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Boswellia serrata counts among the most intensively studied anti-inflammatory medicinal plants with more than 650
publications recorded in the PubMed literature database up to now. In folk medicine lipophilic frankincense extracts are
used as alternatives to anti-inflammatory steroidal drugs (i.e., glucocorticoids) or nonsteroidal anti-inflammatory drugs
(NSAIDs) for the treatment of diseases associated with inflammation like rheumatoid arthritis, osteoarthritis, asthma,
atopic dermatitis, and inflammatory bowel diseases.
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| 1. Frankincense Extracts

Boswellia serrata counts among the most intensively studied anti-inflammatory medicinal plants with more than 650
publications recorded in the PubMed literature database up to now. In folk medicine lipophilic frankincense extracts are
used as alternatives to anti-inflammatory steroidal drugs (i.e., glucocorticoids) or nonsteroidal anti-inflammatory drugs
(NSAIDs) for the treatment of diseases associated with inflammation like rheumatoid arthritis, osteoarthritis, asthma,
atopic dermatitis, and inflammatory bowel diseases. A detailed overview of a plethora of articles addressing the modes of
action of the anti-inflammatory effect both in vitro and in vivo is given in the review of Efferth and Oesch .

In summary Boswellia serrata represents one of five species from the genus Boswellia (family: Burseraceae) commonly
known as frankincense. This term refers to the oleogum resin of B. serrata Roxb., B. carterii Birdw., B. sacra Flueck, B.
papyrifera Hochst, and B. frereana Birdw. The main components of the gum resin of Boswellia serrata are 10% volatile
oils, 60% lipophilic resin, and 30% hydrophilic gums . The anti-inflammatory effects are mainly attributed to the boswellic
acids, i.e., 11-keto-B-boswellic acid (KBA), 3-O-acetyl-11-keto-B-boswellic acid (AKBA), a-boswellic acid (aBA), B-
boswellic acid (BBA), 3-O-acetyl-a-boswellic acid (AaBA), 3-O-acetyl-B-boswellic acid (ABBA) &, The chemical structures
are presented in Figure 1. Although more than 12 different types of boswellic acids have been identified in the gum resin

of B. serrata and B. carterii, mostly the above mentioned six boswellic acids received considerable pharmacological
attention . This may be attributed to their high occurrence in lipophilic frankincense extracts, reaching 14 to 25% (m/m)
in case of KBA, AKBA, BBA and ABBA . Some additional chemical components include lupeolic acid, roburic acids,
tirucallic acids as well as incensole acetate, incensole oxide and isoincensole oxides, just to name a few 4,
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Figure 1. Chemical structures of the most relevant boswellic acids: B-boswellic acid (BBA), a-boswellic acid (aBA), 11-
keto-B-boswellic acid (KBA), 3-O-acetyl-B-boswellic acid (ABBA), 3-O-acetyl-a-boswellic acid (AaBA), 3-O-acetyl-11-keto-
B-boswellic acid (AKBA).

| 2. In Vitro IC5, Values

It is believed that the anti-inflammatory effects of boswellic acids are caused by different mechanisms of action including
inhibition of key enzymes, kinases and transcription factors involved in the initiation and maintenance of inflammation !,
For example boswellic acids were reported to inhibit the key enzymes 5-lipoxygenase (5-LO), cyclooxygenase-2 (Cox-2),
and microsomal prostaglandin E, synthase-1 (mPGES-1). The pro-inflammatory prostaglandins (PG) and leukotrienes



(LT) produced by the Cox-2 and 5-LO pathways from arachidonic acid significantly contribute to the inflammatory
response . Depending on the nature of the target, the potencies of the different boswellic acids varied between ICsq =
0.5 uM (BBA) and 4.1 pM (KBA) for the serine protease cathepsin G inhibition in cell-free assay, between IC5y = 3.0 uM
(AKBA) and >10 pM (BBA and ABBA) for suppression of 5-LO activity in human neutrophils stimulated with A23187, and
between 3 pM (AKBA) and 10 uM (KBA) for inhibition of mMPGES-1 in cell-free assay BB, An even stronger inhibition of
MPGES-1 with IC5o = 0.4 pM were reported for 3a-acetoxy-8,24-dienetirucallic acid and 3a-acetoxy-7,24-dienetirucallic
acid. MPGES-1 is an inducible enzyme that converts PGH, formed by Cox-1/2 to the pro-inflammatory PGE, 4. Potent
suppression of 5-LO in the range of IC55 = 2.9 uM and 5.1 uM was also observed for roburic acid, lupeolic acid as well as
tirucallic acids &. These molecular targets were also confirmed in in vivo studies as molecular basis for the anti-
inflammatory action of frankincense as perfectly summarized in the review of Efferth and Oesch .

In addition it was reported that 50 uM AKBA completely suppressed the nuclear transcription factor NF-kB in human
myeloid KBM-5 cells, another key player in the development and progression of chronic inflammatory diseases [&l. Other
boswellic acids lacking either the acetyl group (e.g., KBA) or the keto group (e.g., ABBA) were less potent and inhibited
NF-kB only partially. Since the activation of NF-kB is a multi-step process, that involves the activation of the inhibitory kB
kinase (IKK) complex, phosphorylation of inhibitors and their degradation, transport of NF-kB to the nucleus, binding to the
NF-kB-consensus sequence, and activation of genes, the role of boswellic acids in this cascade was further investigated
by Syrovets et al. [9. They reported that pretreatment of transfected HEK293 cells with 10 pM AaBA and AKBA inhibited
the NF-kB activity by 40.9 + 9.8% and 76.9 + 7.6%, respectively. Furthermore they demonstrated that AaBA and AKBA
concentration-dependently (1-10 pM) inhibited IKK-mediated phosphorylation. Also the production of the pro-inflammatory
cytokines TNF-a and IL-1p were inhibited by AoaBA and AKBA in concentrations between 5-20 uM in human monocytes
(10, previously Moussaieff et al. reported that incensole acetate also inhibited NF-kB activation, but this effect was
observed at very high concentrations >100 uM 211,

With regard to the effect of frankincense on inflammatory and anti-inflammatory cytokines, Chervier et al. found out that a
gum resin extract from B. carterii at a conc. of 10-200 pg/mL in sesame oil simultaneously inhibited the pro-inflammatory
T helper (TH)-1 cytokines IL-2 and interferon (IFN)-y, and promoted the anti-inflammatory TH-2 cytokines IL-4 and IL-10 in
murine splenocytes (121,

Of course these pharmacologically active concentrations determined in vitro should be regarded with caution, as they can
strongly vary depending on the assay conditions (e.g., species, cell-type, cell-free or cell-based assays, stimuli etc.) 1231, It
was also reported that effects observed in cell assays cannot be reproduced under physiologically relevant conditions in
the presence of albumin or in whole blood. Hence KBA efficiently suppressed 5-LO product formation in isolated
neutrophils but failed to inhibit 5-LO product formation in human whole blood. This is not surprising, as boswellic acids
being lipophilic acids are known to be substantially bound to albumin that is abundantly present in plasma (30-40 mg/mL)
131 |t must be also taken into consideration that the effects may vary depending on whether isolated purified
phytoconstituents or the whole extract is tested. Nevertheless the abovementioned pharmacological active concentrations
determined in common in vitro assays may serve as first indications for the efficacy of boswellic acids with regard to
potential molecular drug-target interactions.

But the final pharmacological relevance of these data can only be correctly estimated when taking into consideration the
oral bioavailability in human and the pathological role of individual molecular targets in different inflammatory diseases.

| 3. Oral Bioavailability in Human

The term bioavailability is used to indicate the fraction of an orally administered dose that reaches the systemic circulation
as intact drug, taking into account both absorption and local metabolic degradation 14!, Often the terms “absorption” and
“bioavailability” are erroneously used and considered interchangeable. However the absorption process represents only
one of the steps involved in the passage of the drug from its site of administration into the systemic circulation 241,

Despite the widespread use of frankincense, only view preliminary pharmacokinetic studies were conducted. In order not
to exceed the framework of this review, the focus was set on the pharmacokinetic studies carried out in at least six
humans determining more than one boswellic acid. Two studies of Gerbeth et al. 131 and Sterk et al. 18 fulfilled these
requirements, the results of which are summarized in Table 1. In the study of Gerbeth et al. the subjects included in a
prospective, randomized, placebo-controlled double-blind pilot clinical trial on the effect of Boswellia on cerebral edema
were asked to take the Boswellia medication at home 4, No instructions were given regarding intake of medication or
standardization of food. The blood samples were taken during weekly routine medical check-ups, irrespective of the time
of medication intake 5. The randomized, open, single-dose two-way cross over study of Sterk et al. was devoted to
investigate the effect of concomitant standardized high-fat meal intake on the bioavailability of boswellic acids 18],



Table 1. Overview on the plasma concentrations reported for the individual boswellic acids in pharmacokinetic studies
carried out on at least six humans.
Dosage of Boswellia Extract Concentrations of Boswellic Acids in Plasma [pM] Ref.
KBA AKBA BBA ABBA aBA AaBA
3 x 4 capsules a 350 mg/day for 1 week (n = 14) (in 0.01— 0.19— 0.08— 0.14- 5]

total: KBA 63.6 mg, AKBA 80,4 mg, BBA 2236.8 mg, 0-0.03 0.26-12.31
ABBA 228 mg, aBA 969.6 mg, AaBA 73.2 mg) 0.52 26.20 1059 5.99

0.17 0.01 0.4
3 x 282 mg/day—fasted state [0.05- [0.002- [0.10- ND ND ND
0.52] 0.08] 3.9]
[16]
3 x 282 mg/day—fed state (n = 12) (in total: KBA 0.48 0.06 2.5 ND in most 0.69 0.24
48.12 mg, AKBA 28.71 mg, BBA 143.4 mg, ABBA 82.71  [0.21- [0.03- [0.91- subjects [0.1- [0.09-
mg, oBA 103.71 mg, AaBA 26.25 mg) 0.9] 0.52] 4.7] 2.9] 0.8]

Values are expressed as range or as mean [range]. ND = not detected.

Compared to the high doses of Boswellia gum resin extracts that have been orally administered in the above studies,
boswellic acids, especially KBA and AKBA, revealed very low bioavailability associated with a very high pharmacokinetic
variability. The highest plasma levels could be determined for BBA that is also present at the highest concentration in the
extract. Also at steady state the concentrations of the six boswellic acids determined after the oral administration of 4 x
786 mg/day for 10 days in one patient did not exceed 0.3, 0.1, 10.1, 2.4, 3.5 and 4.0 pM for KBA, AKBA, BBA, ABBA,
aBA, and AoBA, respectively 28l This might be attributed to the low aqueous solubility of boswellic acids, their high
lipophilicity, gastrointestinal instability, low intestinal absorption, high accumulation within the enterocytes and intestinal
metabolism by CYP enzymes as well as saturable kinetics 9. These observations made in vivo are substantiated by low
Papp values <3.00 x 107% cm/s determined for B-boswellic acids in the classical Caco-2 model using Hank’s balanced salt
solution (HBSS) buffer without sink conditions 19, However, when adapting the Caco-2 model to physiological conditions
by the use of modified fasted state simulated intestinal fluid on the apical side and the addition of bovine serum albumin to
the basolateral side in order to simulate sink conditions Py, values of 4.47 (BBA), 6.18 (ABBA), 5.52 (aBA) and 4.72
(AaBA) x 107® cm/s could be determined. These Papp Values indicate moderate permeability according to Yee (201 Also the
Papp values of KBA and AKBA could be improved yielding Py, values of 29.54 and 17.83 x 107% cm/s, respectively,
suggesting high permeability. The nevertheless low plasma concentrations of KBA in vivo can be explained by the
extensive phase | metabolism observed for KBA and other non-acetylated boswellic acids (BBA and aBA) in human liver
microsomes 2122l An explanation for the low plasma levels of AKBA might be the initially lower content of that boswellic
acid in the extract combined with a greater distribution in different compartments 23, The initial assumption that AKBA
could be deacetylated to KBA following oral administration could not be verified 24,

Considering the pharmacologically active concentration in vitro, only BBA achieved sufficient high plasma concentration in
the range of the IC50 values determined for serine protease cathepsin G and mPGES-1 inhibition, favoring a role of BBA
as the most relevant anti-inflammatory boswellic acid [24. At the same time pharmacological relevance of the putative
targets of AKBA in vivo remains unclear. Hence most of the pharmacological effects of this boswellic acid, considered as
the most potent one, were observed at relatively high concentrations in vitro, which revealed to be far above the plasma
levels achieved after oral application of frankincense 2228 Unfortunately all pharmacokinetic studies focused on the
determination of boswellic acids in plasma, so that no pharmacokinetic data are available for other potentially effective
frankincense ingredients like roburic, lupeolic and tirucallic acids.

Based on that background it seems that bioavailability represents a major hurdle in the translation of the pharmacological
potential of boswellic acids into therapeutic effects. Therefore several attempts were made to enhance the bioavailability
of boswellic acids. As shown by Sterk et al. the bioavailability of boswellic acids could be significantly enhanced by
concomitant intake of a fat-meal due to the solubilizing effect of bile acids (8. Also the plasma concentration of KBA but
not AKBA could be increased in 15 male volunteers who were administered a single dose of 800 mg Boswellia extract in
fed conditions compared to the plasma levels obtained under fasted conditions. According to this study a significant but
clinically infeasible dose increase of 10-15 fold the applied dose is required, to achieve pharmacologically relevant
plasma concentrations for AKBA (&1,

Further attempts to enhance the bioavailability focused on increasing the solubility of boswellic acids by developing new
formulations based on the preparation of boswellic acid phosphatidyl choline complexes 28 and Boswellia
serrata extract/phospholipid/pluronic 127 (1:1:1 w/w/w) formulations 22, The latter formulation resulted in 26- and 14-fold
higher plasma levels of KBA and AKBA, respectively, following the administration of 240 mg/kg to rats compared to the



non-formulated extract. Also in the brain, 5-fold higher levels of AKBA compared with the non-formulated extract were
determined eight hours after oral administration 22, Casperome™, another formulation of Boswellia serrata extract and
Phytosome® (soy lecithin) at a 1:1 ratio revealed increased plasma levels and up to 35-fold higher concentrations of KBA
and AKBA in the brain and 17-fold higher boswellic acid levels in poorly vascularized organs in rats Y. Other formulations
reported to lead to significant increase in the bioavailability of boswellic acids include Aflapin (composed of Boswellia
serrata extract enriched in AKBA and non-volatile oil portion of B. serrata gum resin) B AKBA loaded poly-lactic-co-
glycolic acid-nanoparticles B2, other nanotechnological formulations 3], as well as micellar delivery forms 241,

Obviously bioavailability seems to represent the major hurdle in the translation of the preclinical potential of frankincense
extracts and boswellic acids into therapeutic effects [23. Therefore it is worth to take a closer look at the efficacy of
frankincense extracts in various preliminary human clinical trials that have been carried out.

| 4. Clinical Trials

A frequent problem of clinical trials carried out with traditional herbal remedies is their suboptimal or questionable quality,
which hampers reliable statements on their clinical activity [Xl. Therefore the focus will be set on randomized, double-blind,
placebo-controlled clinical trials that used frankincense extract without other medications or other food supplements in
diseases associated with inflammation, in order to securely trace back the observed effects to frankincense. An overview
of these studies is given in Table 2. Unfortunately almost all clinical trials focused on clinical outcomes without determining
inflammatory mediators. According to these studies clinically measurable improvements could be achieved with
frankincense extracts enriched with AKBA in osteoarthritis [221361371[38139] Before Kimmatkar et al. reported decrease in
knee pain, increased knee flexion and increased walking distance following the intake of 333 mg of Boswellia
serrata oleogum resin with a minimum of 40% total boswellic acids three times a day for 8 weeks 49, In contrast, a multi-
centre controlled trial revealed no measurable effects of HI5™ (3600 mg Boswellia serrata extract) in 37 outpatients with
rheumatoid arthritis and chronic polyarthritis under constant therapy with steroids and anti-rheumatic drugs . Although it
may be assumed, that administration of H15™ to patients already treated with steroids would lead to additional effects, no
further trials were conducted on patients with rheumatoid arthritis 29,

With regard to chronic inflammatory diseases no firm conclusion can be drawn regarding the efficacy of Boswellia
serrata oleogum resin in the treatment of ulcerative colitis and chronic colitis because of the methodological weakness of
the two studies conducted without blinding and randomization 243l The greatest number of patients was included in the
study of Gerhardt et al. ¥4l suggesting comparable efficacy of Boswellia serrata resin extract with mesalazine in Morbus
Crohn. Another study with relatively small numbers of patients suggests promising effects of Boswellia serrata resin
extract in the treatment of collagenous colitis 431 But since no more studies were carried out since then, no valid data
exist that support the use of frankincense extracts as monotherapy for chronic inflammatory bowel diseases 91,

Unfortunately only one study was carried out on the effect of Boswellia serrata extract in the treatment of asthma
bronchiale, which however provided promising results 4. Moreover Kirste et al. 17 confirmed previous observations
made by Streffer at al. 48] as well as Boeker and Winking 42 regarding positive effects of concomitant administration of
frankincense extract on cerebral edema associated with radiochemotherapy in patients with malignant glioma.

Table 2. Overview on the randomized, double-blind, placebo-controlled clinical trials addressing the efficacy of
frankincense extracts in different diseases associated with inflammation.

Disease Study Design Dosage Observations References
Pilot, randomized, Self-administration of two
double-blind, tablets a 169.33
placebo-controlled mg Boswellia . .
L. . . | pain and stiffness
Osteoarthritis on 48 newly serrata extract enriched in 1 motility of knee joints [36]
knee diagnosed or AKBA and BBA (AKBA 53.27 . hs-CRP
untreated mg, BBA 20.83 mg, KBA 7.11
osteoarthritis mg, ABBA 6.06 mg) for 120
patients days
Pilot, randomized, Aflapin 100 mg per day for
double-blind, 30 days (Aflapin Clinically and statistically significant
Osteoarthritis  placebo-controlled contains Boswellia improvement in pain scores and 371
knee on 60 patients with serrata extract enriched in physical function scores already after 5
mild to moderate AKBA with non-volatile oil days of treatment by | 5-LO and | TNFa

osteoarthritis of Boswellia serrata)



Disease Study Design Dosage Observations References
Clinically and statistically significant
. improvement in pain scores and
randomized, . .
R physical functional scores 7 days after
double-blind, .
" Aflapin 100 mg per day start of treatment
Osteoarthritis  placebo-controlled . - - [38]
. . compared to 100 mg 5- | TNFa induced cartilage degrading
knee on 60 patients with . . . . .
. Loxin per day for 90 days synovial fluid matrix metalloproteinase-3
mild to moderate . .
symptoms and | TNFa induced intercellular
ymp adhesion molecule (ICAM)-1 expression
Aflapin better than 5-Loxin
randomized, dose dependant clinically and
double-blind, 100 mg or 250 mg 5-Loxin statistically significant improvement in
Osteoarthritis  placebo-controlled (Boswellia serrata extract pain scores and physical functional [39]
knee on 75 patients with enriched with 30% AKBA) scores 7 days after start of treatment
mild to moderate for 90 days 1 TNFa induced synovial fluid matrix
symptoms metalloproteinase-3
3 x 333 mg WokVel™ per
randomized, day for 8 weeks (Boswellia | knee pain, 1 knee flexion,
Osteoarthritis double-blind, serrata oleogum resin with + walking distance and ability to climb [40]
knee placebo-controlled a minimum of 65% organic stairs. After withdrawal of treatment
on 30 patients acids or a minimum of 40% symptoms returned
total boswellic acids)
randomlz_ed | Crohn’s Disease Activity Index (CDAI)
double-blind, .
Morbus by 90 in the H15 group and by 53 score [44]
verum-controlled ! . .
Crohn points after therapy with mesalazine.
parallel group on . " .
. Difference not statistically significant
83 patients
T s e
double-blind, 3 x 400 mg Boswellia ) 9
Collagenous . the Boswellia group compared to [45]
. placebo-controlled  serrata resin extract (H15™)
Colitis X - placebo group (63.6% vs. 26.7%). No
multicenter trial on per day for 6 weeks - R L
gt significant difference in histology or
25 patients f ;
quality of life
Improvement of disease reflected in
. 3 x 300 mg Boswellia disappearance of physical symptoms
. double-blind, . ) .
Bronchial serrata oleogum resin and different signs as well as decrease 47
placebo-controlled . . - .
asthma on 40 patients extract (S-compound™) per in eosinophilic count in 70% of
p day for 6 weeks the Boswellia group compared to 27% of
the placebo group.
Prospectlv_e pilot, 3 x 4 x H15 (350 reduction >75% of cerebral edema in
randomized, mg Boswellia serrata 60% of the patients
Brain tumors placebo-controlled 9 p e

double-blind study
on 44 patients

extract) starting with the
first day of radiotherapy

| stands for decrease and t stands for increase.

receiving Boswellia compared to 26% of
patients in placebo group

| 5. Conclusions

Definitely frankincense extracts are counted among the most studied herbal medicinal plants that are not authorized as
herbal medicinal products. Nevertheless several outstanding issues remain that are essential for estimating the
therapeutic efficacy. These issues relate to:

« possible role of boswellic acids with too high ICsq values that are not achieved in vivo in providing therapeutic effects
« pharmacokinetic properties of other promising frankincense ingredients i.e., tirucallic, lupeolic and roburic acid
« the influence of other extract ingredients on the pharmacological activity and efficacy

« effect of the pharmacological assays applied and experimental conditions on the outcoming results with regard to
pharmacological activity and bioavailability

« the need for more well designed and high quality clinical trials to better underline positive/negative effects already
observed



Alltogether Boswellia serrata reflects perfectly the general problems plant research suffers from. While a lot of data exist

on possible molecular targets and pharmacologically relevant concentrations in vitro mostly for purified and isolated

phytoconstituents, much less information is available on the pharmacokinetics of the tentative active ingredients of

medicinal plants and even less information on clinical efficacy and the translation of in vitro data to the clinic. Therefore

thought must be given to new methodological approaches that allow a better evaluation of the therapeutic potential of

medicinal plants at a very early stage of research.
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