions as a potentiator of its activity. Interestingly, only
combinations that contained >50% extract worked syner-
gistically as growth inhibitors. Thus, these ratio combina-
tions would be beneficial to enhance S. newport growth
inhibition. However, when used for the treatment of acute
gastrointestinal S. newport infections, the ratio that maxi-
mises the efficacy of the treatment (i.e., the 50:50 ratio)
would be the preferred option.

In contrast, the values were obtained for the combina-
tion of the methanolic Najdi extract (extraction method 2)
and ciprofloxacin aligned more closely with the x (extract)
axis (Figure 4(b)). Thus, whilst ciprofloxacin has substantial

15

activity against S. aureus, the combination components
whose activity was potentiated are more likely to be present
in the extract. In contrast, the results for combinations of the
extract and tetracycline against either K. pneumonia
(Figure 4(c)) or A. baylyi (Figure 3(d)) were less definitive.
There was not a clear correlation of the measured values with
either axis, so it was not possible to determine which
component is likely to have its activity increased and which
is likely to be the potentiator. Instead, both components in
these combinations may potentiate each other’s activity.
However, we did determine the synergistic ratios in each
case. For the K. pneumonia isobologram (Figure 4(c)), only
combinations containing between 30 and 60% extract in-
duced synergy, with additive effects noted for the other
ratios. Thus, any of these ratios would be beneficial in the
treatment of K. pneumonia infections. Similarly, for the
A. baylyi isobologram (Figure 4(d)), combinations con-
taining 40 to 60% extract displayed synergy, and thus, these
would be the preferred ratios against this bacterium.

3.4.2. Component Ratios of Synergistic Combinations Con-
taining Sahli Oleoresin Extracts. Three combinations of the
Sahli (extraction method 2) methanolic extract with con-
ventional antibiotics produced synergy and were tested
further using various ratios of the extract/antibiotic com-
ponents (Figure 5). Notably, for all of these isobolograms,
the values aligned most closely with the y (conventional
antibiotic) axis, indicating that in each case the conventional
antibiotic contributed most to the antibiotic effect of the
combination and the extract potentiated its effect. Of further
note, all synergistic combinations containing the Sahli ex-
tract also contained that tetracycline, indicating that the
extract may block a similar resistance mechanism in each of
these bacteria. As tetracycline resistance is most frequently
due to the production of tetracycline efflux pumps [30], it is
likely that the Sahli contains compounds that function as
tetracycline efflux pump inhibitors. For the combinations of
the methanolic Sahli extract and tetracycline against
E. faecalis (Figure 5(a)) and S. newport (Figure 5(b)),
combinations that contained 30-50% extract were syner-
gistic. Thus, these combination ratios would be beneficial to
enhance growth inhibition against E. faecalis and S. newport.
In contrast, combinations containing >40% of the extract
component (and 10-60% tetracycline) were synergistic
against A. baylyi.

3.4.3. Component Ratios of Synergistic Combinations Con-
taining Houjari Oleoresin Extracts. A single combination
containing Houjari (extraction method 2) methanolic ex-
tract and tetracycline produced synergy and was therefore
examined further by isobologram analysis (Figure 6). The
results in this isobologram aligned closely with the y
(conventional antibiotic) axis, indicating that tetracycline
was the major contributor to the antibiotic effect of the
combination, whereas the extract potentiated its effect. All
combinations containing <50% of the methanolic Houjari
extract component (with >50% tetracycline) were synergistic
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FIGURE 4: Isobologram for combinations of Najdi (extraction method 2) methanolic extract with chloramphenicol against (a) S. newport,
(b) ciprofloxacin against S. aureus, (c) tetracycline against K. pneumonia, and (d) tetracycline against A. baylyi extract. The extracts and
antibiotics were tested at various ratios against, and results represent mean FIC values of four replicates (n=4). Ratio=% extract:%
antibiotic. Ratios lying on or underneath the 0.5: 0.5 line are considered synergistic (XFIC < 0.5). Any points between the 0.5:0.5and 1.0:1.0

lines are deemed additive (XFIC > 0.5-1.0).

against A. baylyi. Thus, these ratios would be most beneficial
for treating A. baylyi infections.

3.5. Quantification of Toxicity. All extracts were initially
screened in the Artemia nauplii bioassay across a range of
concentrations, and LCs, values were determined (Table 5).
The reference toxin potassium dichromate (1000 yg/mL) was
also tested concurrently as a positive control. The potassium
dichromate toxin control was rapid in its onset of mortality,
inducing nauplii death within the first 3 hours of exposure
and 100% mortality was evident following 4-5 hours (results
not shown). The B. sacra oleoresin extracts were much
slower at inducing toxicity, with mortality not substantially
different to the seawater negative control at 5 hours. All

extracts induced mortality following 24 hours of exposure,
albeit only at relatively high concentrations. As plant extracts
with LCs, values > 1000 yg/mL have previously been defined
as nontoxic in this assay [22], all the B. sacra oleoresin
extracts were deemed to be nontoxic. This was supported by
the HDF cell viability assays, which showed that none of the
extracts decreased cell viability by >50% at 300 ug/mL,
thereby confirming that all extracts were nontoxic.

To further evaluate the suitability of the frankincense
oleoresin extracts as therapeutic agents, their therapeutic
indexes (TIs) were also calculated. We were unable to cal-
culate TIs for the extracts that were inactive against some
bacterial species. However, the B. sacra oleoresin extracts
generally displayed relatively high TIs (>4) when tested
against the other bacterial species. Indeed, a TI value of 58.14
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FIGURE 5: Isobologram for combinations of Sahli (extraction method 2) methanolic extract in combination with tetracycline against (a)
E. faecalis, (b) S. newport, and (c) A. baylyi. The extracts and antibiotics were tested at various ratios against, and results represent mean FIC
values of four replicates (n=4). Ratio = % extract:% antibiotic. Ratios lying on or underneath the 0.5:0.5 line are considered synergistic
(XFIC<0.5). Any points between the 0.5:0.5 and 1.0:1.0 lines are deemed additive (XFIC > 0.5-1.0).

was calculated for the grade 2 Najdi methanolic (extraction
method 2) extract against S. newport. High TI values were
also recorded for several extracts against other bacterial
pathogens. Thus, there is a relatively large therapeutic
window for these extracts against most bacteria tested, in-
dicating that the extracts are safe and promising drug leads.

3.6. Nontargeted GC-MS Headspace Analysis of the Frank-
incense Extracts. The phytochemical profiles of all of the
frankincense oleoresin extracts were evaluated and com-
pared using GC-MS headspace analysis. This method of
profiling was selected as previous studies have reported an
abundance and variety of mono- and sesquiterpenoids in
similar extracts produced from the same B. sacra cultivars as
examined in our study [7], as well as against related Boswellia

spp. [11, 12]. As many volatile terpenoids have good anti-
bacterial activity [31], they were deemed to be good targets
for phytochemical profiling analysis. Optimised GC-MS
headspace parameters were developed and used to examine
the phytochemical composition of these extracts. Twenty-
eight volatile low-molecular mass compounds were identi-
fied in one or more of the extracts (Table 6). A comparison of
the calculated and measured molecular masses for each
compound is also presented in Supplementary Table 1.
Notably, all of the extracts had high abundances of a-pinene,
with substantially higher relative abundances in the meth-
anolic extracts (generally 52-69% of the total volatile
compounds detected), compared with the aqueous extracts
(29-45% of the total volatile compounds detected). These
values are comparable to other recent studies, which have
also reported high abundances of a-pinene in B. sacra [7], as
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FIGURE 6: Isobologram for combinations of Houjari (extraction method 2) methanolic extract in with tetracycline against A. baylyi. The
extract and antibiotic were tested at various ratios against, and results represent mean FIC values of four replicates (n =4). Ratio = % extract:
% antibiotic. Ratios lying on or underneath the 0.5: 0.5 line are considered synergistic (XFIC <0.5). Any points between the 0.5:0.5 and 1.0:

1.0 lines are deemed additive (XFIC > 0.5-1.0).

well as in other Boswellia spp. [11, 12]. These high levels of
a-pinene are especially noteworthy as good antibacterial
activity has been reported for this terpenoid [31]. Several
other volatile terpenoids were also detected in abundance in
all oleoresin extracts. p-Cymene, limonene, and f-elemene
were also relatively abundant in all methanolic and aqueous
extracts. Additionally, a-terpineol was also detected in most
extracts and was in relative abundance in the Sahli and
Houjari extracts, but in lower relative abundances in the
corresponding Najdi extracts. As all of these terpenoids also
have good antibacterial activity [31], it is likely that they may
all contribute to the antibacterial activity reported in our
study. However, the GC-MS method used in our study is
nonquantitative and the % relative abundance values re-
ported herein are a measure of the area under the peak
expressed as the % of the total area under all chromato-
graphic peaks. These values do not take into account the
different signals from molecular impacts of individual
molecules (and thus the variable areas under individual
peaks). As such, the % relative abundance values we report in
our study are approximate % composition values only, and
future studies utilising GC-FID are required to provide a
more quantitative evaluation of the levels of the individual
components.

4. Discussion

This study investigated the ability of B. sacra oleoresin ex-
tracts to inhibit the growth of some gastrointestinal bacterial
pathogens, as well as selected bacterial triggers of autoim-
mune inflammatory diseases. Notably, several of the B. sacra

oleoresin extracts were identified as effective growth in-
hibitors against several bacteria, with the greatest activity
associated with the methanolic Najdi oleoresin. Interest-
ingly, the potency of these extracts was substantially greater
than that reported for essential oils prepared using similar
oleoresins in a recent study [7]. Thus, the B. sacra oleoresin
extracts examined in our study have potential in the
treatment of gastrointestinal infections, as well as in pre-
venting and treating some autoimmune inflammatory dis-
eases (particularly rheumatoid arthritis and ankylosing
spondylitis). Interestingly, all of the bacterial species
screened in our study were MDR strains. Therefore, the
B. sacra extracts studied herein may have particular rele-
vance against resistant bacterial infections.

The growth inhibitory activity of the B. sacra oleoresin
extracts against MDR bacterial strains highlights a couple of
interesting possibilities. The extracts may function by dif-
ferent mechanisms to the conventional antibiotics to which
these bacteria have developed resistance and may provide a
novel therapy. This is an exciting prospect as it would not
only allow medical science to treat infections not otherwise
treatable by allopathic medicine, but it may also provide new
scaffolds for chemical modifications, allowing scientists to
enhance the efficacy and bioavailability of the therapies.
Alternatively, the extracts may contain potentiating com-
ponents that allow antibiotic compounds to function at high
efficacy, even when the bacterial pathogen is otherwise re-
sistant to that compound. This may be a more promising
prospect, as the potentiating component(s) may block or
bypass bacterial resistance mechanisms, allowing several
existing antibiotics to function again at high efficacy, even in
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TaBLE 6: GC-MS analysis of the B. sacra oleoresin extracts, putative identification, and relative abundance (%) of each compound.

Najdi oleoresin

Sahli oleoresin Houjari oleoresin

Compound tiizer(l;(i)g) Method 1 Method 2 Method 3 Method 1 Method 2 Method 3 Method 1 Method 2 Method 3
M w M W M W M W M W M W M W M W M W
2’4(1.0)? 12.501 008 — 027 — 022 — 014 — 047 — 059 005 056 0.02 001 — 047 —
Thujadiene
p-Cymene 15.26 2.55 213 2.71 2.47 346 242 112 095 148 1.27 217 1.89 1.87 154 2.26 198 42 3.76
Limonene 15.497 1.38 3.41 1.76 3.86 2.27 55 255 478 332 6.2 3.78 815 1.13 196 2.58 5.68 526 12.7
y-Terpineol 15.94 01 — 028 — 037 — 046 — 112 — 167 — 072 — 121 — 118 —
a.-Pinene 16.436 68.6 44.6 62.7 41.7 51.7 43.8 66.5 38.3 63.1 38.8 59.2 40.3 54.7 34.2 51.6 31.4 457 28.6
p-Cymenene 17.454 032 — 048 — 04 — 047 — 09 — 078 — 025 — 062 — 033 —
Linalool 17.764 0.16 0.3 047 0.52 0.28 0.31 1.13 1.26 0.54 0.49 048 0.57 135 1.48 1.14 1.11 114 1.27
Thujone 18.368 0.21 0.37 0.52 0.72 0.83 1.05 0.27 0.38 0.78 0.92 1.16 1.27 0.44 0.57 0.26 0.33 0.81 1.07
Verbenol 18.672 0.13 0.28 0.55 0.83 0.24 0.47 1.21 1.36 092 111 0.77 094 216 232 1.88 2.08 1.14 1.18
(+)-Sabinol 19.132 053 076 11 135 1.31 1.88 1.24 143 1.75 216 3.69 4.88 0.12 0.17 086 1.14 0.16 0.36
p-Cymen-8-ol 19.433 0.06 0.18 0.11 0.23 0.08 0.14 0.09 0.15 0.52 1.03 0.43 0.74 0.46 1.11 1.32 2.28 0.71 1.46
Pinocarvone 19.885 0.21 0.31 032 0.18 0.27 0.34 0.17 0.28 0.34 0.26 0.33 0.35 1.3 1.88 242 2.62 1.28 1.48
a-Terpineol 20.002 009 — 146 083 1.81 117 027 — 138 092 147 1.05 116 0.71 1.95 1.26 1.78 1.03
Verbenone 20.186 092 0.73 0.74 0.48 0.44 0.24 0.83 09 1.33 1.18 092 0.82 2.76 2.48 3.26 2.87 2.27 193
Terpinen-4-ol 20.361 1.21 1.37 2.36 115 422 3.76 147 1.68 2.71 321 2.57 2.84 3.22 341 518 557 63 6.83
p-Cymen-8-ol 20.559 - - - — 047 — — — 057 062 06 055 0.83 0.66 1.84 2.31 1.26 1.42
a-Terpineol 20.768 0.08 — 027 0.22 0.64 049 093 113 226 1.83 3.58 236 115 0.89 1.74 1.46 2.83 1.73
Sabinol 21.144 — — 086 057 028 016 — — 097 0.72 147 086 — — 0.73 0.55 0.27 043
B-Elemene 21.407 0.12 018 3.7 52 6.83 811 0.75 1.16 425 4.75 7.42 8.28 1.87 237 4.83 572 4.28 517
Carveol 21.615 1.08 056 1.76 1.2 194 113 0.52 0.26 0.77 0.31 1.18 0.68 035 — 047 — 0.64 0.18
Carvacrol 22.392 - — — 0 021 007 008 — — — — — 022 — 042 016 0.26 0.14
;_C)e_fl?ernyl 23.672 087 — 175 027 22 041 092 — 155 — 2.06 051 119 013 142 03 2.44 0.63
Thymol 24.022 0.24 0.06 0.47 0.13 0.12 0.06 0.36 0.18 0.45 0.22 0.15 01 044 0.1 112 036 0.47 0.18
Caryophyllene 28.572 023 — 136 014 037 — 0.76 0.08 147 012 115 012 0.77 012 191 015 1.26 0.27
Humulene 30.016 011 — 0.85 0.07 1.26 011 024 — 041 0.06 086 013 03 — 0.52 0.08 096 0.17
y-Muurolene 30.75 004 — 006 — 004 — 003 — 007 — 007 — 015 — 022 — 025 —
Epicubenol 34.623 - — 026 — 088 011 — — 013 — 024 — — — 072 014 126 019
7-Cadinol 34.856 016 — 014 — 026 — 018 — 022 — 025 — 028 — 016 — 0.54 013

The relative abundance expressed in this table is a measure of the area under the peak expressed as the % of the total area under all chromatographic peaks.

Method refers to the extraction method used.

resistant bacterial strains. Indeed, our results indicate that
this may indeed be the case for the B. sacra oleoresin ex-
tracts. Our results demonstrated that the extracts potentiated
the activity of several antibiotics and were particularly ef-
fective at synergising tetracycline activity. Synergy was also
noted in some bacteria when used in combination with
chloramphenicol or ciprofloxacin.

Whilst bacteria use numerous resistance mechanisms to
decrease the effects of antibiotics, the multidrug-resistant
(MDR) efflux pumps is the most commonly used method.
Efflux pumps rapidly pump intracellular antibiotics from the
cell, thereby reducing the antibiotic concentration, ren-
dering the cell resistant to the effects of the antibiotic
[32, 33]. Some efflux pumps (including tetracycline efflux
pumps) [2, 30] are specific to a single class of antibiotics and
allow the bacterium to avoid the effects of that class of
antibiotic only. In contrast, other efflux pumps may allow
the bacteria to avoid the effects of several types of antibiotics.
Interestingly, many MDR pump inhibitors have been re-
ported in other plant extracts and these allow the plants to
enhance the activity of their own antimicrobial compounds.
This may explain the lower activity of components isolated
from some plant extracts compared with the activity of the

crude extract [29]. Such MDR efflux pump inhibitors have
potential to treat resistant bacterial infections when used in
combination with conventional antibiotics [33]. Indeed,
several plant-derived potentiating compounds have already
been reported. Lupinus argenteus Pursh isoflavone com-
pounds substantially potentiate the activity of the plant-
derived antibiotic compound berberine, as well that of the
synthetic fluoroquinoline antibiotic norfloxacin against
S. aureus growth [33]. That study determined that the
isoflavones increase the intracellular concentration of ber-
berine in the bacterium by inhibiting its MDR efflux pump.
Mezoneuron benthamianum (Roxb.) Benth. and Securinega
virosa Leandri extracts also contain efflux pump inhibitors
that block fluoroquinolone, tetracycline, and erythromycin
efflux pumps in S. aureus strains resistant to methicillin
(MRSA) and several other antibiotics, thereby reducing the
MIC of the conventional antibiotics by a factor of more than
four [32].

Similarly, Punica granatum L. methanolic extracts
synergise the activity of ampicillin, chloramphenicol, gen-
tamicin, oxacillin, and tetracycline in MRSA and MSSA by
inhibiting the NorA MDR efflux pump, thereby increasing
the intracellular antibiotic concentration in the cell [34]. By
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increasing the intracellular antibiotic concentration, the
P. granatum extracts substantially increase the effects of
those antibiotics, extending their useful lifetime [35]. Sim-
ilarly, the flavone baicalein, which is extracted from Scu-
tellaria baicalensis Georgi leaves, also inhibits the NorA
efflux pump and potentiates the bactericidal activity of
gentamicin [36]. Surprisingly, there are no EPI/antimicro-
bial drug combinations currently in clinical use, although
these combinations may have a profound impact on the
efficacy of antibiotic chemotherapies and substantial recent
research into identifying potential EPIs has already been
published [19, 28, 37-39].

In addition to the compounds already described, many
other constituents have been identified as potential efflux
pump inhibitors, including several terpenoids, as well as
piperine and linoleic acid [39]. Notably, the diterpenoid
carnosic acid, which was isolated from Rosmarinus offici-
nalis L., strongly potentiates the growth inhibitory activity
of erythromycin by inhibiting erythromycin efflux pumps
[40]. GC-MS headspace analysis of the methanolic and
aqueous B. sacra oleoresin extracts identified a diversity
and relative abundance of terpenoids. Monoterpenoids
were particularly prevalent. Indeed, a-pinene accounted for
45-69% of the relative abundance of the volatile com-
pounds identified in all of the B. sacra extracts. A diversity
of other monoterpenoids were also detected in abundance
across all extracts. Monoterpenes have a wide variety of
biological effects, including inhibiting the growth of bac-
terial and fungal pathogens [31]. It is therefore likely that
the monoterpenoids in the extracts contribute to the
growth inhibitory activity against the bacterial pathogens
tested herein. Indeed, many of the monoterpenoids pu-
tatively identified in our study have been previously re-
ported to have potent broad-spectrum antibacterial activity
[31]. A wide variety of monoterpenoids, including a-pi-
nene, terpineol, sabinol, carvone, carveol, borneol, limo-
nene, linalool, thymol, as well as their derivatives, inhibit
the growth of an extensive panel of pathogenic bacteria
[31]. Further phytochemical evaluation studies and bio-
activity-driven isolation of active components are required
to evaluate the mechanism(s) of bacterial growth
inhibition.

5. Conclusions

The B. sacra oleoresin extracts evaluated in this study had
noteworthy bacterial growth inhibitory activity alone and
may therefore be useful in treating gastrointestinal infections
and for inhibiting the growth of some bacterial triggers of
autoimmune diseases. The antibiotic properties of combi-
nations of the B. sacra extracts and conventional antibiotics
were substantially higher than that of the individual com-
ponents alone, even in antibiotic-resistant bacteria. Al-
though the mechanisms of synergy are unclear, compounds
within the B. sacra extracts (particularly mono- and ses-
quiterpenoids) may inhibit bacterial efflux pumps, thereby
increasing the intracellular concentration of the antibiotic,
although this is yet to be verified. The use of combinations of
B. sacra oleoresin extracts and conventional antibiotics may
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therefore increase the effectiveness of the antibiotic com-
ponents and reduce the side effects caused by using high
doses of antibiotics, and the use of lower levels of antibiotics
may subsequently lessen the development of further drug-
resistant pathogens.

Abbreviations

ALA:  Brine-shrimp (Artemia) lethality assay
DMSO: Dimethyl sulfoxide
GC-MS: Gas chromatography-mass spectrometry
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All data are presented in this study and are available from the
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Additional Points

(i) Boswellia sacra extracts were prepared from three cul-
tivars (Najdi, Sahli, and Houjari) and screened against a
panel of bacterial pathogens.(ii) Methanolic B. sacra extracts
of all cultivars displayed broad-spectrum antibacterial
activity.(iii) The B. sacra extracts were also screened in
combination with conventional antibiotics, and the XFIC
and class of interaction were determined. (iV) The syner-
gistic combinations were further evaluated by isobologram
analysis, and the synergistic ratios were determined. (v) All
B. sacra oleoresin extracts were nontoxic in the Artemia
nauplii and HDF cell viability bioassays. (v) GC-MS
headspace analysis identified an abundance of mono- and
sesquiterpenoids in the extracts and highlighted a-pinene as
the major component.
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