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To examine cyclooxygenase-2 (COX-2) inhibitory effects of natural compounds and
structurally related compounds, a radiochemical assay for measuring inhibition of COX-2 and
COX-1 catalysed prostaglandin biosynthesis was optimised. That process resulted in the
development of a reliable assay for finding COX-2 inhibitors in plants, and for investigating
plant constituents pertaining to the inhibition of COX-2 and COX-1.

By means of bioassay-guided isolation of the plant Plantago major L., several inhibitors of
COX-2 were found: ursolic, oleanolic, α-linolenic and linoleic acid. Subsequently, structural
derivatives of these triterpenoids and fatty acids were investigated. The polyunsaturated and
the thioether containing fatty acids were the most potent COX-2 and COX-1 inhibitors, with
α-linolenic and all-(Z)-5-thia-8,11,14,17-eicosatetraenoic acid expressing selectivity toward
COX-2.

For rapid evaluation of plant constituents, a COX-2 assay using scintillation proximity
assay-technology was used to evaluate 49 ubiquitous plant metabolites of different
biosynthetic origin for inhibition of COX-2. Eugenol, cinnamaldehyde, and pyrogallol
expressed inhibition. Later, in an attempt to find COX-2 inhibitors in plants, but without prior
purification, several approaches to the surface plasmon resonance technique were examined,
with the measurement of prostaglandin E2 being most successful.

In mouse macrophage cells, two fatty acids were analysed for effects on COX-2 and iNOS,
mRNA, protein, prostaglandin E2, and nitrite levels. 5-Thia-8,11,14,17-eicosatetraenoic acid
decreased COX-2 protein expression.

This thesis contributes to our growing knowledge of methods for measuring COX-2
inhibition, and also knowledge of COX-2 inhibitory effects of commonly occurring
compounds in plants, herbal drugs and functional food. Thus the experimental results can
facilitate future searches for new COX-2 inhibitors of natural origin.
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The pure and simple truth
   is rarely true and never simple.

Oscar Wilde

The pure and simple nature
is rarely predictable and never simple.
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Abbreviations

AA arachidonic acid
BSA bovine serum albumin
CH2Cl2 dichloromethane
Compound 2 all-(z)-5-thia-8,11,14,17-eicosatetraenoic acid
COX cyclooxygenase enzyme, (prostaglandin H synthase)
COX-1 cyclooxygenase-1
COX-2 cyclooxygenase-2
DHA docosahexaenoic acid
DMSO dimethyl sulfoxide
DPM disintegrations per minute
EIA enzyme immunoassay
EPA eicosapentaenoic acid
GAPDH glyceraldehyde-3-phosphate-dehydrogenase
HPLC  high performance liquid chromatography
HTS high throughput screening
IC50 concentration that reduces effect by 50%
LA linoleic acid
α-LNA α-linolenic acid
LPS lipopolysaccharide
LT leukotriene
iNOS inducible nitric oxide synthase
MA myristic acid
MALDI matrix-assisted laser desorption/ionisation
MPLC medium pressure chromatography
mRNA messenger ribonucleic acid
NSAIDs non-steroidal anti-inflammatory drugs
PA palmitic acid
PG prostaglandin
PGE2 prostaglandin E2

PGF2α prostaglandin F2α
PGHS prostaglandinH2 synthase, (cyclooxygenase)
PGI2 prostacyclin
RIA radio immunoassay
RU resonance units
SEM standard error of the mean
SPA scintillation proximity assay
SPE solid phase extraction
SPR surface plasmon resonance
TLC thin layer chromatography
TX thromboxane
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The Search for Natural COX-2 Inhibitors

The moment a pathogen invades the human body, the immune defence system tries to
heal itself by creating an inflammation. Inflammatory mediators, such as
prostaglandins (PGs) and thromboxanes (TXs) are released; causing acute
inflammation, with painful tissues that burns, swells and turns red. Usually the
inflammatory reaction results in healing. However, in some circumstances, as in cases
of inflammatory diseases like rheumatic arthritis (RA) and asthma, this defensive
response reacts against the body tissue, resulting in even more damage.

Cyclooxygenases (COX) are important enzymes, involved in inflammation as
they catalyse production of PGs from arachidonic acid (AA). So far, two isoforms of
the COX enzymes are known: COX-1, which is constitutively expressed in almost all
cells, and COX-2, which is induced at an inflammatory event. Both COX-1 and
COX-2 are important pharmacological targets that are inhibited by non-steroidal anti-
inflammatory drugs (NSAIDs). Although it is currently maintained, that the anti-
inflammatory effects of NSAIDs are due to inhibition of COX-2, while adverse
effects, such as gastrointestinal ulcers and renal bleeding, are due to the inhibition of
COX-1. These findings led to a search for selective COX-2 inhibitors that would
inhibit inflammation as effectively as NSAIDs, yet spare the physiological functions.

COX-1 and COX-2 inhibitors of natural origin

In the search for natural anti-inflammatory products, a COX-1 catalysed biosynthesis
assay has been used for bioassay-guided isolation of several plant extracts, resulting in
isolation of a number of compounds (Table 1). In addition, a variety of compounds,
ubiquitous in Swedish plants, have been tested for COX-1 inhibitory effects, where the
flavonoids kaempherol, luteolin, quercetin, catechol (-)-epicatechin, and (+)-catechin,
were most potent.1

Table 1. Compounds isolated by bioassay-directed separation,
guided by COX-1 inhibition.
Plant Isolated Compounds Ref.
Ipomea pes-caprae (L.) Eugenol, 4-Vinylguaicol, Mellein,

2-Hydroxy-4,4,7-trimethyl-1(4H)-naphthalenone

2

Alphitonia zizyphoides
(Spreng.,) A.Gray.

Alphitol, Betulinic acid 3

Ceiba pentandra (L.)
Gaertner.

Vavain, Vavain 3’-O-ß-D-glucoside, (+)-Catechin 4

Atuna racemosa Raf.
Ssp. racemosa

(+)-Gallocatechin, 4´MeO-(-)-gallocatechin 5

Vantanea peruviana
Macbr.

Ouratea-catechin, Ouratea proanthocyanidin 5

Since the discovery of COX-2 in 1990, the focus has switched to a search for
COX-2 inhibitors. In our review with reports (from 1991–1999) of natural products
with effects on COX-2, we have described 65 isolated compounds investigated for
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effects on COX-26 and additional substances are reported every year. However, only a
few natural substances were described as COX-2 inhibitors when we initiated our
investigation in 1996, which prompted our search for COX-2 inhibitors of natural
origin.

Plants as sources of COX-2 inhibitors
Plants and isolated compounds from plants have long been used in medicine. In
addition active plant principles serve as important sources for new drugs: for example,
as templates for synthetic drugs, and as intermediates used in the production of semi-
synthetic drugs.7,8 The chemical and biological diversity of plant constituents in
combination with the availability of high throughput bioassays and more sensitive
methods for structure elucidation has led to a wider interest in drugs from plants. In
the Chapman and Hall Dictionary, almost 160 000 compounds of natural origin are
described9 and every year, about 10 000 natural substances are discovered, making
natural products the most diverse library of compounds known.7

The biosynthesis of complex chemical substances in plants is thought to be due,
partly to the needs for the plant of compounds acting as pollination attractants and as
defence substances against predators and parasites.10 Studies of plant defence systems
(i.e., pathogen recognition and signal transduction pathways) reveal similarities to the
defence systems of mammals; and both defence systems are now suggested to have
evolved from an ancestral organism.11 One example is the lipid-based signalling
cascade that in mammals and plants produces analogical substances. In mammals, the
cascade begins with AA, which transforms into PGs, while in plants, the system
transforms linolenic acid into phytodienoic acid and jasmonic acid.11 The discovery of
a plant-pathogen-induced oxygenase (PIOX), with homology to the human COX
enzyme, based on amino acid identity and enzymatic activity, has further confirmed
the similarities.12 The plausible interference that substances produced in plants have an
effect on the human immune system, and the fact that plants are a diverse and
bioactive substance library, motivates the search for COX-2 inhibitors in plants.
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COX-2 and Inflammation

The constitutively expressed COX-1, already isolated in 1976, predominates in most
tissues, and is for example, responsible for the basal production of PGs and TXs in the
gastro-intestinal tract and blood platelets.13 In 1990, the existence of COX-2 was
suggested, as an inducible enzyme increasing the PG synthesis was discovered by,
among others Fu et al. (1990).14 Generally, the COX-2 enzyme is induced during
inflammation after stimulation by inflammatory mediators such as growth factors,
cytokines, tumour promoters, and mitogens.15

Recently, an aberrant or excessive expression of COX-2, and PGs, has also been
observed in Alzheimer’s disease and carcinogenesis, especially in colon, gastro-
intestinal, and breast cancer.16-19 Epidemiological studies of patients with RA, taking
NSAIDs, have showed less prevalence for Alzheimer’s disease, and the mortality of
colorectal cancer is lowered by 50% by an intake of NSAIDs or aspirin, suggesting
inflammatory-association for these disorders.20

The strong association of COX-2 with inflammation, and COX-1 with
physiological processes resulted in a search for specific COX-2 inhibitors that would
provide therapeutic anti-inflammatory benefits of NSAIDs, without side effects.
Consequently, the main purpose of developing COX-2 selective inhibitors is not to
increase potency, but to increase therapeutic safety.13

Clinical effects of COX-2 inhibitors

Today, two substances, celecoxib (Celebra®) and rofecoxib (VIOXX®), are marketed
in Sweden as COX-2 selective drugs with the indications arthros and RA.21 Compared
to traditional NSAIDs, both of these drugs have showed reduced risk of
gastrointestinal complications, and have comparable analgesic properties.22,23

The expression also of COX-2 in physiological conditions suggests a more
complex role than first hypothesised for inducible COX-2.24 Recently, it has been
suggested that COX-2 have both a pro-inflammatory and an anti-inflammatory effect,
depending on the stage of inflammatory response. Thus COX-2 inhibitors might be
harmful in patients with a history of gastric or intestinal inflammation. It seems that
COX-2 is involved in the resolution of inflammation, and that inhibition of the enzyme
at that stage is less beneficial. For instance it appears that once a colonic or ulcerative
effect in rats is observed, COX-2 selective compounds as well as NSAIDs aggravates
the injury and delay wound healing. Willoughby et al. (2001) explains this diametrical
effect as a result either from the nature of the COX isoforms expressed at the resolving
stages, or from an existence of another isoform, COX-3.25 In the COX-3 scenario, they
suggest that the protein has the same protein structure as COX-2, but different
promoter systems controlling the expression. However, more evidences are needed
before the existence of COX-3 is confirmed.
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Biosynthesis of prostaglandins
Correctly, COX-1 and COX-2 should be
termed prostaglandin synthase-1 and -2
(PGHS-1 and PGHS-2), because the enzymes
comprise two activities; a cyclooxygenase and
a peroxidase activity. Nevertheless, the name
COX generally refers to both the activities.
Both COX-1 and COX-2 catalyse the
conversion of AA to PGs, in a two-step
process26 (Figure 1). In the first step, hydrogen
is abstracted from C13 of AA, and then
molecular oxygen is added by the
cyclooxygenase activity, resulting in PGG2. In
the second step, PGG2 is reduced to PGH2 by
the peroxidase activity of the enzymes. So far
all currently available NSAIDs bind to the
COX active site and not to the peroxidase
active site.27

The synthesised PGH2 is rapidly
converted to different mediators: generally to
TXA2 in platelets, to PGI2 in vascular
endothelium, to PGD2 in mast cells, and to
PGE2 in macrophages. The predominant PG
detected at inflammatory events in humans is
PGE2, which contributes to vasodilatation,
hyperalgesia, and pyrexia, and together with
other inflammatory mediators, to increased
vascular permeability.25

Figure 1. The biosynthesis of prostaglandins
catalysed by PGHS-1 and PGHS-2.

COX-1 and COX-2

The structures of COX-1 and COX-2
are very similar, both consisting of
three domains: an N-terminal
epidermal growth factor (EGF)
domain, a membrane binding
domain, and a C-terminal (Figure
2).28 The latter is the catalytic domain
that includes both a peroxidase active
site with a haem cofactor and a COX
active site.

X-ray crystallography of the 3-
D structure of COX-1 and COX-2
shows that the active sites are very
similar, each consisting of a long
narrow hydrophobic channel. COX-1
and COX-2 are found in the nuclear
envelope and endoplasmatic

Figure 2. Ribbon diagram of the COX-2 dimer
(Browner et al. (1996).29
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reticulum of cells.30 Comparison of the amino acid sequence of COX-1 and COX-2
shows 60 % homology of the two enzymes.28 The human COX-1 gene (22 kB) is
larger than the COX-2 gene (8.3 kB), whereas the COX-1 and COX-2 mRNA is
approximately 2.8 kB and 4.5 kB, respectively.13 The molecular weights of both
enzymes are 71 kDa, and both occur as homodimers

The active site of COX-1 and COX-2
In the biosynthesis of PGs, free AA
substrate is released from the membrane
bilayer and enters the COX active site
directly through the membrane-binding
domain. The carboxylate group of AA
and NSAIDs binds between Arg120 and
Tyr355, while the ω-part of AA appears
to bind to the top of the hydrophobic
channel, very near Tyr385 and below the
haem cofactor (Figure 3).26 The haem
cofactor is required for the conversion of
Tyr385 to a tyrosyl radical, which
appears to be needed for the oxidation of
AA. The amino acid numbering refers to
COX-1, a number of 14 must be
subtracted for the correct coding of
COX-2.

A single amino acid difference
between these two enzymes is generally
critical for the selectivity of COX
inhibitory drugs29 (Figure 3). A small
valine molecule at position 523 (Val
523) in the COX-2 enzyme, instead of
the larger isoleucine (Ile 523) in the
COX-1 enzyme, results in a more
accessible space in COX-2, which is
thought to be the binding site of
selective drugs.

Comparing COX-2 selectivity
The discovery of COX-2 has attracted a large interest in inhibitors that selectively
inhibit the enzyme. The COX-2 selectivity is evaluated by comparing the COX-2
inhibitory effect with the effect on COX-1, which is calculated as the ratio between
COX-2 (IC50-value) and COX-1 (IC50-value).31 Consequently, compounds may be
excellent inhibitors of COX-2, but still have COX-1 inhibitory properties. Another
way of appraising the difference is to compare the rank orders of inhibitory effect,
since this procedure is fairly reproducible between different laboratories.32 However,
depending on the bioassay-protocols used, various IC50 values are obtained, thus
different COX-2/COX-1 ratios.33

Traditional NSAIDs exert their anti-inflammatory effects by inhibition of PG
production, preferably by inhibition of COX-1.28 NSAIDs can bind to the COX

Figure 3. An inhibitor (space filled) bound to the
active site in human COX-2 (black ribbon) and
COX-1 (grey ribbon). The aminoacids Arg120
and Tyr355 in the entrance of the active site are
probably positioning the inhibitors. The
occurrence of a Val523 in COX-2 compared to
Ile523 in COX-1 results in a larger pocket in the
active site, which is used by COX-2 selective
compounds (Browner et al. (1996).29
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enzymes either reversibly or irreversibly, the latter is represented by aspirin, for
example, that modifies the protein irreversibly by acetylation of a serine residue.
Reversible inhibitors can be divided into two groups, based on their kinetic behaviour:
competitive inhibition (e.g., ibuprofen) and time dependent inhibitors (e.g., indo-
methacin, naproxen, and celecoxib).34,35 Time dependent inhibitors bind to the COX-2
enzymes by a two-step process: first competitively, through the formation of a rapid
reversible complex, and then in a time-dependent manner, since the initial complex is
transformed to a more tightly bound complex. Most of the COX-2 selective inhibitors
are competitive inhibitors of both COX-1 and COX-2, and exhibit selectivity for
COX-2 by binding tightly at the active site during the time-dependent step, causing a
conformational change in the isoenzyme structure.35

The validity of IC50-values for COX-2 selectivity is argued, due to the large
disparity in selectivity between different laboratories.34,35 For example, since most
inhibitors are both competitive and time dependent inhibitors of COX-2, but only
competitive inhibitors of COX-1, high concentrations of AA will result in detection of
time dependent inhibition of COX-2 but not of COX-1. Consequently, a higher COX-2
selectivity is obtained; but in reverse, lowering the substrate concentration will favour
competitive inhibitors.35

Inhibitors of COX-2

The development of COX-2 selective inhibitors has evolved inhibitors that originate
from mainly four structural classes: diarylheterocycles (celecoxib, rofecoxib),
enolcarboxamides (meloxicam), acidic sulfonamides (NS-398, nimesulide), and indo-
methacin analogues (Figure 4).36

The most successful compounds are the mentioned compounds, rofecoxib and
celecoxib, both marketed as COX-2 selective drugs. There are no obvious natural
products with these structures although compounds with diaryl-functions have some
similarities. Hopefully, by using bioassay-guided isolation of plant extracts new and
structurally different compounds may be identified as COX-2 inhibitors.

Figure 4. Chemical structures of some synthetic COX-2 inhibitors   
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Assays for COX-2 Measurements

While a broad assay such as Hippocratic screening is suitable for an initial test of
possible bioactivity in plants, a more specific assay is needed for a detailed study of
the activity.37 The latter can be accomplished with molecular assays, for instance,
using isolated systems such as enzymes and receptors. Cellular assays utilising intact
cells, which are widely used in toxicity studies, are also used for measurements of
effects on inducible proteins, such as COX-2 and inducible nitric oxide synthase
(iNOS). Although many assays have been established for measuring COX-2 inhibition,
nevertheless, there is a need for bioassays, adapted to a complex biomass, for
measuring different mechanisms of COX-2 inhibition of plant extracts, fractions, and
pure compounds.

COX-2 in vivo assays
Animal models expressing COX-2 are, among others, the adjuvant arthritis and the
carrageenan-induced oedema.25 In both the models, COX-2 mRNA and COX-2 protein
is induced, whereas COX-1 is unaffected. Carrageenan-induced oedema was among
the first models used for investigation of COX-2 inhibition; however, later studies also
show the importance of COX-1 in that model.

For the evaluation of anti-inflammatory effects of Heterotheca inuloides Cass.
(Asteraceae), the influence of COX-1 and COX-2 (in vitro) was correlated with
carrageenan-induced oedema (in vivo).38 The isolated compound 7-hydroxy-3,4-
dihydrocadalin inhibited COX-1 to a higher degree than COX-2, and the carrageenan-
induced oedema in rat paw was unaffected.

COX-2 in vitro assays
An anti-inflammatory agent can inhibit the COX-1 or COX-2 action in one or several
ways, by inhibition of enzymatic activity, or of COX-2 mRNA and protein levels in
cells. COX-2 inhibitors of natural origin are reported to interfere on several levels, as
reviewed by Perera et al. (2001).6 A selection of these natural compounds are
summarised in Table 2.

A variety of assays have been described to evaluate in vitro inhibition for
COX-2. Experimental conditions, which differ between assays, include among others
the following: the enzyme source (human or animal), the cell system used (intact
normal cells, cell lines, or transfected cells), the method of enzyme purification
(purified enzymes, microsomal, or whole cells assays), and the COX-2 inducing agent
(e.g., lipopolysaccharide (LPS), tumour necrosis factor (TNFα), or interleukin-1 (IL-
1)).39
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Table 2. Examples of natural products that affect the COX-2 enzymatic
activity, or COX-2 protein and mRNA levels of COX-2.
Direction of effects are shown by arrows.
Substance Enzyme Protein mRNA Reference
Ajoene ¤ £ £ 40

Akendo 3 ¤ 41

Caffeic acid phenethyl ester ¤ D ¤ 42

Curcumin ¤ ¤ ¤ 43

Cyanidin ¤ 44

Diacerhein £ £ 45

Hymenialdisine ¤ ¤ ¤ 46

Manoalide ¤ ¤ 47

Oleanolic acid D D D 48

Parthenolide ¤ ¤ ¤ 49

Pristimerin D 50

Resveratrol ¤ ¤ ¤ 51

all-trans-Retinoic acid ¤ ¤ 52

Rhein £ £ 45

Scalaradial ¤ ¤ 47

Taxol £ £ £ 53

Tectorigenin D ¤ 54

Triptolide ¤ ¤ 55

Ursolic acid D D 48

Variabilin D 56

The effect is inhibited or decreased (¤), the effect is increased (£),
no observed effect (D).

Measurement of COX-2 enzymatic activity

Except for the above mentioned parameters, also the source and concentration of AA,
incubation time with drug, protein concentration, and the method for detection of
activity (i.e., PGs or TX produced) vary in enzymatic activity assays. Consequently,
all of these experimental conditions have contributed to significant variation in IC50

values and COX-2 selectivity ratios reported in the literature.33

Commonly used detection methods to analyse the amount of produced PGs and
TXs are: enzyme immunoassay (EIA), radio immunoassay (RIA), or a radiotracer
method.54,57 The latter method, which mostly uses radio-labelled substrate to measure
the amount of radio-labelled PGs produced after the COX catalysis, is quantified with
scintillation counting or HPLC.5,51 The scintillation proximity assay (SPA), a
development of traditional scintillation counting, is widely used in high throughput
screenings (HTS), since the method can be adapted to robotics.58 To detect enzymatic
activity, another approach is to use a polarographic oxygen electrode to measure the
amount of oxygen consumed during conversion of AA to PGG2.

44

Measurement of COX-2 mRNA and protein levels
There can be several reasons for a reduction of the amount of PGs produced in
inflammatory cells, including decreased levels of COX-2 mRNA or protein, or
inhibition of enzymatic activity in cells. Elevated levels of COX-2 can be induced by
several stimuli, including LPS, IL-1, and TNFα in cells, such as mouse or human
endothelial cells, RAW 264.7 macrophages, and colorectal cancer cells.33 A diversity
of stimuli can induce COX-2 expression and the gene contains several transcription
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factors, which indicate that a variety of signal transduction cascades and transcription
factors have the potential to affect the COX-2 promoter.20

The northern blot technique, is commonly used to analyse COX-2 mRNA
levels43,46 while COX-2 protein levels are mostly detected by using Western blot.46,50

Other methods for detecting COX-2 mRNA levels use the reverse transcriptase
polymerase chain reaction (RT-PCR), or the RNAse protection assay.50,53 Enzyme-
activity investigations carried out in cells are mostly detected as a production of PGs,
using EIA and RIA kits for analysing the amount of produced PGs (e.g., PGE2 or
PGD2).

46,54

Selection of in vitro assays

Assays can be selected by various criteria, although they must be feasible and
reproducible, and be appropriate for the investigation.

The assay that most resembles in vivo situations is the human whole-blood assay
that uses intact human cells.39 Assays with purified enzymes are appropriate for
studying drug-interactions of the active sites of an enzyme. Human cell lines or human
recombinant enzymes in microsomal assays are more convenient for high-throughput
investigations of structure-activity relations.39 The latter assays are also more suited for
investigations of clinical relevance.

For initial investigations of COX-1 and COX-2 inhibition of plant extracts and
fractions containing a complex biomass, an assay using purified enzyme is preferable.
Furthermore, a bioassay used for plant extracts needs to be suitable to a complex
biomass with compounds that are coloured, sticky, and hydrophobic.37 In addition, the
assay must be reproducible, feasible, and reasonably inexpensive.

Bioassay-guided isolation
Two strategies are widely used to detect bioactive compounds in natural product
research: HTS and bioassay-guided isolation. The development of robotics, microtiter
plates, and sensitive detection methods that enable rapid screening of a large number
of compounds in an automated fashion has improved the HTS process. HTS assays are
also useful in bioassay-guided isolation of plant extracts when numerous fractions are
evaluated.

In bioassay-guided isolation, the most active fractions in each separation step are
reapplied for further separation and biological testing, until pure active compounds are
isolated. This method is regarded as a very effective approach for drug-discovery of
natural products.59 However, the use of bioassay-guided isolation entails a risk of
active compounds at high concentrations masking other active compounds at lower
concentrations. In addition, sample activity generally diminishes during the process,
due to lack of chemical stability and synergistic activity59 but the major problem for
bioassay-guided isolation is the risk of repeated isolation of the same active
compounds in a variety of plant extracts. This has created a need for dereplication, that
is, methods that rapidly identify and exclude known bioactive compounds, so as to
avoid repeated isolation.60

To speed up the isolation procedure of bioactive compounds, bioassays have
been on-line coupled, such as the assay using HPLC with online UV/MS-biochemical
detection of acetylcholin-esterase.61 On-line detection using the surface plasmon
resonance (SPR) technique in combination with MS-detection is also progressing,
exemplified in a study where HIV-1 protease inhibitors were captured and
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subsequently detected with matrix-assisted laser desorption/ionisation (MALDI).62

Another approach for identifying COX-2 inhibitors is to mix plant extracts with
soluble recombinant COX-2 enzyme.63 The mixture is ultra filtered, and compounds
that bind to COX-2 are identified using MS-detection.
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Aim of the Present Study

This study is part of an ongoing project to identify COX-2 selective inhibitors of
natural origin, with emphasis on Swedish plants used in traditional medicine, and as
functional food. The overall aim is to obtain knowledge about COX-2 inhibitory
compounds in plants: their occurrence in plants and extracts; their inhibitory effect on
COX-2 enzyme activity, COX-2 protein and mRNA levels; and their structure-activity
relationships. A complementary aim is to improve the isolation procedure for finding
new COX-2 inhibitory compounds.

The specific objectives of this study were the following:

• to further develop bioassays to investigate COX-2 inhibition by crude plant
extracts and constituents, and to facilitate and enhance the capacity of those assays
to be used as tools for finding new COX-2 inhibitors from plants

• to isolate COX-2 inhibitory compounds from plants using bioassay-guided
separation and to further improve the isolation procedure in the search for new
COX-2 inhibitory compounds

• to evaluate the necessary structural elements of the identified COX-2 inhibitors for
inhibition of COX-2 catalysed prostaglandin biosynthesis, and to evaluate possible
effects of these compounds on COX-2 mRNA, protein, and enzymatic levels in
cells
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COX-2 Catalysed Prostaglandin Biosynthesis Assay

In paper I the development of a radiochemical
assay for measuring COX catalysed PG bio-
synthesis is described (Figure 5). The origin of
the assay is a COX-1 assay described by White
and Glassman (1974), with modifications by
Pongprayoon and Bohlin (1991).2, 64 The aim was
to make a uniform assay suitable to analyse
inhibition of both COX-1 and COX-2 catalysed
PG biosynthesis: for detection of bioactive
compounds in plant extracts and fractions,
guidance of the chemical isolation procedure and
preliminary biological characterisation. Thus a
rapid, feasible, and inexpensive assay was
needed, and an assay that uses purified enzyme
and scintillation detection was selected.

The assay was optimised with respect to
production of radio-labelled PGs after the
conversion of [1-14C]-AA by COX-1 (bovine
seminal vesicles) and COX-2 (sheep placenta
cotyledons). The following factors were studied,
concentration of cofactors (hematin, reduced
glutathione and l-epinephrine), and activation,
incubation and reaction times. In addition, the
assay was validated with five known COX
inhibitors and two flavonoids.

Figure 5. COX-1 and COX-2 catalysed
PG biosynthesis in vitro assay.

Influence of cofactors

Being needed for the catalytic activity of COX-1 and COX-2,65 the prosthetic group
hematin (1 µM) was added to the assay. Reduced glutathione is necessary for PGE2-
synthase that converts PGH2 into PGE2.

66 Only marginal effects on PG production
were observed when the glutathione concentration was varied. Therefore the
glutathione concentration was preserved at 0.5 mM, as in the original assay.

The conversion of AA to PGH2 requires, besides oxygen, electron donating
cosubstrates, as for example phenolic compounds.66 Phenolic cosubstrates enhance
COX activity and protect the enzyme from autoinactivation by increasing the number
of catalytic turnovers before the COX self-inactivates.67 For investigation of natural
products, the addition of such an electron-donating substrate is especially important
due to the occurrence of phenolic compounds in plant extracts.68 These compounds can
otherwise act as electron-donors and become co-oxidised in the hydroperoxidase step,
which results in an activation instead of inhibition of COX. Addition of l-epinephrine
is also reported to increase the amount of prostaglandins produced.69 Accordingly, l-
epinephrine was used as electron donator substrate; and, to obtain more PGs, the
concentration of l-epinephrine was increased to 1.95 mM.

[14C]-AA

COX-2 / COX-1
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incubation 10 min, 4°C

reaction 15 min, 37°C

activation 5 min, 4°C
cofactors

termination
HCl

separation over silica gel

[14C]-AA
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quantification by scintillation
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Determination of incubation times

The most essential changes in the developed assay (Paper I) compared to the original
assay are the determinations of (a) activation time (of enzyme and cofactors), (b)
incubation time (of enzyme, cofactors, and test sample), and (c) reaction time (addition
of AA) (Table 3). The activation time was decreased to 5 min since no significant
difference in PG output was observed during a 1 to 20 min period.

Because many compounds are time-dependent inhibitors of COX-1 and COX-2,
the incubation times of inhibitors and enzyme were defined. The time response curve
reached steady state level after about 10 min incubation of enzyme and inhibitor,
which corresponds with the results of Copeland et al. (1995) and Laneuville et al.
(1994).70,71 Both groups report that a steady-state level is reached after approximately
10 minutes for most compounds. By selecting a 10-minute incubation time for enzyme
and inhibitor, where the time-response curve had reached the steady-state level, we
improved the possibility of finding time-dependant inhibitors, and we increased the
reproducibility of the assay as well. Also measurements without incubation time of
enzyme and inhibitor can be performed to
further investigate time-dependent be-
haviour of the discovered inhibitors.

After establishing a time-course of
the reaction, the reaction time was
increased to 15 min, which might not be
enzymatically favourable; but which
nevertheless increased the reproducibility
of the assay. Recently, we have decreased
this time to 3 min, as will be discussed.
The kinetic parameter Km was estimated
to 8.8 ± 2.2 µM and 9.7 ± 2.7 µM for
COX-1 and COX-2, respectively.

Inhibitory effects of NSAIDs
The assay was validated by measuring the IC50 values of five NSAIDs, known to
possess different COX-1 and COX-2 selectivities, and different time-dependent
behaviour. After incubating the enzyme and inhibitor for 10 minutes, the COX-2
selective compound NS-398 was found to be the most COX-2 selective compound,
followed by ibuprofen, naproxen, and indomethacin –a rank order in accordance with
other investigations.72-74 Due to solubility problems, the COX-2 IC50 value of aspirin
was impossible to measure, as was the COX-1 IC50-value of NS-398.

The COX-2 time-dependent behaviour of aspirin, indomethacin, and ibuprofen
was studied. After 10 min of incubation of inhibitor and enzyme, the COX-2 inhibition
by indomethacin had increased, compared to the inhibition obtained in experiments
without incubation of enzyme and inhibitor. Ibuprofen showed decreased inhibition of
COX-2, while aspirin was ten times more potent as an inhibitor of COX-1, after 10
minutes of incubation with enzyme.

Comparison of IC50-values

Although the optimisation of the assay resulted in a robust method with increased
production of PGs, the inhibitors were less potent at the new conditions. The relatively
high IC50 values we obtained compared to other reported investigations, might be due

Table 3. Incubation times used in the original
assay and the developed assay
Incubation times Original

assay
Developed

assay
Activation time
(enzyme and cofactors)

15 min 5 min

Incubation time
(addition of inhibitors)

n.d. 10 min

Reaction time
(addition of AA)

10 min 15 min
(3 min)
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to a number of factors, such as, incubation time, reaction time, temperature of the
reaction chamber, protein concentration, variation of batch content and the
measurement of total PGs produced. However, the development of the assay might
have resulted in lower IC50 values if it had been optimised also with respect to
inhibitory effects of NS-398, for example, or of indomethacin (Figure 7).

Measurement of prostaglandins

The unspecific measurement of PGs compared to investigations of PGE2 or PGF2α, for
example, might benefit the use of the assay, since the results reflect a change in the
amount of total PGs produced by COX-1 and COX-2. However, it can also be a
disadvantage, since a decrease in PGE2 biosynthesis may not necessary reflects a
decreased production of all PGs. Thus, higher concentrations of inhibitors might be
needed to inhibit all PGs. Supplementary studies were therefore made using the SPA
technology for PGE2 quantification (Paper IV).

Estimation of protein concentration
Recently, time-response curves with a lowered COX-2 protein concentration (1 unit)
were created. Since the time-response curve reached steady-state level at in about 5
min, a 3-minute reaction time has been selected for further experiments (Figure 6).
This time is at the end of the initial linear region of the curve before approaching to the
steady-state level, which enables reproducible experiments.

The inhibitory effects of NS-398 on COX-2 varied, depending on the reaction
time (Figure 7). The curve shows that inhibition decreases with time. After 3 min of
reaction, inhibition was about 40%, and by 15 minutes, about half that, 20%. In
repeated experiments, results for both enzymes, with different COX-1 and COX-2
protein concentrations (0.5-3 units), were about the same. New determinations of the
IC50 value after 3 min reaction decreased the old NS-398 value from 53 µM to 2.4 µM
for COX-2 (1 unit).

Figure 6. Time-response curve of 1
unit COX-2, 37°. Each point represents
mean of 3 experiments ± SEM, n=6-9

Figure 7. Variation of COX-2 inhibition
by NS-398 (3 µM) depending on reaction
time. Each point represents mean of 3
experiments ± SEM, n=6
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Application of the developed assay
A variety of plant extracts obtained from several plant families from Europe, Asia, and
South America have been extracted with different solvents. The effects of the extracts
on both COX-1- and COX-2-catalysed PG biosynthesis have been evaluated. Half of
the 55 non-polar extracts (hexane and dichloromethane), tested at 100 µg/ml, inhibited
COX-2 by more than 30%, while only about 5% of the 130 polar extracts did so. Our
experience is that COX-2 selectivity seldom is observed in a crude extract, but that
further fractionation can reveal compounds selective towards COX-2.

Five plants were selected for bioassay-guided isolation because they showed
inhibitory effects when tested in COX-2 catalysed PG biosynthesis assay (Table 4).
Besides the COX-2 inhibitory effect, they are reported to have other pharmacological
activities, or traditional uses with relevance to COX-2 inhibition. Among these five
plants, P. major was fully investigated (Paper II and III).

Table 4. Plants subjected to bioassay-guided isolation. Inhibition of COX-2 catalysed PG biosynthesis
(mean ± SEM) by the dichloromethane extracts (100 µg/ml), along with selection criteria.
Plant COX-2 (%) Selection criteria Ref.
Plantago major L. 42±3 Inhibits carrageenan-induced rat oedema

(traditional medicine)

75, 76

Syringa vulgaris L. 50±3 Inhibits dextran-induced rat-paw oedema 77

Urtica dioica L. 66±1 Inhibition of carrageenan-induced rat paw
oedema (traditional medicine in rheumatism)

78, 79

Vaccinium myrtillus L. 20 ±3 Inhibition of carrageenan-induced rat-paw
oedema

80

Vincetoxicum
hirundinaria Med.

62±7 Used against breast cancer (toxic) 81

Bioassay-guided isolation of Plantago major
The plant Plantago major L. (Plantaginaceae)
(Figure 8) was selected as a model plant on basis of
its extensive anti-inflammatory use.76 In addition
P. major is reported to inhibit inflammation in rats
with carrageenan-induced oedema75 and a weak
inhibition of COX-1- catalysed PG biosynthesis is
described by an aqueous P. major extract.82 Further,
leaves have been used as an anti-ulcerogenic in
Turkish folk medicine and a methanol extract
reduce stress-induced ulcerogenesis in rats.83 These
observations suggested that the plant might contain
COX-2 selective compounds.

The plant P. major has been separated at two
occasions (Paper II and III). Both separations
started with soxhlet extraction of the herbal part.
The first soxhlet extraction was carried out
successively with hexane, dichloromethane,
acetonitrile, and H2O. Of these extracts, the hexane
extract inhibited COX-2 most (Paper II).

Figure 8. The plant, Plantago major L.
Photograph by Anna-Lena Anderberg,
Naturhistoriska Riksmuseet, Stockholm
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For the second soxhlet extraction, only dichloromethane was used for extraction
(Paper II). In part because results for a variety of extracts show that hexane and
dichloromethane extracts inhibit COX-1 and COX-2 approximately to the same extent.
When analysed with TLC, these two extracts contain about the same compounds. In
addition, the separation procedure for the second soxhlet extract was simplified in that
SPE was used for purification before separation on HPLC with a diode array detector.
Inhibition of less than 30% was regarded as inactive. By selecting this inhibitory level,
an extract (100 µg/ml) containing 20% of a compound with indomethacin's potency
would be detected.

The bioassay-guided separation of the hexane extract resulted in isolation of the
triterpenoid ursolic acid as one of the active compounds in P. major (Figure 9). In the
second soxhlet extraction, besides ursolic acid, the triterpenoid oleanolic acid was
isolated as an active compound (Figure 9), as were two fatty acids, linoleic acid (LA)
and α-linolenic acid (α-LNA). The fatty acids palmitic acid (PA) and myristic acid
(MA) were also identified, but not as inhibitors
of COX-2 or COX-1. Our finding of fatty acids
in the dichloromethane extract, but not in the
hexane extract, might be due to the different
separation procedures that were used, but is
more likely a result of differences in the
collection. Seeds of P. major, known to
contain fatty acids, were in abundance in the
second collection (AIP 98), and subsequently
were included in the dichloromethane
extraction.

Since the fatty acids and triterpenoids
were also active in V. myrtillus,84 and since
TLC and NMR-spectra indicated their
presence in S. vulgaris, U. dioica and V.
hirundinaria, it prompted us to  develop  a  fast
separation protocol to detect fatty acids and
triterpenoids, and thereafter to dereplicate these
compounds. The aim of such a protocol was to
facilitate the search for other new COX-2
inhibitors.

Separation of triterpenoids and fatty acids

The likelihood of finding novel bioactive compounds has become more difficult due to
the enormous number of known compounds already isolated and described in the
literature. This growing list of investigated bioactive compounds has created a need of
dereplication (the avoidance of repetitive isolation of common and well known
structures with known biological activity).60

Initially, a dereplication process for triterpenoids using SPE columns was
developed, which resulted in elution of ursolic and oleanolic acid in nine fractions out
of 50 fractions (1 ml/fraction). To narrow the elution volume and to scale up the
method, further improvements were needed. Since triterpenoids and fatty acids were
identified with the HPLC protocol used for separation of the dichloromethane extract,
that protocol became the focus. Besides P. major, the method has been applied to
V. myrtillus, where it was useful for identification of triterpenoids and fatty acids.84

Figure 9. Separation scheme of the
bioassay-guided isolation of a hexane
extract and a dichloromethane extract
of Plantago major.
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Development of the dereplication procedure and application of the protocol to various
other plant extracts are in progress.

To increase the efficacy of bioassay-guided isolation, fractionation directly into a
96-well format was implemented. The advantages are that more fractions can rapidly
be tested and that less material is needed for biological testing, since nothing then is
lost during sample preparation.

To further increase the capacity of finding new natural COX-2 inhibitors, a SPR
assay was initiated, by which possible inhibitors are directly identified in crude
extracts.

Compounds investigated for COX-2 inhibition
The bioassay-guided isolation of P. major resulted in detection of ursolic acid,
oleanolic acid, LA, and α-LNA as some of the COX-2 inhibitory compounds in the
plant extract (Table 5). PA and MA were also identified in the plant extract. The
COX-1 and COX-2 inhibitory effects of the isolated compounds were compared with
some other naturally occurring fatty acids, oleic, stearic, eicosapentaenoic (EPA), and
docosahexanoic acid (DHA), as well as fatty acid derivatives (compounds 1-6). The
effects of the triterpenoids were compared with glycyrrhetinic acid, a structural
isomer. Finally, the flavonoids (+)-catechin and quercitrin were also tested, since they
were isolated after fractionation of Ceiba pentandra guided by COX-1 inhibition.4

Table 5. Compounds investigated for inhibition of COX-2- and COX-1-catalysed
PG biosynthesis. The compounds are ranked in order of COX-2 inhibitory potency.

Compounds COX-2 COX-1 COX-2
IC50 (µM) COX-1

5-Thiaeicosatetraenoic acid (2) 3.9 26 0.2
Eicosapentaenoic acid (EPA) 7.1 13 0.5
Docosahexaenoic acid (DHA) 9.8 15 0.7
α−Linolenic acid  (α−LΝΑ) 12 93 0.1

NS-398 53 >100a <0.5
Linoleic acid (LA) 94 170 0.6
5-Thiaeicosatetraenoic acid (4) 120 81 1.4
Ursolic acid 130 210 0.6
3-Thiaoctadecatetraenoic acid (1) 160 84 1.9
Indomethacin 164 1.4 117
3-Oxaheneicosapentaenoic acid (6) 180 50 3.6
Oleanolic acid 295 380 0.8
Naproxen 1015 11 93
Ibuprofen 1030 18 57
(+)-Catechin 5910 279 21
Aspirin >5000 342 >15
Glycyrrhetinic acid >425 >425 -
3-Oxaoctadecatetraenoic acid (5) >500 >500 -
3-Oxaoctadecatetraenoic acid (3) >500 >500 -
Myristic acid (MA) >500 >500 -
Oleic acid (OA) >500 >500 -
Palmitic acid (PA) >500 >500 -
Pentadecanoic acid (PDA) >500 >500 -
Stearic acid (SA) >500 >500 -
Quercitrin >2000 >2000 -
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Compound 2, EPA, DHA, and α-LNA were more potent COX-2 inhibitors than
the reference compound NS-398. Generally, both the polyunsaturated fatty acids and
the triterpenoids inhibited COX-1- and COX-2-catalysed PG biosynthesis, although
the triterpenoids were less potent. The monosaturated or saturated fatty acids did not
inhibit the enzymes. All of the semi-synthetic fatty acids that are thio-ethers inhibited
COX-1 and COX-2, while the fatty acids with an ether function were either inactive or
showed a preference toward COX-1. The flavonoids were the least potent inhibitors of
COX-2.

Among the compounds detected as inhibitors, none are a COX-2 specific
compound, although some compunds were selective towards COX-2. The most
selective compounds towards COX-2 are α-LNA and compound 2, while compound 6
and    (+)-catechin showed highest selectivity towards COX-1.

For (+)-catechin, ursolic and oleanolic acid, inhibition was measured with
incubation of the enzyme and test compound, and without incubation, in order to
detect time-dependent inhibition (Paper I and II). The COX-1 potency of (+)-catechin
was unaltered by variation in incubation time, but was less COX-2 potent in
experiments with incubation (10 min) than without incubation. The COX-1 inhibitory
effects, with and without incubation, were also constant for ursolic and oleanolic acid,
whereas the COX-2 inhibitory effects increased when the compounds were incubated
for 10 min with COX-2. This behaviour is similar to that of many COX-2 selective
inhibitors that are competitive inhibitors of COX-1, and are both competitive and time-
dependent inhibitors of COX-2.

COX-2 inhibitory effects of triterpenoids
More than 1500 triterpenoids are described in the “Dictionary of Terpenoids” and the
occurrence is widespread in plants.85 The appearance of ursolic acid and oleanolic acid
are reported for more than 450 plant species, among others Vaccinium myrtillus L. and
Urtica dioica L.. Glycyrrhetinic acid, on the other hand, is more rare, but found in
Glycyrrhiza glabra L., for example.

Several pharmacological effects are reported from ursolic and oleanolic acid,
including anti-inflammatory, analgesic, cardiotonic and anti-ulcer.86 Recently, the anti-
tumourigenic and chemopreventive effects of ursolic acid were reviewed.87 Ursolic
and oleanolic acid have also been investigated for inhibition of COX-2 mRNA and
protein levels, in LPS-stimulated mouse macrophage RAW 264.7 cells.48 Neither of
the compounds reduced mRNA, and protein levels of COX-2 and ursolic acid showed
no effect on the PGE2 production. The same research group found potent COX-2
inhibitors when investigating 80 derivatives of ursolic and oleanolic acid.

Figure 10. Chemical structures of triterpenoids tested for inhibition
of COX-1- and COX-2-catalysed PG biosynthesis.
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Ursolic and oleanolic acid inhibited COX-1- and COX-2-catalysed PG
biosynthesis, whereas glycyrrhetinic acid had no effect on the enzymes (Table 5)
(Paper II). Apparently a carboxyl-group at position 28 in ursolic and oleanolic acid is
important for the COX-1 and COX-2 inhibitory effects. On the other hand,
glycyrrhetinic acid, which has instead a carboxyl-group at position 29, shows no COX
inhibitory effect (Figure 10). However, this lack in inhibition by glycyrrhetinic acid
might also be the result of the extra keto-group at position 11.

Little is known about the mechanism by which the triterpenoids bind to the active
site of COX-1 or COX-2. However, ursolic, oleanolic and glycyrrhetinic acid contain
two important properties for binding to the COX active site: a carboxyl group and a
long carbon chain. One hypothesis is that the carboxyl group positions the substances
into the active site between Arg120 and Tyr355. Thus, the hydroxyl-group of ursolic
and oleanolic acid might enter the top of the active site, whereas glycyrrhetinic acid
can not eneter due  to the keto-group at position 11. To confirm this hypothesis further
investigations with crystals structures of triterpenoids bound to COX-1 and COX-2, is
needed.

COX-2 inhibitory effects of fatty acids
Most likely, the COX-2 inhibitory effect in the five plants, P. major, V. myrtillus, V.
hirundinaria, S. vulgaris, and U. dioica, are due to the occurrence of fatty acids. Fatty
acids, an important part of the human diet (in form of fats from plants and animal),
commonly occur in plants.88

Fatty acids are divided into ω-3, ω-6 and ω-9 series, depending on where the first
double bond is situated, counted from the methyl end. Especially the ω-3 fatty acids
have been ascribed an important role in humans, by affecting biological functions,
such as the inflammatory cascade. Furthermore, they are used in the treatment of
among others arthritic, cardiovascular and renal disorders.88 Generally ω-6 fatty acids
are thought to be inflammatory, while ω-3 fatty acids are anti-inflammatory.

Metabolism of fatty acids
The ω-3 and ω-6 series compete in the
production of inflammatory mediators.
Elongation and desaturation of LNA yields,
among other, EPA and DHA, while
conversion of LA results in AA (Figure 11).
The fatty acid, EPA is found to be a
competitive inhibitor of AA, resulting in the
production of less biologically active
metabolites (e.g., PGE3) than the normal end
product, PGE2.

A disadvantage of EPA is its limited
stability in cells, due to the fast β-oxidation in
mitochondria. Modified fatty acids where the
β-methyl is replaced with a thioether or ether
function will thereby have prolonged
biological activity.89, 90

Figure 11. Metabolism of ω-3 fatty acids
(α-linolenic acid) and ω-6 fatty acid
(linoleic acid).

C18:3
-LNA

C18:4

C20:4

C20:5
EPA

C22:5

C22:6
DHA

PG3 series
LT5 series
alcohols

-3 FAs

C18:2
LA

C18:3

C20:3

C20:4
AA

C22:4

C22:5

PG1 series

LT2 series

PG2 series

LT4 series
alcohols

-6 FAs



COX-2 Catalysed Prostaglandin Biosynthesis Assay

26

Figure 12. Chemical structures of fatty acids tested for inhibition of COX-1- and
COX-2-catalysed PG biosynthesis.

Binding of fatty acids to the COX active site
The polyunsaturated fatty acids, α-LNA, LA, DHA, and EPA, and the fatty acid
derivatives, compounds 1, 2, 4, and 6, inhibited COX-2 (Table 5),(Paper III). The fatty
acids are suggested to act as substrates of both COX-1 and COX-2, which can be
anticipated by their structural resemblance to the COX substrate AA (Figure 12). Both
COX-1 and COX-2 are reported to oxygenate several fatty acids, including AA, LA,
α-LNA, DHA, and EPA.89,91-93

Crystal structures of EPA and LA bound to the COX-1 active site (PGHS-1)
show that they bind in a configuration similar to AA (Figure 13 and 14).94 The fatty
acids are positioned in an L-shape, where the carboxyl group of fatty acids binds to
Arg120 (R120) and Tyr355 (Y355) with ion-pair and hydrogen binding, respectively.
The fatty acids bend over, and the ω-part is placed in the hydrophobic pocket above
Ser530 (S530). The additional double bond of EPA compared to AA decreases the
flexibility of the ω-end of EPA, making its bending more strained, while the shorter
LA makes a more direct route to the top of the active site.

Figure 13. Comparison of LA (pink) and
AA (yellow) bound to the COX active site
(Malkowski et al., 2001).94

Figure 14. Comparison of EPA (light blue)
and AA (yellow) bound to the COX active
site (Malkowski et al., 2001).94
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Even if the fatty acids bind suboptimally compared to AA, they are able to bind
to the active site of COX-1, and probably also to the active site of COX-2. The
thioether containing fatty acids are likely to bind similarly. A suggestion is that other
COX-2 inhibitory natural products with structures similar to fatty acids, for example,
13-cis-retinoic acid, all-trans retinoic acid, retinyl acetate, vitamin E, and ajoene40,52,95

also might act in this way.
Since the fatty acids are reported to affect the expression of COX-2 in cells, we

decided to investigate whether the observed inhibition of COX-2 catalysed PG
biosynthesis by the fatty acids is also reflected in a decreased level of PGE2 in cells,
and decreased levels of COX-2 protein and mRNA as well.

Conclusion
The assay has been developed into a robust tool for measuring effects of natural
products on both COX-1- and COX-2-catalysed PG biosynthesis. Except for
minimum, maximum, and internal standard (indomethacin or NS-398), twelve samples
in triplicate (or a dose-response of twelve concentrations) can be run in a single
experiment. The assay has a medium capacity, and a 3 h hands-on time. Even so,
continued development of the assay is desired, to increase the capacity of the assay
and to measure PGE2 production.

The triterpenoids, ursolic and oleanolic acid, and the fatty acids, α-linolenic and
linoleic acid, were isolated as COX-2 inhibitors in P. major by using bioassay-guided
separation. In addition, a natural triterpenoid, two flavonoids, and several natural fatty
acids and semi-synthetic fatty acids were investigated for COX-2 inhibition. Of all the
tested compounds, the most potent inhibitors were the polyunsaturated fatty acids and
the fatty acids with a thioether, with α-linolenic acid and compound 2 being most
selective toward COX-2.

Generally, the COX-2 inhibitors are hydrophobic compounds with a long carbon
chain and a carboxyl-group. Since such isolated compounds commonly occur in
plants, bioassay-guided isolation of plants, with initial dereplication of triterpenoids
and fatty acid, should enable the finding of other new COX-2 inhibitors. Moreover,
increasing the knowledge about COX-2 inhibitory effects of other commonly
occurring plant compounds would further facilitate the search of natural COX-2
inhibitors.

In conclusion these results may be used as a start for future search for selective
COX-2 inhibitors of natural origin. As a first goal potent COX-2 inhibitors has to be
identified. Secondly, those inhibitors have to be further investigated in other assays,
and in structure-activity studies.
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COX-2 Inhibition, Detected by Scintillation Proximity Assay

To increase the capacity for more efficient and extensive evaluations of natural COX-
2-inhibiting compounds, the COX-2 assay described in paper I was further developed
(Paper IV). Our intention was not only to increase the efficacy of the assay, but to
measure the inhibition of PGE2 production as well. The scintillation proximity assay
(SPA) technique is commonly used in a variety of enzyme, cellular, and receptor
assays. The technique is widely used in HTS, since only pipetting steps are required,
which suites the assay for automation.58,96 A distinct advantage of this technique over
using RIA, EIA, or scintillation counting is that no separation or washing, of unreacted
substrate or unbound labelled analyte, are needed. Further, by using antibodies against
PGE2, this method enables detection of the amount of PGE2 produced by COX-2.

Principle of scintillation proximity assay

SPA is a radioisotopic assay technique based on the fact that only β-particles from a
radioisotope, within the close proximity of a scintillant molecule, can transfer energy
to the molecule and thereby emit a detectable light.96 The pathway of a β-particle is
determined by the particle’s energy, and varies for different isotopes: for instance, the
average pathway of β-particles from 3H is 1.5 µm. By immobilising the target of
interest on microspheres (ø=5 µm) containing a scintillant (i.e., SPA-beads), radio-
labelled analytes that bind are detected (Figure 15). When the radioisotope remains in
solution, the distance between the emitted β-particles and scintillant is too long, and no
signal occurs. Consequently, no washing of unbound radioisotopes is needed, since
there is no signal detected from the radioisotopes in solution.   

Figure 15. Radio-labelled PGE2 binds to anti-PGE2 on the SPA
bead, emitting light, whereas no light is emitted when
unlabelled PGE2 from the bioassay binds.

Development of the SPA assay
To avoid interference of COX-2 and AA to the SPA beads, detection was achieved
indirectly (Paper IV). The PGE2 produced in the bioassay competes with radio-labelled
PGE2 for binding to the PGE2 antibodies. This results in a decreased signal when a
large amount of PGE2 is produced (i.e., no inhibition occurs in the bioassay).

Assay conditions, regarding amount of antibody, radio-labelled PGE2, and SPA
beads, were optimised and a detection range of 5 to 500 pg PGE2/well was yielded.
This range was well suited for the analysis, since the PGE2 aliquots from the bioassay
did not exceed 200 pg PGE2/well.

Anti-PGE2 bound
to SPA bead

[3H]-PGE2

PGE2
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Basically, the assay for
investigation of COX-2 catalysed PGE2

biosynthesis is run as described in paper
I, but with SPA detection of PGE2

(Figure 16). Nevertheless, some
modifications were incorporated to
make the assay suitable for SPA. The
radioisotope was changed to 3H instead
of 14C, since the shorter emission-
distance of β-particles from 3H ideally
conforms with the proximity principle.96

The reaction was terminated after 6
minutes to obtain a robust and
reproducible assay. However, this
termination point occurs in the
beginning of the steady state level,
which might lead to an under estimation
 of the potencies of tested inhibitors.
Since HCl (used in the original assay)
affects the antibodies, the reaction was
terminated with sodium bisulfite.
Finally, the assay was run at room temperature and the kinetic parameter, Km, was
estimated to 1.0 µM.

The method, validated with the natural compounds ursolic and oleanolic acid and
four synthetic COX inhibitors, resulted in the following COX-2-inhibitory rank order
(IC50-values): NS-398 (0.2 µM), rofecoxib (0.8 µM), indomethacin (4 µM), ursolic
acid (86 µM), oleanolic acid (87 µM), and aspirin (780 µM). Generally, the inhibitors
were more potent than in the original assay (Paper I), perhaps because of the shorter
reaction time and the detection of PGE2.

Evaluation of plant metabolites
Hitherto, the isolated natural COX-2 inhibitors were the commonly occurring
triterpenoids and fatty acids. To enable further bioassay-guided separation, increased
knowledge about possible effects on COX-2 by other commonly occurring plant
constituents was essential. By using the SPA technology for investigation of COX-2
catalysed PGE2 biosynthesis, 49 plant constituents were evaluated for COX-2
inhibition (Paper IV).

The 49 compounds of different biosynthetic origins were from several substance
classes: alkaloids, anthraquinones, flavonoids, phenylpropanes, steroids, and terpenes
(Table 6). They were tested at 10 µM and 100 µM for inhibition of COX-2 catalysed
PGE2 biosynthesis. Inhibition of COX-2 was only observed at the higher concentration
of plant constituents. Dose response curves were obtained for the active compounds.

Several natural compounds are reported to affect COX-2, as summarised in our
review,6 and in Table 2. A rational survey based on biosynthetic origin of natural
COX-2 inhibitors would facilitate future selection in the search of new plant
compounds with COX-2 inhibitory effects. Our results are therefore compared, below,
with those reported in the literature.

Figure 16. Schematic view of the assay
measuring inhibition of COX-2-catalysed PGE2

biosynthesis using SPA

AA

COX-2

test sample
incubation, 10 min

reaction, 6 min

activation, 5 min
cofactors

termination
NaHSO 3

equilibration, 10 min

incubation, 90 min

scintillation counting

[3H]-PGE 2

anti-PGE 2

SPA beads
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Table 6. Compounds (100µM) investigated for inhibition of COX-2 catalysed PGE 2.
Compound Inhibition (%) Compound Inhibition (%)
Alkaloids Steroid

Atropine - Ouabain -
Caffeine - Terpenes
Emetine HCl - Abietic acid -
Nicotinic acid - Betulin -
Pipecolic acid - α-Bisabolol -
(-)-Scopolamine HCl - (+)-Camphor -
Stachydrine HCl - Citronellal -
Theophylline - DL-Citronellol -
Trigonelline HCl - β-Escin -

Anthraquinone Eucalyptol -
Sennoside B - (R )-(+)-Limonene -

Flavonoids α-Lupeol -
Chrysin - (-)-Menthol -
Luteolin - Thymol -
Myricetin 62 ±7 Other
Naringenin - Arbutin -
Rutin - Hydroquinone -

Phenylpropanes Gallic acid -
Caffeic acid 32 ±16 Pyrogallol 57 ±7
Chlorogenic acid - (-)-Quinic acid -
Cinnamaldehyde 45 ±7 α-Terthienyl -
Coumarin - Thioctic acid -
p-Coumaric acid - Shikimic acid -
3,4-Dimethoxycinnamic acid - Compounds marked – showed less than 30 %
Esculin - inhibition.
Eugenol 40 ±7
Isovanillic acid -
Podophyllotoxin -
Scopoletin -
Umbelliferone -

Alkaloids
None of the tested alkaloids inhibited COX-2. Of the alkaloids that are reported to be
investigated for enzymatic activity of COX-2, only hymenialdisine inhibits the
enzyme.46 Taking into account that numerous alkaloids have been tested and showed
biological activity,  and in view of the few alkaloids reported to have been tested for
COX-2 inhibition, this might indicate that this substance class generally lacks COX-2
inhibitory effects.

Anthraquinone

The tested compound sennoside B, a dianthrone glycoside, was inactive, whereas the
anthraquinones, rhein, and diacerhein are reported to inhibit COX-2.45
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Flavonoids

Of the tested flavonoids, myricetin inhibited COX-2 in the first investigation, but was
found less potent in the dose-response experiments. Of about 50 tested flavonoids, 26
are reported to inhibit COX-2; thus the flavonoid substance class is the most
thoroughly investigated for COX-2 inhibition. Generally, flavonoids with more than
one sugar unit are inactive.

Phenylpropanes
In the initial investigation, three phenylpropanes (out of twelve tested) inhibited COX-
2. In the dose-response experiments of active compounds, which followed, eugenol
and cinnamaldehyde showed IC50-values of 129 µM and 245 µM, respectively. No
dose-dependent inhibition was detected for caffeic acid in this study, whereas the
caffeic acid phenethyl ester is reported to inhibit COX-2.42

Steroid

Plant steroids are rarely reported as enzymatic COX-2 inhibitors in the literature. In
corroboration, the only tested steroid, oubain, did not inhibit COX-2 catalysed PGE2

biosynthesis.

Terpenes

The triterpenes, ursolic, and oleanolic acid, used as reference compounds in the assay,
inhibited COX-2, whereas none of the other investigated terpenes inhibited the
enzyme. Apart from the mentioned triterpenoids, COX-2 inhibitory effects have been
ascribed to diterpenoids (e.g., triptolide and akendo 3), sesterterpenes (e.g., manoalide
and scalaradial), sesquiterpens (e.g., parthenolide), and tetraterpenes (e.g., retinoic
acids).41,47,49,52,55

Others
In this group of miscellaneous compounds, including tannins, primary metabolites, and
sulphuric-containing compounds, the tannin pyrogallol inhibited COX-2 with an IC50

value of 144 µM. The sulphuric compounds were screened because all fatty acids with
a thioether moiety were active (Table 5), and most of the synthetic COX-2 selective
compounds contain a thio-group (Figure 4). However, the lack of a long carbon-chain
in the two compounds, α-terthienyl and thioctic acid, which were screened, might
explain why they lacked inhibitory effect.

Conclusion
By selecting SPA for detection of PGE2, we obtained a rapid COX-2 assay that was
even faster than the original assay. The handling time for the current assay is about 30
minutes. Since only pipetting steps are required, the assay can easily become
automated.

Out of the 49 screened plant metabolites, five compounds inhibited COX-2. This
is a rather high hit-ratio compared to that used in HTS-screenings, where a 0.5-1 %
hit-rate is normal. However, for our purpose, a 10% hit-rate is acceptable, since we
want to investigate possible effects of common plant constituents on COX-2.
However, a stricter criteria must be selected for a larger evaluation.

Eugenol and pyrogallol were found more potent than cinnamaldehyde, but all the
compounds were less potent than the triterpenoids (used as reference compounds). Still
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the compounds are considerably more potent than aspirin, a compound known to be a
primary COX-1 inhibitor.

Two of the active compounds, eugenol and cinnamaldehyde, are phenolic
compounds. Phenolic compounds are known to inhibit the COX catalysed PG
biosynthesis, through inhibition of hydroperoxidase, by acting as electron donors.68

However, phenolic compounds are also reported to act as competitive inhibitors.97

Therefore, when plant extracts are to be separated, dereplication of phenolic
compounds is recommended.

Because some of the screened compounds have shown COX-2 inhibitory effects
when tested in the cell models of other groups, we initiated a study of the effects of our
detected COX-2 inhibitors on COX-2 mRNA and protein levels in cells.
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COX-2 Inhibition, Measured by Surface Plasmon Resonance

Usually, bioassay-guided isolation of plant extracts and fractions involves several
separation steps before testing of the activity. The surface plasmon resonance (SPR)
technique, where bioactive compounds (analytes) bind to an immobilised target,
provide new possibilities for natural products research. By using the SPR technique
measurements of analytes in crude cell extracts without prior purification, is
allowed.98,99 Furthermore, a BIACORE instrument combined with MALDI detection,
used for identification of compounds that bind to the ligands,62 improves the method’s
utility in searching for COX-2 inhibitors in plant extracts.

The SPR technique is used in the search for drugs, allergens in human serum and
food, pesticides in soil and water, and in food quality control.100 A wide range of
analytes can be detected, with detection limits generally in the nanogram to microgram
range. The SPR technique has several advantages compared to bioassays like RIA and
EIA, such as requiring low quantities of reagents, no labelling of secondary molecules
as tracers and no washing steps. Further it gives information about kinetic interactions,
by monitoring of the actual binding event.101 For measuring COX inhibition, available
RIA and EIAs detect the enzymatic activity in an indirect way by quantifying the
amount of prostaglandins produced.51,54 Consequently, a SPR assay would be
advantageous for screening purposes, since it requires few handling steps and gives
kinetic information, moreover one surface can be used for 50-100 analytical cycles.99

The first step was to develop a reliable method for detection of COX-2 and
COX-1 inhibition, using the SPR technique, and then as the second step, possible
effects of crude extracts were to be investigated.

Detection principle

Surface plasmon resonance, based on an optical phenomenon, measures interactions
between two or more molecules by immobilising one of the interactants (ligand) on the
surface of a sensor chip, and then by passing a solution containing the other interactant
(analyte) over this surface.102 In BIACORE, the sensor surface is in contact with the
optical unit and with a flow system that delivers buffer and reagents to the surface.
Instrumental control and data processing are computerised.

A variety of sensor surfaces with different charges and hydrophilicities are
available, but for soluble proteins and small molecule work, sensor chip CM5 is
normally used. This surface consists of a glass plate coated with a thin film of gold
(≈50 nm), onto which a carboxylated dextran polymer is covalently bound (≈ 100
nm).103

SPR measures changes in the optical properties of the medium, close to the gold
surface104 (Figure 17). A light source illuminates the glass side of the sensor chip,
which leads to a refraction of light and excitation of electrons in the gold film. This
excitation is referred to as surface plasmon resonance. As the refractive index on the
gold side of the sensor surface changes, the angle at which the electrons are excited
shifts: and the dark band on the detector moves to a new position. In this way the
optical detector monitors changes in the refractive index close (0-1 µm) to the sensor
surface. The refractive index, directly related to the mass concentration in the dextran
layer, increases when an analyte binds to the ligand, immobilised on the sensor chip.
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The difference in refractive index is expressed in resonance units (RU), where 1 RU
corresponds to a change in surface concentration of approximately 1 ng/mm2.104

The sensor chip is in direct contact with the flow cells (20-50 nl) that are a part of
the integrated microfluidic cartridge. The ligand of interest (e.g., COX-2,
indomethacin or antibody) is then immobilised on the sensor chip by injecting reagents
and ligands over the sensor surface.

Figure 17. A schematic presentation of an SPR instrument consisting of light source, optical
detector, glass prism, sensor chip (glass plate, gold film, and dextran matrix) and flow cell.

Direct measurement of COX-1 and COX-2 inhibitors
By immobilising the target protein, low-molecular compounds with proteins as targets
can be suitably screened, since numerous possible inhibitors can be analysed on the
same surface, resulting in low consumption of the target protein. The method of direct
immobilisation has been used, for instance, to screen inhibitors that bind to
immobilised HIV-1 proteinase,105 which prompted us to try the method for
immobilisation of COX-1 and COX-2 (Figure 18).

Figure 18. Schematic drawing of direct measurement of inhibitors bound to COX-1 or COX-2

Immobilisation of COX-1 and COX-2
The most common method for ligand immobilisation is amine coupling. The coupling
procedure starts with an activation step in which the carboxyl groups on the dextran
polymer are converted to N-hydroxy succinimide esters.103 Amines of the ligand react
with this ester to form stable amide bonds. This method was used for immobilisation
of COX-2 (25 µg/ml) or COX-1 (18.4 µg/ml) (in acetate buffer pH 5) on a CM5-
surface. By monitoring the refractive index, binding of COX-1 and COX-2 are
detected, but the enzymes leak off, reflecting either non-covalent attachment or
enzyme instability. In order to improve the stability of the immobilisation and to
prevent inactivation of COX-1 and COX-2, the influence of cofactors was studied.
Addition of hematin (10 µM) and l-epinephrine (39 µM) to a TRIS buffer solution
resulted in increased stability, while glutathion (0.01-1 mM) reduced the stability.

immobilised COX

inhibitor

optical detectorincident light

sensor chip

flowcell

ligand

analyte

prism
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Analysis of COX inhibitors

The known COX inhibitors, indomethacin, ibuprofen, naproxen, NS-398, ursolic and
oleanolic acid, as well as some crude extracts, were selected as analytes and tested at
concentrations between 4 to 500 µM. To ensure solubility of a wide range of
compounds, the analytes were injected in TRIS buffer containing 5% DMSO.
Although a dose-response could be seen for NS-398, indomethacin, naproxen,
ibuprofen, and oleanolic acid, the interpretation of the results were not straightforward.
For example, with an immobilisation level of COX-2 (Mw 72 kDa) of 5600 RU on the
surface, the expected maximum binding response of NS-398 is 24 RU, while the
observed maximum response was 109 RU.106 For indomethacin, the expected response
was 28 RU, and the observed was 127 RU. Similar results were obtained for binding to
COX-1. In addition, repeated injections of indomethacin with different concentrations
(15-500 µM) of COX-1 showed that the response decreased with number of injections.

The high response suggests that the analytes binds unselectively to the enzyme
surface and not to the active site of the COX enzymes. Another possibility is that
binding was directed, not to the enzymes, but to impurities co-immobilised with the
enzymes. The manufacturer Cayman Chemical Company (USA) reports a purity of
70% for COX-2 and 95% for COX-1. Further, the addition of DMSO to the buffer was
problematic, since it gave a high response by itself that was difficult to subtract from
the compound-binding signal. However, tests with injection of crude extracts did not
result in more unspecific binding. The combination of unselective binding of
inhibitors, DMSO effects, and low repeatability due to surface instability, led to a
change in strategy: a competitive assay instead of a direct binding assay was
developed.

Indirect measurement of inhibitors bound to COX-1 and COX-2
In a competitive assay, a ligand, known to bind to the target protein, is immobilised,
and a solution containing protein and test compound is injected. When the test
compound is inactive, all protein molecules can bind to the sensor surface, resulting in
a high response. If the test compound binds to the protein, less protein is free to
interact with the immobilised ligand, and response is reduced.

Since the response is directly proportional to the mass of the analyte interacting
with the immobilised molecule, binding of protein results in a higher signal compared
to that of the previous described assay. The measurements are also less sensitive to
additions of solvents to the sample, because the response can be detected after the
injection, when the solvents have disappeared from the flow system. However, this
method does have disadvantages: it requires more enzymes, and the kinetic
information is lost, since the interaction of interest occurs in the solution. On the other
hand, the affinity of the interaction can be obtained from a dose response curve.107

Competition assays have been used for other enzymes, including the capture of
carbonic anhydrase by immobilised benzenesulfonamide, and binding of HIV protease
by immobilisation of an inhibitor.108,109

For the COX assays, the COX-1 selective inhibitor indomethacin was selected as
ligand, because it has affinity toward both COX-1 and COX-2. A lysine derivative of
indomethacin was used for immobilisation, but also for facilitating coupling, and as a
spacer between dextran and indomethacin. (Figure 19). The enzyme (COX-1 or
COX-2) was incubated with the analytes before being passed over the surface.
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Consequently, analytes with affinity for COX-1 or COX-2 resulted in less free
enzyme, which can bind to the immobilised indomethacin. By varying the analyte
concentration IC50-values can readily be estimated.

Figure 19. Schematic drawing of indirect measurement of inhibitors bound to COX-1 or COX-2

Immobilisation of ligand
The indomethacin-lysin derivative was immobilised in borate buffer (pH 8.5), yielding
a response of 580 RU. Various concentrations of COX-1 and COX-2 were injected.
Interestingly, binding occurred not only to immobilised indomethacin, but also to an
unmodified dextran surface. Nevertheless, concentrations of 3 µg/ml COX-1 or
COX-2 were selected for further experiments. Mixtures of the enzymes and known
inhibitors, indomethacin, ibuprofen, naproxen, NS-398, ursolic acid, or oleanolic acid
(1-500 µM), were injected. Again, non-specific binding was observed, and dose-
dependent response curves were impossible to obtain. Addition of hematin (0.1-100
µM), l-epinephrine (3.9-39 µM), glycerine (20%), or TWEEN 20 (1%), or the use of
different buffers (TRIS, PBS, or HEPES, 50-200 mM, 0.15-0.8 M NaCl, pH 7.4-8.4,
with 5 % DMSO), did not prevent unselective binding of the enzymes.

To test whether the binding of the enzymes could be more specific, tests with
other surfaces were run. An ibuprofen-biotin derivative was immobilised on a
streptavidin surface, and AA (added into a liposome) was captured on a surface
modified with alkane chains (sensor surface L1). In both cases, an increased unspecific
binding was observed when the enzyme was injected. These results, and those
mentioned earlier, possibly reflect the hydrophobic nature of the membrane-binding
domain of the enzymes.110,111 Alternatively, the lack of proper dose-response curves of
indomethacin may be due to steric considerations or immobilisation of an inactive
form of indomethacin. Another suggestion is that the indomethacin-lysin, immobilised
on the surface, did not reach into the active site of the enzyme, because indomethacin
is reported to bind deeply into the cyclooxygenase active site, and to penetrate furthest
into the top of the hydrophobic channel.28 Consequently, a completely different
strategy was developed, using antibodies towards PGE2.

Indirect measurement of PGE2 catalysed by COX-2
This method was intended to estimate the amount of PGE2 produced in the COX-2
catalysed prostaglandin biosynthesis assay, described in paper I. The aim was to make
an assay for PGE2 detection without prior washings and separations, which are
necessary in EIA and RIA assays. PGE2 is immobilised on a CM5 surface and the
amount of free PGE2 antibodies in a solution containing antibodies and a sample from
the bioassay is measured (Figure 20). Addition of samples from the COX-2 assay
containing PGE2 (i.e., no inhibition has occurred) to the PGE2-antibodies results in a

indomethacin immobilised via a spacer

free COX enzyme

inhibitor bound to COX
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decreased response, compared to addition of a sample where the PGE2 synthesis has
been inhibited.

A similar method has been used for detection of digitalis compounds such as
digoxin, digitoxin, ouabain, and ouabagenin, using an antibody against ouabain.112

Screening of penicillin residues in milk is another application.113

Figure 20. Schematic drawing of measurement of PGE2 catalysed by COX-2, using PGE2 antibodies.

Immobilisation of prostaglandin E2

Prostaglandin E2 (0.8 mM) was immobilised via amine coupling of the carboxyl group
to a CM5 surface. By injecting the antibody (rabbit polyclonal antiserum, Upstate
biotechnology, 1:1000 to 1: 8000) a dose-dependent increase in binding response was
observed (Figure 21). An addition of PGE2 (0.00005-5 µM) to the antibody solution
(1:4000) resulted in a dose-dependent decrease in response (Figure 22), with an
estimated measurable range of 0.005 to 5 µM. This range is sufficient for our
measurements, since the maximal amount (theoretically) of PGE2 produced in the
COX radiochemical assay is 5µM. Samples from the COX-2 bioassay containing

Figure 21. Dose response of anti-PGE2 (dilution
1:8000 to 1:1000) injected to a surface with
immobilised PGE2 immobilised.

Figure 22. Dose response of, PGE2

(0.00005 µM to 5 µM) and a fixed amount
of anti-PGE2 (1:4000), injected on a surface
with immobilised PGE2.

maxima and minima of PGE2 production, and indomethacin (IC50 concentration) was
mixed with a fixed amount of PGE2-antibody (1:4000) and injected as samples, into
the SPR. Sample-independent, non-specific binding to reference channels was the
result, also confirming the challenge, given when COX enzymes are present in the
samples. The responses of separate ingredients in the assay (AA, COX-2, and
cofactors) were tested. A considerable response of COX-2 was observed: and to some
extent, a response of AA and cofactors. Filtering the samples from the assay through

Y
immobilised PGE 2

PGE2-antibody

PGE2 bound to a PGE2-antibody
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Millipore 22 µm yielded no improvement. Further separation or dilutions of the assay
samples were therefore needed before the analysis

Conclusion
The experiments were, by intention, to create a method for finding COX-2 selective
inhibitors in crude plant extracts without prior separation of the extracts: but first a
method for measuring COX-1 and COX-2 inhibition had to be established.

The direct binding assay indicated that several compounds could bind to multiple
sites of the enzymes, or to other ligands that were co-immobilised, since crude
preparations of the enzymes (particularly COX-2) were used. Further, the SPR
technique is particularly sensitive and even small variations in concentration of
DMSO, (needed for dilution of samples) complicated the detection.

In the competitive assay, the high degree of unspecific binding to the sensor
surface was a major drawback. In particular, COX-2 exerts extensive unspecific
binding to dextran surface, and as a result, higher binding to dextran surface than to an
immobilised indomethacin-lysine, or than to immobilised PGE2 antibodies was
observed. On the more hydrophobic surfaces of COX-2, such as sensor surface L1,
unspecific binding was even higher. Binding to the hydrophobic surface was in fact
higher than to a surface where liposomes containing AA were immobilised. The same
result was obtained when an ibuprofen-biotin derivative was immobilised on a
streptavidin-coated surface.

For PGE2 detection, the assay using anti-PGE2 was successful. However, COX-2
and AA in the samples from the bioassay bound unselectively to the surface and
complicated the interpretation.

In all methods, non-specific binding complicates the evaluation. The binding is
probably a consequence not only of the hydrophobic nature of the membrane-binding
domain of COX-1 and COX-2, the hidden active site, but also of contamination of
other proteins in the enzyme preparations. That the enzymes are rapidly inactivated66

further obstructs the repeatability of the experiments. Nonetheless, a search for other
surfaces that might enable immobilisation is in progress, which may solve the problem
of hydrophobic enzymes.

The experiment with the method having PGE2 bound on the surface, and
injection of a mixture of PGE2-antibody and bioassay sample, are the method that I
assume are most favourable to become a success. A separation of the bioassay sample,
(e.g., over a C18 column) may have discarded the COX-2 enzyme and AA, which
hopefully will result in a PGE2-sample with less unspecific binding to the surface. The
benefits of such a method is questionable though, since the SPA method, described in
article IV, as well as the EIA and RIA methods, are carried out in a similar way.

Preliminary experiments with injection of crude plant extracts indicate, so far,
that no increase in unspecific binding to the surface has occurred, but further
investigations are needed. Despite the problems, these results do encourage the use of
the SPR technique in natural product research, but with enzymes other than COX-2 as
targets.
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Effects on COX-2 and iNOS Expression in RAW 264.7 Cells

To evaluate the effects of natural products on COX-2 in an intact cell model, the
mouse macrophage RAW 264.7 cell line was selected; and then, to further study
possible anti-inflammatory activity, effects on the expression of inducible nitric oxide
synthase (iNOS) were evaluated. The fatty acids EPA, and compound 2, which inhibit
COX-2 catalysed PG synthesis, were selected as model compounds for studying
effects on COX-2 and iNOS (mRNA and protein levels), and on enzymatic
metabolites (i.e., PGE2 and nitrite) in the cells.

The mouse macrophage RAW 264.7 cells are widely used for anti-inflammatory
studies, since stimulation with a variety of factors, including the endotoxin LPS,114,115

leads to an induction of COX-2 and iNOS, and subsequently to production of PGE2

and NO. The reactive radical NO is rapidly converted to nitrogen oxides, including
nitrite.116 The experimental procedure is described in the appendix.

Inflammatory response of inducible nitric oxide

Inducible NOS mediates inflammatory processes: while cyclooxygenase converts AA
to PGs, NOS converts L-arginine to nitric oxide (NO). The cyclooxygenase and nitric-
oxide cascade share a number of similarities.117 The inducible NOS, like COX-2, is
expressed in a variety of cell types after stimulation by inflammatory mediators.
Further, there exist constitutive isoforms, endothelial NOS, and neuronal NOS. These
isoforms are important for the NO production used in regulation of several
physiological processes, such as vasodilatation. Nitric oxide regulates the activity and
expression of COX-2, and in addition PGs influence iNOS expression.118 The
induction of iNOS produces a prolonged synthesis of NO, which is involved in
pathological events, such as rheumatoid arthritis. Inhibition of COX-2 and iNOS is
therefore desirable.119

Most NOS inhibitors have substitutions on the guanido group of arginine; thus
they compete with arginine for the NOS active site116. Reports of naturally occurring
compounds, such as resveratrol, pristimerin, and tryptanthrin, which inhibit iNOS,50,

120,121 motivates our search for inhibitors of natural origin.

Effects of EPA on COX-2 and iNOS expression
Results on the effects of fatty acids on COX-2 and iNOS expression are inconsistent.
Lo et al. (1999), among others, observe an induction of COX-2 mRNA in RAW 264.7
cells treated with EPA,122 but Lee et al. (2001) detect no inducible effect after
treatment with EPA in the same cells.123 The latter group did however observe that
EPA inhibited COX-2 mRNA, in cells where COX-2 was induced by the saturated
fatty acid lauric acid (C12:0).

Other inconsistencies can be sited. For example, Tanaka et al. (1999) observe
that the COX-2 protein level is unaffected in RAW cells treated with EPA and LPS,124

whereas Meade et al. (1999) describe an enhanced expression in mammary epithelial
cells after EPA stimulation.125 Ohata et al. (1997) report that EPA decrease the nitrite
level as well as iNOS protein levels in LPS stimulated RAW cells,126 whereas others
observe unchanged iNOS mRNA levels upon treatment with EPA.123 Observed effects
on production of PGs are more consistent, however, showing EPA to reduce the level
of PGE2 or PGD2 in mouse macrophages stimulated with LPS.122,124
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To resolve and clarify some of these contradictory results on the effects of EPA,
the effects of EPA and compound 2 on COX-2 and iNOS were comprehensively
analysed. Consequently, methods were established for analysing COX-2 and iNOS
(mRNA and protein levels), as well as the production of PGE2 and nitrite.

mRNA levels of COX-2 and iNOS
Treatment with LPS gave a concentration-dependent increase of COX-2 mRNA and
iNOS mRNA levels in RAW 264.7 cells. Inducible NOS mRNA was observed after 5
h stimulation with 0.1 µg/ml LPS, whereas a higher concentration (0.5 µg/ml) was
needed for induction of COX-2 mRNA (Figure 23). After stimulation with 1 µg/ml
LPS, both COX-2 and iNOS mRNA levels were clearly detectable, with maximum
expression occurring at 5 µg/ml.

Figure 23. mRNA levels of iNOS, COX-2
and GAPDH in RAW 264.7 cells stimulated
with various concentrations of LPS for 5h.

Figure 24. Time-response of iNOS, COX-2,
and GAPDH mRNA levels in RAW 264.7
cells stimulated with LPS (5µg/ml).

The LPS-concentration for maximum expression was used for studying the time-
dependent expression of COX-2 and iNOS mRNA (Figure 24). COX-2 mRNA was
detectable after 1 h stimulation, and increased with time to reach a maximum at 20 h.
An expression of iNOS mRNA was first observed after 5 h, when its expression is
maximum. Accordingly, inhibition experiments were conducted at that time, with 1
µg/ml LPS.

Effects of EPA and compound 2 on mRNA levels

Treatment with compound 2 or EPA (0.1-100 µM) did not alter the LPS-stimulated
COX-2 mRNA or iNOS mRNA levels in the cells, whereas the reference compound
dexamethasone (1 µM) completely inhibited the expression (Figure 25). No COX-2
mRNA or iNOS mRNA were detectable in unstimulated cells. Independently of
treatment the levels of GAPDH mRNA were unaltered.
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Figure 25. Northern blot experiment showing COX-2, iNOS and GAPDH mRNA
levels in RAW 264.7 cells. Total RNA was isolated from macrophages, which were
either unstimulated (control) or stimulated with LPS (1 µg/ml) and fatty acid (0.1-100
µM) or dexamethasone (1µM) for 5 h. The fatty acids were dissolved in 0.1 % DMSO.

Protein levels of COX-2 and iNOS
In time-course experiments, COX-2 and iNOS proteins levels were clearly detectable
at 5 h, stimulation with LPS, and reached maximum levels after 21 h and 10 h,
respectively (data not shown). In absence of LPS, trace amounts of COX-2 protein
were detected, but no iNOS.

For the distribution of COX-2 and iNOS between cytosolic and nuclear protein
fractions, the major part of iNOS protein was detected in the cytosolic fraction,
whereas COX-2 was detected in both fractions. The latter coincides with results of
Patel et al. (1999).127

Effects of EPA and compound 2 on protein levels
In preliminary experiments with LPS-
stimulated cells treated with compound 2
(0.1-100 µM) for 5 h the level of COX-2
protein was reduced when the cells were
treated with 100 µM of compound 2
(Figure 26). Comparable experiments with
EPA will be performed. When the cells
were stimulated with LPS for 20 h (data not
shown), no observable reduction of COX-2
resulted from treatment with EPA and
compound 2.

Regardless of treatment time, the
expression of iNOS was unaltered by any
of the fatty acids tested, whereas
dexamethasone inhibited COX-2 and iNOS

Figure 26. Western blot analysis showing
expression of COX-2 in LPS-stimulated cells
treated with compound 2 (0.1-100 µM) for 5h.
The cells were unstimulated (control) or LPS-
stimulated with 0.1 % DMSO.

protein levels. The protein level of β-actin was unaltered by the treatments.
After 20 h stimulation, cell viability was more than 80 % for RAW 264.7 cells

treated with fatty acids (20 µM) or dexamethasone (10 µM). Visual examination of
cells treated with fatty acids (100 µM) indicated that no toxicity resulted from the
treatment.
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Effects on PGE2 and nitrite levels
Treatment of RAW 264.7 cells with LPS (1 µg/ml) for 20 h resulted in a 20-fold
increase of PGE2, and a 40-fold increase in nitrite production; but the levels of PGE2

and nitrite were undetectable in cells stimulated for only 5 h. Lee et al. (1992)
obtained coinciding results: the level of PGE2 increased after 6 to7 h, with a peak at
16 h stimulation with LPS.114

Dexamethasone (10 µM) potently inhibited PGE2 levels (97% ± 0.4) and nitrite
levels (84% ± 7). EPA (1 µM) inhibited the PGE2 synthesis (41% ± 15), but the
inhibition was not dose-dependent. No effect on the nitrite production was observed by
EPA. Compound 2 exerted no inhibition of PGE2 and nitrite. Complementary
experiments with 100 µM concentrations of EPA and compound 2 will be performed.

Conclusion
In this study, the effects in the mouse macrophage RAW 264.7 cell line of EPA and
compound 2 on LPS-induced COX-2 and iNOS, mRNA and protein levels, as well as
on PGE2 and nitrite production, were comprehensively investigated. In preliminary
experiments, treatment of the LPS-stimulated cells with compound 2 (100 µM) for 5 h
reduced the COX-2 protein levels, while the COX-2 mRNA levels were unaffected.
EPA did not alter levels of COX-2 protein, mRNA, or PGE2. None of the fatty acids
exerted effect on the expression of iNOS protein and mRNA, or of nitrite production.

Reappearance of COX-2 protein after 20 h treatment, compared to that of 5 h for
compound 2, may be a result of limited stability of the fatty acid, but may also be an
indication of a reversible effect of compound 2. Thus, to investigate the effect of
compound 2 on COX-2 protein levels between 5 h and 20 h would be of interest, along
with determining whether, at those time-points, the effects are reflected in a decreased
PGE2 level.

Comparison of effects of EPA

The literature ascribes to EPA effects that are stimulating, inhibitory, or negligible on
COX-2 and iNOS expression in mouse macrophages. Large discrepancies between
investigations, probably due to differences in the conditions used in the assays, reflect
the complexity of EPA effects, and of also other fatty acids. Factors such as cell
density, and number of cell passages, and origin and type of cell line may influence the
measurements of such effects.

The experimental protocol is also likely to affect the outcome. We have
simultaneously stimulated the mouse macrophage cells with inhibitors and LPS,
according to the protocol of Dirsch et al. (2001).40 Others treat the cells with EPA
before stimulation with LPS,122,124 or add EPA after LPS treatment.126 As exemplified
by Lo et al. (1999), treatment length of LPS and inhibitor and LPS concentration may
markedly affect the inhibitory potency.122 They observe that EPA reduced the PGE2

level by ≈30% in cells treated with 10 µg/ml LPS, whereas no inhibition was obtained
in cells stimulated with 0.1 µg/ml LPS. In both cases the concentration of EPA was
kept constant.

Uptake of fatty acids
The fatty acids themselves might generate the most essential variation, since their
stability and their uptake by cells can vary. A thioether-containing fatty acid is
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suggested to have prolonged stability compared to its normal fatty acid counterpart,
which might enhance the biological effect.89,90

Use of fatty acid-bovine serum albumin (BSA) suspensions as delivery vehicles,
suggested to enhance the uptake of fatty acids, is prevalent. Experiments using hexane
(0.1 % final), DMSO (0.1% final), and BSA as delivery vehicles were therefore run.
The latter vehicle, the fatty acid BSA (4:1), was made according to Lin et al. (2001).128

Regardless of vehicle, no alteration of effects on levels of protein, mRNA, or products
was observed, coinciding with results of Wiesenfeld et al. (2001), who compared a
BSA vehicle with an EtOH vehicle.129 However, our medium, containing 10% FBS,
may have masked BSA effects.

Summary

Inhibition of COX-2 protein was observed after 5 h treatment at the highest tested
concentration (100 µM) of compound 2. Comparable experiments using the same
concentration of EPA have yet to be run. After 20 h treatment, no effect by the fatty
acids on levels of COX-2 protein or iNOS protein was detected. Levels of mRNA for
COX-2 and iNOS were unaltered by the compounds, and no inhibition of PGE2 or
nitrite production was observed. Since low test concentrations may underlie the
absence of effects, complementary experiments with increased concentrations of fatty
acids will be run. Whether compound 2 is a more powerful inhibitor than EPA, due to
the thioether content, has yet to be evaluated.

The methods, now established, for measuring COX-2 and iNOS levels of mRNA
and protein, and for measuring enzymatic activities, can be used as tools for
investigating the effects of other compounds of natural origin on COX-2 and iNOS
expression and enzymatic activity.
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Concluding Remarks

The search for more potent inhibitors with new structural features in plants is still in its
initial stage. So far, only a few natural compounds are reported to inhibit COX-2. The
needs for knowledge about natural compounds with COX-2 inhibitory effects, and also
about other methods to measure COX-2 inhibitory effects of plant extracts, fractions,
and isolated natural compounds are therefore critical.

The original COX-2 catalysed PG biosynthesis assay has proved to be a reliable
method, suitable for testing natural compounds (Paper I). The drawback is the
extended handling time, caused by the separation of AA and PGs that are produced.
However, by using, for example, SPE columns for the chromatography part, a
considerably faster method can be implemented. The use of human recombinant
enzymes may further improve the method, since then detected inhibition has greater
clinical relevance to humans.

The detection of inhibition of COX-2 catalysed PGE2 biosynthesis with the
scintillation proximity assay is suitable for initial evaluations of higher numbers of
compounds, for example, or of fractions obtained after bioassay-guided isolation
(Paper IV). Advantages include the short hands-on time, and the efficiency of
requiring only pipetting steps, making the assay easy to automate. The drawback is
that the companies require a license for one to buy SPA-beads.

In the search for inhibitors of natural origin, I think the method of surface
plasmon resonance has outstanding possibilities. Such a method, where an inhibitor
may be identified directly from a crude extract, has a clear advantage over bioassay-
guided isolation. The fact that immobilisation of a membrane bound enzyme, such as
COX-2, was not feasible does not exclude a possible use for other enzymes relevant to
inflammation.

Bioassay-guided separation with emphasis on Plantago major has resulted in
identification triterpenoids and fatty acids (Paper II and III). This outcome, and further
investigations of COX-2 inhibition of structurally related compounds, and commonly
occurring plant constituents, lead to the following conclusions. Firstly, mostly
nonpolar fractions of plant extracts and hydrophobic compounds inhibit COX-2.
Secondly, the natural COX-2 inhibitors are generally structures with a carboxyl moiety
and a long carbon chain. Thirdly, in an early stage of the separation, identifying of
possible occurrences of fatty acids, triterpenoids, and phenolic compounds should be
the focus, using the HPLC separation-protocol, for example, to enable identification of
new natural COX-2 inhibitors.

The investigation of effects of fatty acids on COX-2 and iNOS, mRNA and
protein levels, together with the investigation of enzymatic activity in a cell model,
shows that compound 2 inhibits COX-2 protein levels after 5 h stimulation. However,
the fatty acids are cumbersome substances that have a limited stability and varied
uptake in cells. Further experiments are needed to investigate in greater depth the
effects of these fatty acids on COX-2 expression, preferably by investigation of protein
levels after 5 and 20 h.

In conclusion this thesis has increased our knowledge about several methods for
measuring COX-2 inhibition, also about bioassay-guided isolation of plant extracts,
and about COX-2 inhibitory effects of commonly occurring plant compounds,
especially triterpenoids and fatty acids —results that will facilitate future search of
new COX-2 inhibitors from plants.
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Cell culture and LPS stimulation

The mouse macrophage cell line RAW 264.7, obtained from the European collection
of cell cultures (ECACC, Salisbury, UK), was cultured in Dulbeccos modified
essential medium (DMEM) (Sigma), supplied with 2 mM L-glutamin, antibiotic
/antimycotic solution, and 10% Fetal bovine serum (Gibco BRL) at 37°C and 5% CO2.
Cells used for experiments were passaged 10 to 20 times. The cells (1 x 106) were
plated in 60 mm dishes and cultured for 72 h until reaching 70-80% of confluence.
Fresh medium was added 1 h before cell stimulation, which was implemented with or
without Lipopolysaccharide (Escherichia coli, serotype 0127:B8) (Sigma), and in the
presence or absence of the test compound for the indicated times. The fatty acids were
dissolved in DMSO with the final concentration in the cell cultures being 0.1%
DMSO.

Cell viability
Cell viability was assessed by measuring the ability of the macrophages to reduce 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT, Sigma). MTT was
added to the plate at a final concentration of 0.5 mg/ml, and cells were incubated for
45 min at room temperature. After medium removal, the purple formazan product was
dissolved in DMSO, and then product formation was assessed spectrophotometrically
at 570 nm.

RNA isolation and Northern blot analysis

Twenty µg of total RNA, isolated using an RNeasy Mini kit (Qiagen) according to the
manufacturer’s protocol, was subjected to electrophoresis in 1.2 % agarose
/formaldehyde gel. The RNA was then transferred to a HybondTM-N nylon membrane
(Amersham Pharmacia Biotech), and UV crosslinked before hybridisation. COX-2
cDNA purchased from Cayman Chemical Company and a plasmid containing the 4kb
murine NOSII cDNA, kindly provided by Dr. Charles J. Lowenstein (John Hopkins
University, Baltimore, USA), were radiolabeled with [α-32P] dCTP using the
Megaprime labelling kit (Amersham Pharmacia Biotech). Unincorporated nucleotides
were removed with a G-50 column (Amersham Pharmacia Biotech). Prehybridisation
and hybridisation were performed at 65°C in Church buffer,130 modified to contain
0.25 M NaHPO4, pH 7.2, 7 % SDS, and 1mM EDTA. Hybridisation was done over
night with 1.7 x 107 CPM of radiolabeled probe. In order to assess equal loading of the
samples, the mRNA level of the house keeping gene glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) was measured using the radiolabeled GAPDH cDNA
(Clontech).

Isolation of cytoplasmic proteins and Western blot analysis
Cytoplasmic proteins were isolated essentially as described by Tsai et al, 1999.[Tsai,
1999 #1266] Briefly, the cells were scraped into 1 ml PBS and centrifuged at 2,000 x g
for 30 seconds. The cell pellet was resuspended in 100 µl of lysis buffer (10 mM
Hepes pH 7.6, 10 mM KCl, 0.1 mM EDTA,1 mM DTT, 0.5 mM PMSF) and left on
ice for 10 minutes. After homogenisation, the cells were centrifuged at 12,000 x g for
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20 seconds at 4°C. The supernatant, containing the cytoplasmic proteins was stored at
-80°C. Protein concentrations were determined by Lowry’s method.131 Fifty µg of
protein were separated by SDS/PAGE (12%), and blotted onto a PVDF transfer
membrane, HybondTM-P (Amersham Pharmacia Biotech). All solutions without
antibodies contained 5% nonfat dry milk. The primary antibodies used were anti-
COX-2 1:250 (BD Transduction laboratories), anti-iNOS 1:500, and anti-Actin 1:250
(Santa Cruz). These antibodies were detected with the ECL Western blotting analysis
system (Amersham Pharmacia Biotech).

Analysis of PGE2 and nitrite

RAW 264.7 cells, cultured for protein determinations (as described), were used to
measure the release of PGE2 and nitrite. After 20 h treatment, the cell culture
supernatant was collected and stored at –70°C until analysis. The concentration of
released PGE2 was quantified by RIA, according to the protocol supplied by Sigma
Chemical Company (P5164), using anti-PGE2 (Sigma) and [3H]-labelled PGE2

(Amersham Pharmacia Biotech).
As an indicator of NO production, nitrite concentration was determined using the

Griess assay (Sigma). The optical density was measured at 540 nm after 15 minutes
incubation at room temperature. All inhibition experiments were repeated at least
twice. PGE2 and NO, determined in duplicate and triplicate, respectively.

Errata List of Published Papers

Paper I.
Page 4, row 1. Standing (0-30 min) should be (0-20 min)
Page 7, row 4. Standing (0.7-0.8 µg protein) should be (7-8 µg protein)
Page 7, row 7. Standing hematin (1.3 mg/mL) should be hematin (1.3 µg/mL)
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