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Abstract
Boswellia serrata gum resin –a.k.a. frankincense – has traditionally been used as an anti-inflammatory
agent in Ayurvedic medicine. More recently, extracts of this resin enriched in boswellic acids have
demonstrated anti-inflammatory properties in rodents and beneficial clinical effects in arthritis, colitis,
and brain edema, without notable side effects. Although initial reports suggested that the clinical utilty of
boswellic acids might reflect inhibition of 5-lipoxygenase, more recent studies pinpoint microsomal
prostaglandin E synthase-1 (mPGES-1) as their likely target. This raises the intriguing prospect that
boswellic acids, by inhibiting PGE2 production at a distal level – so that production of protective
prostacyclin is not blocked - might provide many of the therapeutic and preventive benefits associated
with cyclooxygenase inhibitors, without the toxic risks entailed by these drugs. Regular use of NSAIDs
or aspirin has been associated with a modest reduction in risk for many cancers, and markedly lower risk
for Alzheimers disease (albeit these agents are not therapeutically useful in the latter); there is reason to
suspect that a suppression of mPGES-1-mediated PGE2 production may be largely responsible for these
protective effects. mPGES-1 knockout mice appear to be less prone to atherosclerosis, experience less
brain trauma following stroke, and do not develop the gastrointestinal or renal lesions associated with use
of non-specific cyclooxygenase inhibitors; they are also protected in models of inflammatory
hyperalgesia. If further studies confirm that boswellic acids can function clinically as mPGES-1
inhibitors, there will be reason to suspect that these safe natural agents will have utility in the prevention
of Alzheimer’s disease and many cancers, without adverse consequences for the GI tract, kidneys, or
vascular system, and will also be useful in the management of cancer and inflammatory hyperalgesia.

Microsomal Prostaglandin E Synthase-1 May be the Key Target of Boswellic Acids
The gum resin of Boswellia serrata – more popularly known as frankincense – have been used
traditionally in Ayurvedic medicine for treatment of inflammatory disorders. More recently, extracts of
this resin enriched in pentacyclic triterpenoids known as boswellic acids have been employed as antiinflammatory nutraceuticals.1, 2 Pilot clinical studies do indeed suggest that such extracts can promote
pain control and dampen inflammation in osteoarthritis and colitis, and help to control the brain edema
associated with radiotherapy of cerebral tumors; anti-inflammatory effects in rodent models have also
been demonstrated.3-12 The most prominent of the boswellic acids in frankincense is beta-boswellic acid;
the other boswellic acids are derived by addition of a ketone group and/or an acetyl group to betaboswellic acid.
Initial attempts to clarify the molecular target of boswellic acids in inflammatory disorders determined
that keto-boswellic acids can inhibit 5-lipoxygenase in low micromolar concentrations.13-16 This
suggested that boswellic acid preparations might dampen inflammation by blocking leukotriene synthesis,
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and led to the development of nutraceutical preparations selectively enriched in keto-boswellic acids –
most notably 3-acetyl-11-keto-beta-boswellic acid (AKBA). However, subsequent research has cast
considerable doubt on the thesis that 5-lipoxygenase inhibition mediates the clinical anti-inflammatory
activity of boswellic acids.17 In particular, the keto-boswellic acids appear to be inefficiently absorbed,
such that the plasma concentrations measured after oral administration of standard clinical doses of
boswellia extracts are in the sub-micromolar range – too low to achieve effective inhibition of 5lipoxygenase in vitro; in contrast, steady state levels of beta-boswellic acid of around 10 µM have been
measured in these studies.18, 19 Moreover, AKBA fails to inhibit 5-lipoxygenase activity in whole blood
in vitro, apparently owing to a high affinity of AKBA for albumin. 17 No reduction in plasma levels of
leukotriene B4 was noted in humans after an 800 mg oral dose of a boswellic acid-rich extract of
boswellia, and there do not appear to be any reports that boswellic acids can modulate leukotriene levels
in vivo.17 Also pertinent is the fact that leukotrienes are not thought to play a prominent role in the
pathogenesis of the disorders – colitis and osteoarthritis – reported to respond to boswellic acids
clinically.17 These perplexing observations motivated the search for alternative molecular targets which
might account for the clinical utility of boswellic acids.
Recently, Werz and colleagues have published a most fascinating discovery – in low micromolar
concentrations, AKBA, beta-boswellic acid, and 11-keto-beta-boswellic acid are capable of inhibiting
microsomal prostaglandin E synthase-1 (mPGES-1), with IC50 values of 3, 5 and 10 µM, respectively.20
In whole blood, beta-boswellic acid achieved this inhibition with an IC50 of about 10 µM – comparable
to steady-state plasma levels measured during oral clinical administration of boswellic acids – whereas
the keto derivatives were ineffective, likely owing to the albumin binding previously mentioned. In
rodent models of inflammation, oral or intraperitoneal administration of beta-boswellic acid (1 mg/kg)
both dampened the inflammation and suppressed the level of PGE2 in inflamed tissue; the keto
derivatives showed minimal activity in this regard. There is therefore good reason to suspect that
inhibition of mPGES-1-mediated synthesis of PGE2 is largely responsible for the useful clinical effects of
boswellic acids. Notably, PGE2 is suspected to play a pathogenic role in each of the clinical syndromes
reported to respond to these agents.21-26
mPGES-1 is one of three known enzymes capable of converting PGH2 – the product of cyclooxygenase
activity – to PGE2.27 The other two – microsomal PGE synthase-2 and cytoplasmic PGE synthase – tend
to be constitutively expressed at low levels in cells, whereas mPGES-1 is markedly inducible by proinflammatory cytokines in concert with cyclooxygenase-2 (cox-2). Moreover, cox-2 and mPGES-1 are
usually functionally coupled, such that mPGES-1 acts preferentially on the PGH2 produced by cox-2.28
For this reason, most of the PGE2 generated in inflamed tissues is produced via mPGES-1. The
implication is that beta-boswellic acid may be especially effective for suppressing PGE2 production in the
context of inflammation.
Cox-2 and mPGES-1 Collaborate in Cancer Induction and Spread
Owing to the facts that NSAIDS and aspirin have been in widespread use for many decades as analgesic
and anti-inflammatory agents, and that low-dose aspirin has been studied in many huge randomized
clinical trials to assess its impact on vascular events, epidemiologists are now able to assess the impact of
prolonged NSAID/aspirin use on risk for a wide range of disorders. Two findings that have emerged
from such studies are particularly striking. NSAID use and daily low-dose aspirin have been linked to a
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modest but significant reduction in risk for many types of cancer, particular adenocarcinomas, in a
number of meta-analyses.29-47 The findings with low-dose aspirin, derived from meta-analyses of
randomized trials, are particularly compelling; 44-47 inhibition of cox-2 appears likely to mediate this
effect, as low-dose aspirin was found not to impact risk for colorectal cancers that fail to express this
enzyme.44 In subjects who did develop cancers during administration of low-dose aspirin, risk for distant
metastases was significantly lower than in subjects who developed cancer in the placebo groups. 48
Habitual NSAID use has also been associated with a marked reduction in risk for Alzheimer’s disease
(AD) – in those who have used NSAIDS for a number of years, this reduction in risk may be 50% or
greater.49-51 There is reason to suspect that a reduction of PGE2 production may be largely responsible for
these protective effects.
There is a considerable research literature addressing the role of increased cox-2 expression in the
induction and progression of many types of cancer; PGE2, acting via its characteristic receptors EP1-4, is
strongly suspected to mediate much of the pathogenic impact of cox-2 in this regard.52, 53 Cox-2-derived
PGE2 is reported in various studies to boost cancer cell proliferation, suppress cancer cell apoptosis,
promote metastasis, angiogenesis and lymphagiogenesis, and impede immunological rejection of
cancer.54-65 Cox-2 activity both in cancer cells and in the surrounding stroma participates in these effects.
Moreover, several studies have demonstrated a role for mPGES-1 in these phenomena.66, 67 Knockdown
of this enzyme in lung, prostate, hepatic, and glioma cancer cell lines notably quells their aggressiveness
in vitro and in vivo, and, in mice homozygous for mPEGS-1 knock-out, intestinal tumorigenesis is
suppressed;68-71 (One study however reported an opposite result in this regard72). In esophageal and
prostate adenocarcinoma cell lines, inhibiting mPGES-1 by a variety of techniques suppresses
proliferation and boosts apoptosis.73, 74 Moreover, transplanted Lewis lung carcinomas and colorectal
adenocarcinomas grow less aggressively in mPGES-1 knock-out mice, indicative of a role for stromal
expression of this enzyme in cancer progression. 75, 76 When mice are irradiated and transplanted with
bone marrow derived from either wild-type or mPGES-1 knockout mice, the growth of implanted Lewis
lung carcinoma is impeded in mice receiving the mPGES-1 knockout marrow.77
These findings accord nicely with reports indicating that administration of boswellic acids to nude mice
can suppress the growth and spread of implanted human pancreatic, prostatic, and colorectal cancers.78-81
Clinically, oral administration of boswellic acid preparations has been shown to lessen cerebral edema
following irradiation of brain tumors;12, 82 indeed, several reports suggest that cox-2 and PGE2 can
mediate brain edema associated with gliomas, radiotherapy, or hemorrhage. 83-86 Hence, boswellic acids
may have potential both for cancer prevention, and as adjuvants for cancer therapy.
mPGES-1 May Play a “Kindling” Role in the Onset of Alzheimer’s Disease
The findings in regard to AD are slightly perplexing, inasmuch as NSAID therapy has failed to slow the
progression of this disorder in patients who are already experiencing memory loss 87 – despite trenchant
evidence that NSAIDs can prevent or postpone onset of this disorder in people who are not yet
symptomatic. Perhaps we should view cyclooxygenase activity as “kindling” that helps initiate an
inflammatory process that then takes on a life of its own, capable of persisting in the absence of
cyclooxygenase products. (By analogy, blowing out the match will do little good once the forest is
ablaze!)
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Athough it is not yet clear which cyclooxygenase products help to trigger AD, strong suspicion has been
cast on PGE2. This is elevated in the cerebrospinal fluid of patients with early AD, and increased
expression of mPGES-1 has been observed in middle frontal gyrus tissue of AD patients.88, 89 In two
rodent models of AD, amyloid beta expression was notably lower in 8-month-old mice homozygous for
knockout of the EP3 receptor, associated with a reduction in beta-secretase activity.90 Markers of
inflammation and oxidative stress were also lower in these knockout mice. The neurotoxicity of
microglia exposed to amyloid beta is mitigated if these microglia are derived from EP2 knockout mice.91
Moreover, EP2 signaling impairs the capacity of microglia to phagocytize amyloid beta; irradiation of
transgenic AD model mice and engraftment with marrow cells derived from EP2 knockout donors inhibits
brain accumulation of amyloid beta.92, 93 And primary cerebral neuronal cells derived from mice
homozygous for mPGES-1 knockout are protected from the cytotoxicity of an amyloid beta protein
fragment (31-35) that induces apoptosis in wild-type neuronal cells.94 These findings are consistent with a
role for mPGES-1-derived PGE2 in the pathgenesis of AD.
It would be of particular interest to breed AD model mice that were also homozygous for mPGES-1
knockout; this might provide further insight into the role of this enzyme in AD pathogenesis - and the
potential of boswellic acids for influencing AD risk. So far, no studies have examined the impact on
boswellic acids on AD model mice. But it is encouraging that beta-boswellic acid has been shown to
have good access to the brain after oral administration in rats. 95
mPGES-1 Inhibition May Protect Vascular Health and Promote Stroke Recovery
Despite compelling evidence that NSAIDS can reduce risk for AD, and help to prevent and control
certain cancers, the employment of these agents for primary prevention has been stymied by their
toxicities. As is well known, non-selective cox inhibitors tend to provoke dangerous GI bleeding, as well
as renal damage, especially if used in high doses for prolonged periods. This reflects the fact that PGE2
and prostacyclin function physiologically to protect the GI mucosa and kidneys. Cox-2-specific
inhibitors did indeed largely succeed in avoiding these side effects – owing to the fact that cox-1 is the
primary source of prostanoids in healthy GI mucosa and kidney - but recent epidemiology and careful
analysis of clinical trials has revealed that these agents notably increase risk for heart attack and stroke. 96,
97
It is now known that cox-2, expressed constitutively in vascular endothelium, provides a large portion
of the PGH2 required for endothelial production of prostacyclin; hence, cox-2 inhibitors tend to suppress
vascular prostacyclin production, and thereby promote thrombosis, vasoconstriction, and
atherosclerosis.98 Increased arterial production of leukotrienes – reflecting increased availability of
arachidonic acid when cox-2 is inhibited - may also play a role in the cardiovascular toxicity of cox-2
inhibitors.99 (Non-specific cox inhibitors are less dangerous for vascular health because they concurrently
inhibit platelet thromboxane production – a countervailing protective effect.)
There is strong reason to suspect that mPGES-1 inhibitors should be substantially safer than cox
inhibitors.27, 100, 101 mPGES-1 inhibition does not suppress prostacyclin synthesis – if anything, it would
be expected to up-regulate it a bit by increasing PGH2 levels – nor does it boost leukotriene production.
Prostacyclin, as well as PGE2 produced by the constitutive forms of PGE synthase, can provide
protection to the GI tract and kidneys; this presumably explains why mPGES-1 inhibition does not
provoke GI lesions in mice, and mPGES-1 knockout mice do not appear to be at increased risk for GI or
renal damage.101, 102 Notably, therapeutic use of boswellic acids has not been associated with GI or renal
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toxicity; indeed, these agents are reported to be protective in rodent models of gastric ulceration. 103 To
evaluate the impact of mPGES-1 on vascular health, mice prone to atherogenesis (LDL receptor
knockouts) were crossbred with mPGES-1 knockout mice to generate mice lacking both LDL receptors
and mPGES-1.104 As compared to LDL receptor knockout expressing normal mPGES-1 activity, the
double knockouts developed less severe atheroma that was characterized by a lesser number of
macrophages and a greater number of smooth muscle cells – presumably indicative of greater plaque
stability. Moreover, urinary prostacyclin metabolites – but not those of thromboxane - were increased in
the double knockout mice, presumably reflecting selective up-regulation of prostacyclin production. This
suggests that, as opposed to cox-2-specific inhibitors, mPGES-1 inhibitors might actually have a
favorable impact on progression of atherosclerosis and risk for vascular events.
Moreover, there is evidence that mPGES-1 is a mediator of the brain damage induced by stroke. This
enzyme is induced in the ischemic region following a stroke, giving rise to increased PGE2 production. 105
After induction of transient focal brain ischemia, mPGES-1 knockout mice experienced less neuronal
apoptosis, brain edema, and neurological dysfunction than wild-type mice.106 The adverse impact of
PGE2 in this setting appears to be mediated by the EP3 receptor. 107 mPGES-1 inhibition may hence be
prudent in individuals at risk for stroke. However, with respect to myocardial infarction, mPGES-1
knockout mice subjected to temporary cardiac ischemia are more prone to develop eccentric cardiac
myocyte hypertrophy and impaired left ventricular contractile function in the subsequent month,
apparently owing to a loss of protective PGE2 activity provided by infiltrating leukocytes. 108, 109 This
suggests that mPGES-1 inhibition might be contraindicated for at least several weeks following a
myocardial infarct.
A Key Role for mPGES-1 in Inflammatory Hyperalgesia
NSAIDs are commonly used for their analgesic effects. This reflects a role for PGE2 in pain transmission
and induction of inflammation. However, prostacyclin is also active in these respects, and constitutive
PGE synthases can produce PGE2. To assess the role of mPGES-1 in inflammatory pain models,
mPGES-1 knockout mice were compared with wild-type mice in these models.110 The knockout mice
were less responsive in the acetic acid-induced writhing test – indicative of a reduction in perceived pain
– and were notably protected from the inflammation associated with collagen-induced arthritis (a model
for human rheumatoid arthritis). But their perception of acute thermal pain was no different than that of
control mice – consistent with the fact that the role of PGE2 in pain induction is specific to inflammatory
pain.111 These findings accord nicely with the symptomatic benefits associated with boswellic acid
therapy in arthritis.
Beta-Boswellic Acid May Have Potential for Primary Prevention
In overview, there is good reason to believe that mPGES-1-mediated PGE2 production plays a key
pathogenic role in the induction and progression of many cancers, and in the mediation of inflammation
and inflammatory pain. There is also suggestive evidence that the protective impact of NSAID treatment
on AD risk is mediated, at least in part, by a suppression of mPGES-1-mediated PGE2 synthesis. As
compared to non-selective or cox-2-selective NSAIDs, mPGES-1 inhibitors would not be expected to
damage the GI mucosa or kidneys, or increase risk for atheroma and vascular events; indeed, such
inhibitors might have a favorable impact on vascular health (save in the immediate aftermath of
myocardial infarction).
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In light of these considerations, the recent evidence that clinical doses of boswellic acids may function as
safe and well tolerated inhibitors of mPGES-1 is of great interest. Further studies, both in rodents and in
humans, should evaluate the impact of boswellic acids on PGE2 production, to provide further
confirmation for the intriguing findings of Werz and colleagues. And boswellic acids should be evaluated
in rodent models of AD, cancer induction, and atherogenesis. Development of nutraceutical boswellia
extracts specifically enriched in beta-boswellic acid may also be appropriate. The possibility that these
safe, natural and affordable agents – used for centuries in traditional medicine - may be useful for the
prevention of cancer, vascular disease, and AD, while also aiding control of pain and inflammation, is
exciting indeed.

References

(1) Ammon HP. Boswellic acids in chronic inflammatory diseases. Planta Med 2006
October;72(12):1100-16.
(2) Abdel-Tawab M, Werz O, Schubert-Zsilavecz M. Boswellia serrata: an overall assessment of in
vitro, preclinical, pharmacokinetic and clinical data. Clin Pharmacokinet 2011 June;50(6):34969.
(3) Sengupta K, Alluri KV, Satish AR et al. 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.
(4) Gupta I, Parihar A, Malhotra P et al. Effects of Boswellia serrata gum resin in patients with
ulcerative colitis. Eur J Med Res 1997 January;2(1):37-43.
(5) Gupta I, Parihar A, Malhotra P et al. Effects of gum resin of Boswellia serrata in patients with
chronic colitis. Planta Med 2001 July;67(5):391-5.
(6) Gerhardt H, Seifert F, Buvari P, Vogelsang H, Repges R. [Therapy of active Crohn disease with
Boswellia serrata extract H 15]. Z Gastroenterol 2001 January;39(1):11-7.
(7) Singh S, Khajuria A, Taneja SC, Khajuria RK, Singh J, Qazi GN. Boswellic acids and
glucosamine show synergistic effect in preclinical anti-inflammatory study in rats. Bioorg Med
Chem Lett 2007 July 1;17(13):3706-11.
(8) Sharma ML, Bani S, Singh GB. Anti-arthritic activity of boswellic acids in bovine serum albumin
(BSA)-induced arthritis. Int J Immunopharmacol 1989;11(6):647-52.
(9) Krieglstein CF, Anthoni C, Rijcken EJ et al. Acetyl-11-keto-beta-boswellic acid, a constituent of
a herbal medicine from Boswellia serrata resin, attenuates experimental ileitis. Int J Colorectal
Dis 2001 April;16(2):88-95.
(10) Singh GB, Singh S, Bani S. Anti-inflammatory actions of boswellic acids. Phytomedicine 1996
May;3(1):81-5.

6

(11) Saraswati S, Pandey M, Mathur R, Agrawal SS. Boswellic acid inhibits inflammatory
angiogenesis in a murine sponge model. Microvasc Res 2011 November;82(3):263-8.
(12) Kirste S, Treier M, Wehrle SJ et al. Boswellia serrata acts on cerebral edema in patients irradiated
for brain tumors: a prospective, randomized, placebo-controlled, double-blind pilot trial. Cancer
2011 August 15;117(16):3788-95.
(13) Safayhi H, Mack T, Sabieraj J, Anazodo MI, Subramanian LR, Ammon HP. Boswellic acids:
novel, specific, nonredox inhibitors of 5-lipoxygenase. J Pharmacol Exp Ther 1992
June;261(3):1143-6.
(14) Safayhi H, Sailer ER, Ammon HP. Mechanism of 5-lipoxygenase inhibition by acetyl-11-ketobeta-boswellic acid. Mol Pharmacol 1995 June;47(6):1212-6.
(15) Sailer ER, Subramanian LR, Rall B, Hoernlein RF, Ammon HP, Safayhi H. Acetyl-11-keto-betaboswellic acid (AKBA): structure requirements for binding and 5-lipoxygenase inhibitory
activity. Br J Pharmacol 1996 February;117(4):615-8.
(16) Sailer ER, Schweizer S, Boden SE, Ammon HP, Safayhi H. Characterization of an acetyl-11keto-beta-boswellic acid and arachidonate-binding regulatory site of 5-lipoxygenase using
photoaffinity labeling. Eur J Biochem 1998 September 1;256(2):364-8.
(17) Siemoneit U, Pergola C, Jazzar B et al. On the interference of boswellic acids with 5lipoxygenase: mechanistic studies in vitro and pharmacological relevance. Eur J Pharmacol 2009
March 15;606(1-3):246-54.
(18) Buchele B, Simmet T. Analysis of 12 different pentacyclic triterpenic acids from frankincense in
human plasma by high-performance liquid chromatography and photodiode array detection. J
Chromatogr B Analyt Technol Biomed Life Sci 2003 October 5;795(2):355-62.
(19) Tausch L, Henkel A, Siemoneit U et al. Identification of human cathepsin G as a functional target
of boswellic acids from the anti-inflammatory remedy frankincense. J Immunol 2009 September
1;183(5):3433-42.
(20) Siemoneit U, Koeberle A, Rossi A et al. Inhibition of microsomal prostaglandin E2 synthase-1 as
a molecular basis for the anti-inflammatory actions of boswellic acids from frankincense. Br J
Pharmacol 2011 January;162(1):147-62.
(21) McCartney SA, Mitchell JA, Fairclough PD, Farthing MJ, Warner TD. Selective COX-2
inhibitors and human inflammatory bowel disease. Aliment Pharmacol Ther 1999
August;13(8):1115-7.
(22) Schmidt C, Baumeister B, Kipnowski J, Schiermeyer-Dunkhase B, Vetter H. Alteration of
prostaglandin E2 and leukotriene B4 synthesis in chronic inflammatory bowel disease.
Hepatogastroenterology 1996 November;43(12):1508-12.
(23) Ahrenstedt O, Hallgren R, Knutson L. Jejunal release of prostaglandin E2 in Crohn's disease:
relation to disease activity and first-degree relatives. J Gastroenterol Hepatol 1994
November;9(6):539-43.

7

(24) Wiercinska-Drapalo A, Flisiak R, Prokopowicz D. Mucosal and plasma prostaglandin E2 in
ulcerative colitis. Hepatogastroenterology 1999 July;46(28):2338-42.
(25) Hogberg E, Stalman A, Wredmark T, Tsai JA, Arner P, Fellander-Tsai L. Opioid requirement
after arthroscopy is associated with decreasing glucose levels and increasing PGE2 levels in the
synovial membrane. Acta Orthop 2006 August;77(4):657-61.
(26) Shimpo H, Sakai T, Kondo S et al. Regulation of prostaglandin E(2) synthesis in cells derived
from chondrocytes of patients with osteoarthritis. J Orthop Sci 2009 September;14(5):611-7.
(27) Samuelsson B, Morgenstern R, Jakobsson PJ. Membrane prostaglandin E synthase-1: a novel
therapeutic target. Pharmacol Rev 2007 September;59(3):207-24.
(28) Murakami M, Naraba H, Tanioka T et al. Regulation of prostaglandin E2 biosynthesis by
inducible membrane-associated prostaglandin E2 synthase that acts in concert with
cyclooxygenase-2. J Biol Chem 2000 October 20;275(42):32783-92.
(29) Wang WH, Huang JQ, Zheng GF, Lam SK, Karlberg J, Wong BC. Non-steroidal antiinflammatory drug use and the risk of gastric cancer: a systematic review and meta-analysis. J
Natl Cancer Inst 2003 December 3;95(23):1784-91.
(30) Takkouche B, Regueira-Mendez C, Etminan M. Breast cancer and use of nonsteroidal antiinflammatory drugs: a meta-analysis. J Natl Cancer Inst 2008 October 15;100(20):1439-47.
(31) Zhao YS, Zhu S, Li XW et al. Association between NSAIDs use and breast cancer risk: a
systematic review and meta-analysis. Breast Cancer Res Treat 2009 September;117(1):141-50.
(32) Abnet CC, Freedman ND, Kamangar F, Leitzmann MF, Hollenbeck AR, Schatzkin A. Nonsteroidal anti-inflammatory drugs and risk of gastric and oesophageal adenocarcinomas: results
from a cohort study and a meta-analysis. Br J Cancer 2009 February 10;100(3):551-7.
(33) Cole BF, Logan RF, Halabi S et al. Aspirin for the chemoprevention of colorectal adenomas:
meta-analysis of the randomized trials. J Natl Cancer Inst 2009 February 18;101(4):256-66.
(34) Jafari S, Etminan M, Afshar K. Nonsteroidal anti-inflammatory drugs and prostate cancer: a
systematic review of the literature and meta-analysis. Can Urol Assoc J 2009 August;3(4):32330.
(35) Din FV, Theodoratou E, Farrington SM et al. Effect of aspirin and NSAIDs on risk and survival
from colorectal cancer. Gut 2010 December;59(12):1670-9.
(36) Daugherty SE, Pfeiffer RM, Sigurdson AJ et al. Nonsteroidal antiinflammatory drugs and bladder
cancer: a pooled analysis. Am J Epidemiol 2011 April 1;173(7):721-30.
(37) Sun L, Yu S. Meta-analysis: non-steroidal anti-inflammatory drug use and the risk of esophageal
squamous cell carcinoma. Dis Esophagus 2011 November;24(8):544-9.
(38) Xu J, Yin Z, Gao W et al. Meta-analysis on the association between nonsteroidal antiinflammatory drug use and lung cancer risk. Clin Lung Cancer 2012 January;13(1):44-51.

8

(39) Luo T, Yan HM, He P, Luo Y, Yang YF, Zheng H. Aspirin use and breast cancer risk: a metaanalysis. Breast Cancer Res Treat 2012 January;131(2):581-7.
(40) Mills EJ, Wu P, Alberton M, Kanters S, Lanas A, Lester R. Low-dose aspirin and cancer
mortality: a meta-analysis of randomized trials. Am J Med 2012 June;125(6):560-7.
(41) Neill AS, Nagle CM, Protani MM, Obermair A, Spurdle AB, Webb PM. Aspirin, nonsteroidal
anti-inflammatory drugs, paracetamol and risk of endometrial cancer: a case-control study,
systematic review and meta-analysis. Int J Cancer 2013 March 1;132(5):1146-55.
(42) Murphy MA, Trabert B, Yang HP et al. Non-steroidal anti-inflammatory drug use and ovarian
cancer risk: findings from the NIH-AARP Diet and Health Study and systematic review. Cancer
Causes Control 2012 November;23(11):1839-52.
(43) Baandrup L, Faber MT, Christensen J et al. Nonsteroidal anti-inflammatory drugs and risk of
ovarian cancer: systematic review and meta-analysis of observational studies. Acta Obstet
Gynecol Scand 2013 March;92(3):245-55.
(44) Rothwell PM, Wilson M, Elwin CE et al. Long-term effect of aspirin on colorectal cancer
incidence and mortality: 20-year follow-up of five randomised trials. Lancet 2010 November
20;376(9754):1741-50.
(45) Rothwell PM, Fowkes FG, Belch JF, Ogawa H, Warlow CP, Meade TW. Effect of daily aspirin
on long-term risk of death due to cancer: analysis of individual patient data from randomised
trials. Lancet 2011 January 1;377(9759):31-41.
(46) Algra AM, Rothwell PM. Effects of regular aspirin on long-term cancer incidence and metastasis:
a systematic comparison of evidence from observational studies versus randomised trials. Lancet
Oncol 2012 May;13(5):518-27.
(47) Rothwell PM, Price JF, Fowkes FG et al. Short-term effects of daily aspirin on cancer incidence,
mortality, and non-vascular death: analysis of the time course of risks and benefits in 51
randomised controlled trials. Lancet 2012 April 28;379(9826):1602-12.
(48) Rothwell PM, Wilson M, Price JF, Belch JF, Meade TW, Mehta Z. Effect of daily aspirin on risk
of cancer metastasis: a study of incident cancers during randomised controlled trials. Lancet 2012
April 28;379(9826):1591-601.
(49) McGeer PL, Schulzer M, McGeer EG. Arthritis and anti-inflammatory agents as possible
protective factors for Alzheimer's disease: a review of 17 epidemiologic studies. Neurology 1996
August;47(2):425-32.
(50) Etminan M, Gill S, Samii A. Effect of non-steroidal anti-inflammatory drugs on risk of
Alzheimer's disease: systematic review and meta-analysis of observational studies. BMJ 2003
July 19;327(7407):128.
(51) Szekely CA, Thorne JE, Zandi PP et al. Nonsteroidal anti-inflammatory drugs for the prevention
of Alzheimer's disease: a systematic review. Neuroepidemiology 2004 July;23(4):159-69.
(52) Nakanishi M, Rosenberg DW. Multifaceted roles of PGE(2) in inflammation and cancer. Semin
Immunopathol 2013 March;35(2):123-37.
9

(53) Menter DG, DuBois RN. Prostaglandins in cancer cell adhesion, migration, and invasion. Int J
Cell Biol 2012;2012:723419.
(54) Wang D, DuBois RN. Prostaglandins and cancer. Gut 2006 January;55(1):115-22.
(55) Wang MT, Honn KV, Nie D. Cyclooxygenases, prostanoids, and tumor progression. Cancer
Metastasis Rev 2007 December;26(3-4):525-34.
(56) Wu WK, Sung JJ, Lee CW, Yu J, Cho CH. Cyclooxygenase-2 in tumorigenesis of gastrointestinal
cancers: an update on the molecular mechanisms. Cancer Lett 2010 September 1;295(1):7-16.
(57) Singh B, Berry JA, Shoher A, Ayers GD, Wei C, Lucci A. COX-2 involvement in breast cancer
metastasis to bone. Oncogene 2007 May 31;26(26):3789-96.
(58) Singh B, Berry JA, Shoher A, Ramakrishnan V, Lucci A. COX-2 overexpression increases
motility and invasion of breast cancer cells. Int J Oncol 2005 May;26(5):1393-9.
(59) Liu H, Yang Y, Xiao J et al. Inhibition of cyclooxygenase-2 suppresses lymph node metastasis
via VEGF-C. Anat Rec (Hoboken ) 2009 October;292(10):1577-83.
(60) Gately S, Li WW. Multiple roles of COX-2 in tumor angiogenesis: a target for antiangiogenic
therapy. Semin Oncol 2004 April;31(2 Suppl 7):2-11.
(61) Liu H, Yang Y, Xiao J et al. COX-2-mediated regulation of VEGF-C in association with
lymphangiogenesis and lymph node metastasis in lung cancer. Anat Rec (Hoboken ) 2010
November;293(11):1838-46.
(62) Toomey DP, Murphy JF, Conlon KC. COX-2, VEGF and tumour angiogenesis. Surgeon 2009
June;7(3):174-80.
(63) Chen EP, Smyth EM. COX-2 and PGE2-dependent immunomodulation in breast cancer.
Prostaglandins Other Lipid Mediat 2011 November;96(1-4):14-20.
(64) Holt D, Ma X, Kundu N, Fulton A. Prostaglandin E(2) (PGE (2)) suppresses natural killer cell
function primarily through the PGE(2) receptor EP4. Cancer Immunol Immunother 2011
November;60(11):1577-86.
(65) Obermajer N, Wong JL, Edwards RP, Odunsi K, Moysich K, Kalinski P. PGE(2)-driven
induction and maintenance of cancer-associated myeloid-derived suppressor cells. Immunol
Invest 2012;41(6-7):635-57.
(66) Nakanishi M, Gokhale V, Meuillet EJ, Rosenberg DW. mPGES-1 as a target for cancer
suppression: A comprehensive invited review "Phospholipase A2 and lipid mediators". Biochimie
2010 June;92(6):660-4.
(67) Radmark O, Samuelsson B. Microsomal prostaglandin E synthase-1 and 5-lipoxygenase:
potential drug targets in cancer. J Intern Med 2010 July;268(1):5-14.
(68) Hanaka H, Pawelzik SC, Johnsen JI et al. Microsomal prostaglandin E synthase 1 determines
tumor growth in vivo of prostate and lung cancer cells. Proc Natl Acad Sci U S A 2009 November
3;106(44):18757-62.
10

(69) Nakanishi M, Montrose DC, Clark P et al. Genetic deletion of mPGES-1 suppresses intestinal
tumorigenesis. Cancer Res 2008 May 1;68(9):3251-9.
(70) Lu D, Han C, Wu T. Microsomal prostaglandin E synthase-1 promotes hepatocarcinogenesis
through activation of a novel EGR1/beta-catenin signaling axis. Oncogene 2012 February
16;31(7):842-57.
(71) Payner T, Leaver HA, Knapp B et al. Microsomal prostaglandin E synthase-1 regulates human
glioma cell growth via prostaglandin E(2)-dependent activation of type II protein kinase A. Mol
Cancer Ther 2006 July;5(7):1817-26.
(72) Elander N, Ungerback J, Olsson H, Uematsu S, Akira S, Soderkvist P. Genetic deletion of
mPGES-1 accelerates intestinal tumorigenesis in APC(Min/+) mice. Biochem Biophys Res
Commun 2008 July 18;372(1):249-53.
(73) Beales IL, Ogunwobi OO. Microsomal prostaglandin E synthase-1 inhibition blocks proliferation
and enhances apoptosis in oesophageal adenocarcinoma cells without affecting endothelial
prostacyclin production. Int J Cancer 2010 May 1;126(9):2247-55.
(74) Xu LW, Qian M, Jia RP et al. Expression and significance of microsomal prostaglandin synthase1 (mPGES-1) and Beclin-1 in the development of prostate cancer. Asian Pac J Cancer Prev
2012;13(4):1639-44.
(75) Kamei D, Murakami M, Sasaki Y et al. Microsomal prostaglandin E synthase-1 in both cancer
cells and hosts contributes to tumour growth, invasion and metastasis. Biochem J 2010 January
15;425(2):361-71.
(76) Sasaki Y, Kamei D, Ishikawa Y et al. Microsomal prostaglandin E synthase-1 is involved in
multiple steps of colon carcinogenesis. Oncogene 2012 June 14;31(24):2943-52.
(77) Kamata H, Hosono K, Suzuki T et al. mPGES-1-expressing bone marrow-derived cells enhance
tumor growth and angiogenesis in mice. Biomed Pharmacother 2010 July;64(6):409-16.
(78) Syrovets T, Gschwend JE, Buchele B et al. Inhibition of IkappaB kinase activity by acetylboswellic acids promotes apoptosis in androgen-independent PC-3 prostate cancer cells in vitro
and in vivo. J Biol Chem 2005 February 18;280(7):6170-80.
(79) Yadav VR, Prasad S, Sung B et al. Boswellic acid inhibits growth and metastasis of human
colorectal cancer in orthotopic mouse model by downregulating inflammatory, proliferative,
invasive and angiogenic biomarkers. Int J Cancer 2012 May 1;130(9):2176-84.
(80) 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):e26943.
(81) Takahashi M, Sung B, Shen Y et al. Boswellic acid exerts antitumor effects in colorectal cancer
cells by modulating expression of the let-7 and miR-200 microRNA family. Carcinogenesis 2012
December;33(12):2441-9.

11

(82) Streffer JR, Bitzer M, Schabet M, Dichgans J, Weller M. Response of radiochemotherapyassociated cerebral edema to a phytotherapeutic agent, H15. Neurology 2001 May 8;56(9):121921.
(83) Rutz HP, Hofer S, Peghini PE et al. Avoiding glucocorticoid administration in a neurooncological
case. Cancer Biol Ther 2005 November;4(11):1186-9.
(84) Khan RB, Krasin MJ, Kasow K, Leung W. Cyclooxygenase-2 inhibition to treat radiationinduced brain necrosis and edema. J Pediatr Hematol Oncol 2004 April;26(4):253-5.
(85) Chu K, Jeong SW, Jung KH et al. Celecoxib induces functional recovery after intracerebral
hemorrhage with reduction of brain edema and perihematomal cell death. J Cereb Blood Flow
Metab 2004 August;24(8):926-33.
(86) Badie B, Schartner JM, Hagar AR et al. Microglia cyclooxygenase-2 activity in experimental
gliomas: possible role in cerebral edema formation. Clin Cancer Res 2003 February;9(2):872-7.
(87) Jaturapatporn D, Isaac MG, McCleery J, Tabet N. Aspirin, steroidal and non-steroidal antiinflammatory drugs for the treatment of Alzheimer's disease. Cochrane Database Syst Rev
2012;2:CD006378.
(88) Montine TJ, Sidell KR, Crews BC et al. Elevated CSF prostaglandin E2 levels in patients with
probable AD. Neurology 1999 October 22;53(7):1495-8.
(89) Chaudhry UA, Zhuang H, Crain BJ, Dore S. Elevated microsomal prostaglandin-E synthase-1 in
Alzheimer's disease. Alzheimers Dement 2008 January;4(1):6-13.
(90) Shi J, Wang Q, Johansson JU et al. Inflammatory prostaglandin E2 signaling in a mouse model of
Alzheimer disease. Ann Neurol 2012 November;72(5):788-98.
(91) Shie FS, Montine KS, Breyer RM, Montine TJ. Microglial EP2 as a new target to increase
amyloid beta phagocytosis and decrease amyloid beta-induced damage to neurons. Brain Pathol
2005 April;15(2):134-8.
(92) Nagano T, Kimura SH, Takemura M. Prostaglandin E2 reduces amyloid beta-induced
phagocytosis in cultured rat microglia. Brain Res 2010 April 6;1323:11-7.
(93) Keene CD, Chang RC, Lopez-Yglesias AH et al. Suppressed accumulation of cerebral amyloid
{beta} peptides in aged transgenic Alzheimer's disease mice by transplantation with wild-type or
prostaglandin E2 receptor subtype 2-null bone marrow. Am J Pathol 2010 July;177(1):346-54.
(94) Kuroki Y, Sasaki Y, Kamei D et al. Deletion of microsomal prostaglandin E synthase-1 protects
neuronal cells from cytotoxic effects of beta-amyloid peptide fragment 31-35. Biochem Biophys
Res Commun 2012 August 3;424(3):409-13.
(95) Gerbeth K, Husch J, Fricker G, Werz O, Schubert-Zsilavecz M, Abdel-Tawab M. In vitro
metabolism, permeation, and brain availability of six major boswellic acids from Boswellia
serrata gum resins. Fitoterapia 2013 January;84:99-106.
(96) Krotz F, Schiele TM, Klauss V, Sohn HY. Selective COX-2 inhibitors and risk of myocardial
infarction. J Vasc Res 2005 July;42(4):312-24.
12

(97) Funk CD, FitzGerald GA. COX-2 inhibitors and cardiovascular risk. J Cardiovasc Pharmacol
2007 November;50(5):470-9.
(98) Caughey GE, Cleland LG, Penglis PS, Gamble JR, James MJ. Roles of cyclooxygenase (COX)-1
and COX-2 in prostanoid production by human endothelial cells: selective up-regulation of
prostacyclin synthesis by COX-2. J Immunol 2001 September 1;167(5):2831-8.
(99) Yu Z, Crichton I, Tang SY et al. Disruption of the 5-lipoxygenase pathway attenuates
atherogenesis consequent to COX-2 deletion in mice. Proc Natl Acad Sci U S A 2012 April
24;109(17):6727-32.
(100) Wang M, Song WL, Cheng Y, FitzGerald GA. Microsomal prostaglandin E synthase-1 inhibition
in cardiovascular inflammatory disease. J Intern Med 2008 May;263(5):500-5.
(101) Koeberle A, Werz O. Inhibitors of the microsomal prostaglandin E(2) synthase-1 as alternative to
non steroidal anti-inflammatory drugs (NSAIDs)--a critical review. Curr Med Chem
2009;16(32):4274-96.
(102) Xu D, Rowland SE, Clark P et al. MF63 [2-(6-chloro-1H-phenanthro[9,10-d]imidazol-2-yl)isophthalonitrile], a selective microsomal prostaglandin E synthase-1 inhibitor, relieves pyresis
and pain in preclinical models of inflammation. J Pharmacol Exp Ther 2008
September;326(3):754-63.
(103) Singh S, Khajuria A, Taneja SC et al. The gastric ulcer protective effect of boswellic acids, a
leukotriene inhibitor from Boswellia serrata, in rats. Phytomedicine 2008 June;15(6-7):408-15.
(104) Wang M, Zukas AM, Hui Y, Ricciotti E, Pure E, FitzGerald GA. Deletion of microsomal
prostaglandin E synthase-1 augments prostacyclin and retards atherogenesis. Proc Natl Acad Sci
U S A 2006 September 26;103(39):14507-12.
(105) Ikeda-Matsuo Y, Hirayama Y, Ota A, Uematsu S, Akira S, Sasaki Y. Microsomal prostaglandin E
synthase-1 and cyclooxygenase-2 are both required for ischaemic excitotoxicity. Br J Pharmacol
2010 March;159(5):1174-86.
(106) Ikeda-Matsuo Y, Ota A, Fukada T, Uematsu S, Akira S, Sasaki Y. Microsomal prostaglandin E
synthase-1 is a critical factor of stroke-reperfusion injury. Proc Natl Acad Sci U S A 2006 August
1;103(31):11790-5.
(107) Ikeda-Matsuo Y, Tanji H, Ota A et al. Microsomal prostaglandin E synthase-1 contributes to
ischaemic excitotoxicity through prostaglandin E2 EP3 receptors. Br J Pharmacol 2010
June;160(4):847-59.
(108) Degousee N, Fazel S, Angoulvant D et al. Microsomal prostaglandin E2 synthase-1 deletion leads
to adverse left ventricular remodeling after myocardial infarction. Circulation 2008 April
1;117(13):1701-10.
(109) Degousee N, Simpson J, Fazel S et al. Lack of microsomal prostaglandin E(2) synthase-1 in bone
marrow-derived myeloid cells impairs left ventricular function and increases mortality after acute
myocardial infarction. Circulation 2012 June 12;125(23):2904-13.

13

(110) Trebino CE, Stock JL, Gibbons CP et al. Impaired inflammatory and pain responses in mice
lacking an inducible prostaglandin E synthase. Proc Natl Acad Sci U S A 2003 July
22;100(15):9044-9.
(111) Kawabata A. Prostaglandin E2 and pain--an update. Biol Pharm Bull 2011;34(8):1170-3.

14

