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ABSTRACT

Preparations dEchinaceaas a dietary supplement are most commonly used to treat
or lessen the severity of symptoms associated with the common cold or other upper
respiratory tract infections, although the &shinaceaas a medicinal herb dates back
hundreds of years when Native American peoples used it to treat varioustsitareging
from snake bite antidotes to venereal diseases to rheumatism. With the poptithigy
botanical growing throughout the United States, and the world, studies have been tmgoing
understand howchinaceaand its constituents modulate the immune system.

The purpose of this study was to identfghinaceaspecies, fractions, and
constituents responsible for the anti-inflammatory properties associgkeHohinaceaas
well as establish a mechanistic basis for these properties. The mstdeh €jrosen to carry
out these studies was the RAW264.7 mouse macrophage cell line which is a strongly
established model used to mimic the inflammatory response when induced with
lipopolysaccharide (LPS). Inhibition of the production of the pro-inflammaipoid |
mediator, prostaglandin E2 (P@Ealong with parallel cytotoxicity studies were used to
identify Echinaceaspecies with the greatest anti-inflammatory potential. From the sogeeni
of Soxhlet ethanol root extractions (prepared in Dr. Patricia A. Murphy’s lalbgyditom
six of the nineEchinaceaspecies, it was determined tlathinacea angustifoligechinacea
pallida, Echinacea simulateandEchinacea sanguineaere the strongest inhibitors of LPS
induced PGEproduction, showing no cytotoxic effects. Common alkylamidéscbinacea
were also chemically synthesized in Dr. George A. Kraus’s laboratargxamined for their
ability to inhibit PGE production, identifying 13 alkylamides capable of significant
inhibition of the lipid mediator at 50M, five alkylamides capable of significant inhibition at
25uM, and only one alkylamide, Bauer alkylamide 14, capable of significant inhibitibh a

uM. Again, these constituents BEhinaceadid not show cytotoxic effects at concentrations
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at or below 5QuM. Alkylamides present in thEéchinaceaspecies extracts were present at
concentrations much lower than those screened in the &SRy, implying that although
alkylamides are anti-inflammatory as synthetic constituents, otmestituents present in the
plant, either previously identified or not, or interactions among these constituents are
important for the anti-inflammatory propertiesExhinacegoreparations.

In order to unravel the complex mixtureEthinaceaconstituents to identify key
contributors to the anti-inflammatory activity, bioactivity guided spmeparative reverse
phased HPLC was used to fractionate four speciésluhacean Dr. Patricia A. Murphy’s
laboratory. From the fractionation of Bchinacea pallidaextract, it was determined that
Bauer ketones 23 and 24 were important for the identified; R@ibitory capabilities of a
ketone rich first round fraction, necessitating further study of this group of compaunds f
their anti-inflammatory potential. Following the inhibition of PG¥oduction through three
rounds of fractionation with achinacea angustifoli@xtract led to the identification of
Bauer alkylamide 11 and Bauer ketone 23 at concentrations present in theitivesphed
round fractions capable of partially explaining the R@iibition observed prior with their
corresponding fraction. Synthetic Bauer alkylamide 11 was also capable 6€argni
inhibition of nitric oxide production. The knowledge that Bauer alkylamide 11 andrB
ketone 23 were key contributors to the anti-inflammatory propertiestuohaceaat
endogenous concentrations led to the hypothesis that through the enrichment obaniirst r
alkylamide rich fraction oE. angustifoliawith synthetic Bauer alkylamide 11 and Bauer
ketone 23 an enhanced anti-inflammatory potential could be achievable. By enriehing th
fraction with synthetic Bauer alkylamide 11 and Bauer ketone 23 to concamgrat
determined to be important from the third round fractions, a greater inhibition of PGE
production was identified than that observed with the fraction alone.

In order to identify key gene targets for taehinacea angustifoli&raction, enriched

fraction, the combination of Bauer alkylamide 11 and Bauer ketone 23, and these
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constituents individually, microarray and time course qRT-PCR studiesomaducted.

These studies indicated from the microarray study that the selsdt@thceareatments to

LPS induced RAW264.7 cells did not alter gene expression after eight hours, witihgbbly e
differentially expressed (DE) genes being identified with falseogisry rates (FDR) ranging
from 50% to 75% in the microarray. Although, 3,257 DE genes were identified between the
media + DMSO and the media + DMSO + LPS controls with a FDR of 0.0001%,
establishing the expected LPS effect. The gRT-PCR data showed a deci@dBer gene
expression after treatment with all samples and an increase in iINDE &N after

treatment with enriched fraction. Although PGEoduction had been decreased by these
treatments, COX-2 mRNA levels were not significantly different betvissatments

compared the media + DMSO + LPS at any time point analyzed (0.5 hr, 1 hr, 2hr, 4 hr, 8 hr,
and 24 hr). COX-2 protein levels were increased after an 8 hour treatnkergrafustifolia
fraction 3, and Bauer ketone 23. Furthermore the activity of COX-2 was ithidyitall
treatments. Combined these studies suggesEtahaceaextracts, fractions and certain
classes of constituents have anti-inflammatory potential through the directathaaloif a

key enzyme in the eicosanoid pathway and that the noted inhibition of NO production and
TNF-a. gene expression may be due to the effect these treatments have on divergkent sign

transduction pathways.
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CHAPTER 1: GENERAL INTRODUCTION

Echinaceapurple cone flower) is a member of the Asteraceae family that includes
other species such Asnbrosia(ragweed)Artemisia(mugwort, sagebrush, and wormwood),
Parthenium (feverfew), sunflowers, safflower, dahlias, chrysanthemumsgoidariand
daisies {). It is a perennial flower native to the central United States and comnooimig f
as an ornamental flower in gardens of this region, although cultivation of this bbtesca
now spread worldwide2j. The nine species &chinaceahat have been characterized are
E. purpureaE. angustifoliaE. pallida E. sanguinegE. simulataE. tennesseensik.
laevigatg E. atrorubensandE. paradoxawith each consisting of its own unique
phytochemical make-uB). The diversity, or in some cases similarity, of the constituents
present in thesEchinaceaspecies not only aid in the identification of each species, but also
contributes to the diverse bioactivities associated with the bot&ubalacea Three
speciesE. purpureaE. angustifoliaandE. pallida are commonly classified as the
medicinal species due to their early use by American Indians hundredsspsieaand
because of their current presence in commercial preparations worldwhle (

Approximately 400 years ago American Indian tribes, such as the Cheyenne,
Choctaw, Dakota, Delaware, Fox Kiowa, Montana, Omaha Pawnee, Ponca, Sioux, and
Winnebago, discovered the medicinal properties oEttténacegplant 6). Information
regarding the uses &ichinaceaand other botanicals by Native Americans has been made
available through an Internet database (http://herb.umd.umich.edu/) that hastaiseio y
compile ). Echinacearoots and aerial parts were used to treat a wide range of ailments,
such as toothaches, sore throat, pain reliever, headache, antidote for poisons, iewve to rel
swelling, just to name a fevg,

TodayEchinacegpreparations are most commonly used for the treatment or

prevention of common cold symptoms or other respiratory tract infecBpn&ktracts of
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the wholeEchinacegplant, root, and/or aerial parts are available in a variety of different
forms, including but not limited to pills, tablets, liquids, teas, tinctures, and tocbgst
Echinacegoroducts are quite popular in the United States with this botanical remaining in the
top 10 selling herbal dietary supplemer@ (

Echinaceaextracts have been studied for several bioactivities and have yielded
encouraging results as anti-inflammatory, anti-viral, immunomodulaoyanti-oxidant
agents 9-12). Five classes of constituents found in Bolinaceaspecies are presumed to be
responsible for much of the bioactivity of this botanical, those being, alkylamaféscc
acid derivatives, polysaccharides, glycoproteins, and more recently kedpnédkfylamides
have been hotly followed due to their reported immunomodulatory and anti-inflammatory
propertieq13) and caffeic acid derivatives are better known for their anti-oxidant capesbilit
(14). Polysaccharides were shown to have macrophage activating pro(es}iasd
glycoproteins have been studied for their immunostimulatory effects, suchaittagion
of the complement syste(t6). Finally, ketones have shown promising results as cytotoxic
agents toward certain tumor cglls/). The reality is that researchers continue to discover
diverse bioactivities that are in some way modulated by the constituentstpndsehinacea
products and further research is certainly warranted in order to clearly amndettst
complex mixture of these compounds making up this botanical and how they may act alone
or synergistically.

An interesting topic that somewhat plagues researchers studying batanicilas
Echinaceas that of synergy and how to uncover the details of which constituents act in
concert to produce a certain bioactiity8). In several studies it has been shown that certain
constituents are capable of eliciting a desired response, but unfortunatalgemgaring
the concentration of the compound with that present in an extract or other natural
preparation, more often than not the endogenous concentration of that compound is much

lower than that required for the bioactiv{ty9). This adds to the complexity of the studies
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by leaving open the possibility for synergistic effects between theehtfeonstituents,
whereby perhaps adding together the correct combination of compounds at the abonentr
attainable by the plant in nature, the bioactivity could be explained. Ressdralierbeen
using bioactivity guided fractionations to probe this idea of synergy betvoeapocinds.

Part of this dissertation also used the method of bioactivity guided fractionatidueorde

the complex mixture of constituents that makes ugettenacearoot extracts and will be
further described in chapter 3.

Bioavailability has been of major concern in studie€ohinaceaas well as other
botanicals, with the question of “how much of the active compounds actually enter the body
or cell and are able to elicit their effect?” Studies performed withipabedecade utilizing
the Caco-2 monolayer model and clinical trials, which will be described il ohethiapter
2, have started to build convincing evidence that alkylamides and polyacyt@ienes
bioavailable, whereas caffeic acid derivatives are to a lesser €xe21)

Due to the fact thdchinaceaspecies have been identified as immune modulators
and people are utilizing this herb most prevalently to prevent or treat common cold
symptomg22), an appropriate effect to examine would be that of inflammation, which was
the main focus of this dissertation. Chapter 2 in this dissertation provides theanecess
background to understanding the mounting of an inflammatory response, importantesell typ
and cytokines involved in the inflammatory response, as well as what inflammatory
mediators and signaling pathways may be of importance when studyindgeitts ef
Echinacegoroducts have on inflammation.

The RAW264.7 mouse macrophage cell line is a strongly established cell model for
the study of inflammatory endpoints and was therefore chosen as a relestamt ®© explore
the anti-inflammatory effects @&chinacegreparationgll, 12) RAW?264.7 cells are
macrophage-like cells that were Abelson murine leukemia virus transforamed#LB/c

mice. The macrophage cell was a logical choice for studying the innate imespoase
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and has been proven to induce prostaglandin E2 production via lipopolysaccharide ligand
binding.

The studies described in this dissertation were based on the hypotheshthatea
extracts, fractions, and pure constituents, such as alkylamides and ketewepadte of
inhibiting prostaglandin E2 production through the inhibition of the NF-kB signal
transduction pathway, which therefore inhibits the expression of COX-2 in a RAW264.7
mouse macrophage model.

Thesis Organization

The arrangement of this thesis begins with a general introductiBolonacea’s
history and common uses and the general ideas driving the research for thigtdisse
followed by chapter 2, a literature review that delves into an explanation offdramatory
response and provides a thorough evaluation of the research conducted thus far taxdndersta
the bioactivities associated withinaceaextracts, fractions, and constituents. Chapter 3
consists of a manuscript published in do@rnal of Agricultural and Food Chemistry
entitled“Echinaceaspecies and alkylamides inhibit prostaglandin E2 production in
RAW264.7 mouse macrophage cells.” Co-authors on this manuscript include: Kimberly D.
P. Hammer, determined which solvents were appropriate for the extractd&sghihacea
species and aided in conducting B@kperiments; Lankun Wu, conducted all HPLC
experiments to identify constituents; Jaehoon Bae, synthesized all gyatkgamides;

Norma Leyva, provided statistical consultation; Yi Liu and Avery K. S. Solcpaped the
extracts of th&chinaceaspecies; George A. Kraus, mentored Jahoon Bae and guided the
chemical synthesis of the alkylamides; Patricia A. Murphy mentoredarsiilted Yi Liu

and Avery K. S. Solco on the extraction process foEiti@naceaspecies extracts; Eve S.
Wurtele, mentored Lankun Wu on the HPLC analyses; Ok-Kyung Kim, measured
cytotoxicity on three species extracts; Kwon Il Seo, conducted the cyttycstiedies with

the NIH/3T3 cells, SW480 cells, and HaCaT cells; Mark P. Widrlechner, provided all

www.manaraa.com



Echinacegplant material; and Diane F. Birt, mentored Carlie A. LaLone and provided
guidance and edits to all research conducted and manuscript drafts. Chaptains@a
manuscript published in tRiurnal of Agricultural and Food Chemistentitled

“Endogenous Levels dchinaceaAlkylamides and Ketones are Important Contributors to
the Inhibition of Prostaglandin E2 and Nitric Oxide Production in Cultured Macrophages.”
Co-authors on this manuscript included: Ludmila Rizshsky, conducted all GGrazes;
Kimberly D. P. Hammer, provided guidance on the progress of Bta#ies; Lankun Wu,
conducted HPLC analysis on second rokndngustifoliafractions 3D and 3E; Avery K. S.
Solco, conducted fractionationsBf purpurea E. angustifolia andE. pallida Man-Yu

Yum, provided statistical consultation; Basil J. Nikolau, provided GC-MS consultatien; E
S. Wurtele, mentored Lankun Wu on HPLC studies, Patricia A. Murphy, mentored Avery K.
S. Solco on fractionation procedures; Meehye Kim, fractionated E. tennessetasis axd
Diane F. Birt, mentored Carlie A. LaLone and provided guidance and editsesedlch
conducted and manuscript drafts. Chapter 5 is made up of a manuscript, to be submitted to
theJournal of Agricultural and Food Chemistentitled “Enrichment oEchinacea
angustifoliawith Bauer alkylamide 11 and Bauer ketone 23 increased anti-inflammatory
potential through interfering with COX-2 activity.” Co-authors on this manusacpided:
Nan Huang, aided in running qRT-PCR experiments; Ludmila Rizshsky, conductd-all
MS experiments; Man-Yu Yum, provided statistical consultation, Navarozedegip, &n
milliplex assay; Cathy Hauck, fractionated E. angustifolia ext&asjl J. Nikolau provided
GC-MS consultation, Eve S. Wurtele, provided micro-array consultation; Marigahut,
mentored Navarozedeep Singh during milliplex assay and provided immunokgesalise;
Patricia A. Murphy, provided fractionation expertise; and Diane F. Birt, neghtarlie A.
LaLone and provided guidance and edits to all research conducted and manustsipt draf
Finally, chapter 6 contains a general conclusion.
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CHAPTER 2: LITERATURE REVIEW

Inflammation and Inflammatory Diseases

Heat, swelling, redness, pain, and loss of function are known to be the cardinal signs
of inflammation, as described by the Roman writer Celsus in the first cenu(y)Abut
below the surface of these symptoms lies a complex network of inflammatorgtarsdind
immunological signaling molecules. The inflammatory response playsptineary roles in
the body to defend it from foreign antigens. Inflammation allows for the matuGft
monocytes circulating in the blood stream into effector macrophage celenteathe site of
inflammation providing a first defense against invading organi@mnsSecondly, the
inflammatory response inhibits the spread of the foreign antigen by cawisirgyascular
coagulation2). The third major role of inflammation is to promote the healing of damaged
tissue ). Key inflammatory mediators, such as lipid derivatives, oxygen and nitrogen
radicals, and chemokines and cytokines are present at each step to guide theaiiitgm
process through its various stages and this will be the primary focus o&thaulié reviewed
dealing with inflammation.

Role of Macrophage in Inflammation

The macrophage cell plays a dual role in the immune system acting in bothandat
adaptive immune responses, as a phagocytic cell and antigen-presentiegpetitively.
This cell type has an important role in the inflammatory response leddinggaly to the
cardinal symptoms of inflammation described previously, as well as to the i@salithe
inflammatory response. The macrophage is instrumental in the developmettt of dzese
processes.

Macrophage cells are found in several locations throughout the body that act as
barriers to the outside environment. They can be found in epidermal tissues, in thlungs

connective tissue, and in liver tissue (kupffer ce®$) The macrophages are in these
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strategic locations so that they can act as “watchdogs” guarding thérbodgny foreign
invaders. When an antigen enters the body, perhaps through a wound in the skin,
macrophage cells are present to engulf the antigen (phagocytosis) anel pedeas
inflammatory cytokines (Interleukin-1, Interleukin-6, Tumor Necrosigdétan, and
Interleukin-12) and chemokines (Monocyte Chemoattractant Protein, Uiki@H@) that
signal other innate immune cells to aid in the body’s defense at the sitiggehanfiltration
and therefore inflammatior3). Different cell surface molecules such as selectins (E and D)
and intracellular adhesion molecules (ICAM 1 and 2) are then expressed arfdbe ef
epithelial cells located in the veing) ( Neutrophils, as well as monocytes have cell surface
molecules, like leukocyte functional antigen-1 (LFA-1), that cause them todlizng along
the blood vessel and eventually extravasate out of the blood vessels following a chemokine
gradient (IL-8), homing to the site of inflammatid).( Receptors play a key role in leading
the various immune cells to key locations to set up a controlled inflammatory response
Monocytes, which are immature macrophages that arise through the diffevardfat
progenitor cells in the bone marrow prior to their release into the blood streantateiin
the blood until they are signaled into tissue to aid in innate immug)ityT(is infiltration of
cells causes the redness, swelling, heat, and pain associated with infamrraaddition,
the cytokines released from the macrophages cause vasodilation making theeegitthe
other phagocytic cells more rapid, setting up an army of cells capable rofytdesthe
invading antigen. Inflammation also causes clotting in the microvessels arowsiie thie
inflammation to contain the pathoge?).( Macrophages have receptors, such as mannose
binding receptors, toll like receptors, and scavenger receptors that are cdpabtgnizing
pathogen associated membrane patténsThese receptors allow macrophages to identify
invading bodies and phagocytose them as well as initiate inflammatory patbuciyas
nuclear factokappa B (NF<B) and mitogen activated protein kinase (MAPK) that lead to

the expression of pro-inflammatory genes and genes involved in adaptive immunity.
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Macrophages are able to release reactive oxygen species, such as nitnatbxideir
phagocytic vesicles, which act to destroy the contents. Nitric oxide hashozemt® be
responsible for the activation of macrophage apoptosis, macrophage cytoplastiti; moti
neutrophil adhesion, and regulation of cytokine synth&sisNlacrophages also recognize
antigen coated with complement and are able to take up and destroy thesespafticat
has been described thus far occurs locally at the site of inflammation, but tlopinsae is
also activating adaptive immune responses outside of the area of local inflamma
Macrophage cells are one of the three main cells capable of presentieg antig
meaning that they are able to process foreign peptides that are enguliggh time process
of phagocytosis and present those peptides on major histocompatability complexX&stoMH
T cells. The interaction between T cell receptors, MHC antigen, and Biiradegory
molecules on macrophage cells (CD80 and CD86) allow for the activation of T @etig)d
either CD4 or CD8 T cell®2]. Macrophages play a role in the activation of more cells that
will eventually aid in the site of inflammation, clearing up any foreign gesithat could not
be eliminated by innate immunity. The CD4 cells come in two varieties, THiltoetl
activate lysosomes within macrophages to kill intracellular organisms heme be
phagocytosed and TH2 cells that activate B cells to produce antigen that camfbnetyn
molecules either neutralizing, preparing for opsonizing, or activating eonepit. These
cells then hone to the site of inflammation and aid in clearing the foreign msadle
therefore resolving the inflammatory response. Two separate studies hawetisaiow
depletion of macrophages, either using antimacrophage serum and hydrocomtizone i
guinea-pig model or in the PU.1-null mouse model (PU.1 is a transcription factoraymapl
key role in the development of myeloid lineages and therefore prevents macrophage
development) led to the failure to clear dead and damaged cells and other dbbris at t
wounded site, providing convincing evidence of the important role the macrophage cell play

in resolution of the inflammatory respong. (
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Eicosanoids Role in Inflammation

The eicosanoid cascade can be activated during an inflammatory respeasegel
arachidonic acid (AA), which is a dietary derived polyunsaturatgdia@y acid (metabolized
from linoleic acid andx-linolenic acid) that is normally stored in the cell phospholipid
membraneq). Arachidonic acid is liberated from the lipid membrane by phospholipase A2
enzymes, of which there are 3 main classes: secreted {siitfacellular (iPLA), or
cytosolic (cPLA), to assume three possible fates, either reincorporation into phospholipid,
diffusion out of the cell, or metabolisri@). Experimental evidence has highlighted cRLA
as an integral component in the production of prostaglandins, known mediators of
inflammation. cPLA knockout mice show a decreased occurrence and less intense collagen-
induced arthritis11) and cPLA-deficient mice were shown to have decreased eicosanoid
production {2). Due to the crucial role of phospholipase A2 enzymes in the production of
prostaglandins, it has been a target for inhibition of these inflammatory orediat

The metabolism of AA can be carried out by two distinct enzymatic pathwadiside
to the production of certain lipid mediators such as, prostanoids via cyclooxygenase or
leukotrienes via lipoxygenase. Cyclooxygenases (also known as prostaglandin Hesynthas
COX) act on arachidonic acid by adding a 15-hydroperoxy group therefore for@(dg P
and then reducing the hydroperoxy group to the hydroxylated, B8rkHThere are two
cyclooxygenase enzymes involved in the conversion of AA to2GBX-1 and COX-2.

Due to the fact that the 5’-flanking region of the COX-1 gene has few dgaesponse
elements and no TATA box, the COX-1 gene has been considered a house keeping gene,
although it is not expressed in all tissues or céfBs. (The COX-2 gene, on the other hand,
has several regulatory elements in its 5’-flanking region, including tweBlfene Spl, one
NF-IL-6, and one CRE binding site, and is therefore an inducible §8heCOX-2 is also
known to be constitutively expressed in the kidney, brain, female reproductive system,

bones, and is important in the normal functioning of these orddhsDuring an
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inflammatory response ILel, IL-13, TNF-a, interferony (IFN-y), 12-O-
tetradecanoylphorbol-13-acetate (TPA), and lipopolysaccharide (LP$¥lararmatory
mediators that induce COX-2 gene expression and subsequent prostaglandin prth)ction
COX-1 and COX-2 isoenzymes are similar both structurally and mechaiystical
both catalyzing a peroxidase and a cyclooxygenase reaction to form(PiGlte 1). These
enzymes are present in the luminal surfaces of the endoplasmic reticulum and on both the
inner and outer membranes of the nuclear enveltfe\Vhen the mature enzymes of COX-
1 and COX-2 are produced they contain 576 amino acids and 587 amino acids, respectively
(16). The differences between amino acid sequences of the two proteins are minta in tha
proline residue has been identified in COX-2 after Threoninel06 and it contains aemight
amino acid insertion at its C-terminus, neither of which are present in thelG@otein
sequencel). At this time the function of these insertions in COX-2 protein are not known,
but it is hypothesized that perhaps they may be present to signal subcellfitkirigabr
protein turnover16). Three structural domains make up the COX enzyme monomer, those
being a N-terminal epidermal growth factor like domain (EGF), a membrane bohahimgin
(MBD), and a C-terminal globular catalytic domain that includes a heme bintbriyat
faces the solvently). It has been suggested that EGF domains act to incorporate the enzyme
into the lipid bilayer along with the MBIOL§).
For both COX-1 and COX-2 enzymes, fatty acid substrates or competing sgbstrate
must enter the narrow cyclooxygenase (COX) active site through the MB&lgiirom the
lipid bilayer, suggesting that a conformation change may be necessary téoaltbe entry
and exit of the substrates9d). The active site of COX extends from Arginine120 to
Tyrosine385 16). Here, is where the addition of twe @olecules to arachidonic acid takes
place in the conversion to PGGArachidonic acid must bind the COX active site in an
extended L-shaped conformation, interacting with Arginine120, the known sulisirditey

site R0). This substrate makes 48 van der Waals contacts and two hydrophilic contacts with
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19 residues in the COX active si). The amino acids deemed important for substrate
binding have been identified through site directed mutagenesis. It is knowratttatanic
acid may adopt four conformations to bind the COX active 2ite (The COX active site for
COX-2 enzyme has been shown to be larger than that of COX-1 allowing it to accammoda
larger substrates without inactivatidty.

Opposite the MBD lies the large groove of the peroxidase (POX) active sitdy iwhi
a long hydrophobic channel with numerous side pockets and a branched wateri@)cket (
The POX active site is relatively open to the solvents, with Histidine207 thought to be
important for the deprotonation and subsequent reprotonation that occurs to convett PGG
the alcohol PGH(22). Glutamine203 has also been shown to be important during POX
catalysis through site directed mutagenesis stugdi®s (After the COX catalytic site has
been activated its actions can function independently from the POX cyclepthehef COX
and POX reactions are not tightly coupl@8)( After the formation of PGHiselective
synthases act to produce the eicosanoids, such as the prostaglandins.

N COOH
m Arachidonic Acid —

Deprotonatiodl

Oxygen Insertiodl 20,

_ — L COX
COOH
./ Vi Activity
oy >V
Cyclizatiorq, o0

o, < ' |\ TN cooH
\ ~ PGG2

o NN
2 Electron Oxidatio ¢ OOH POX
<\3' """ ' T\ COOH Aany
o ~— PGH2
0" NN

OH
Figure 1. Cyclooxygenase (COX) and peroxidase (POX) activity of
COX-1 and COX-2 enzymes

www.manaraa.com



15

Prostaglandins (PG) are oxygenated f@tty acids, which have been shown to be
produced in nearly every cell in the body, with B®Eing the most abundant prostanoid.
Prostaglandins are known to act in an autocrine or paracrine manner to signakahahg
immediate environmeng4, 25. Prostanoids formed by the metabolism of AA produce 3
classes of lipid mediators that are involved in a host of different functamsré 2);
including blood clotting, ovulation, initiation of labor, bone metabolism, nerve growth and
development, wound healing, kidney function, blood vessel tone, and immune responses.
The stable class of prostaglandins is made up o, PBE&ER,, PGD;, and PGyl the labile
prostanoids are made up of PG endoperoxides, like;R8GPGH, and thromboxane A
(TXA>), and finally the prostacyclin P&(26). The interplay between these lipid
metabolites is thought to play a central role in normal human physiology byngdcki
establish homeostasis.

As explained earlier the PG endoperoxides, P&t PGH, are the intermediates
that lead to the synthesis of the other eicosanoids, whereasi3 dAighly unstable
metabolite that is involved with physiological actions such as platelet aggregahooth
muscle contraction, and vasoconstricti@f,(27). TXA; is prominently produced by platelets
in response to various stimuli via the actions of COX followed by thromboxane synthase
(TXS) (28). Thromboxane Ahas been implicated in conditions such as asthma, modulation
of acquired immunity, atherogenesis, neovascularization, and metastasisenfoediisc
through binding to TXAreceptor (TP), which is distributed in several areas throughout the
body and highly expressed in the thymus and sp28n Prostacyclin, PGJ is formed from
the actions of the COX enzymes with further manipulation of P@Hprostacyclin synthase
(26). Prostacyclin is produced primarily by the endothelium and is able to opeeate as
antagonist of TXA, by preventing platelet formation and clumping involved in blood
clotting and acting as a vasodilat@6). Together TXA and PG/ are considered

“specialized” prostaglandins due to their abundance in specific tiskf)es (
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Cell Dietary Derived Lipids
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COOH
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Figure 2. Arachidonic Acid Cascade.

Prostaglandins such as PAPGDy, and PGE can be synthesized in all cells with
the exception of red blood cells and are therefore sometimes referred toresdic”
prostaglandinsld). The prostaglandins nomenclature is derived from whether it was shown

to be soluble in ether (PGE) or phosphate (PGF) buk®r (Prostaglandin F2is known to
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be the most stable prostaglandin playing a key role in ovarian function, endooyetiial
changes, embryo development, tubal function, luteal maintenance of pregnancy, induction of
labor, childbirth, and more recently has been implicated in inflammation, cardisasad
rheumatic disease9). Another major cyclooxygenase product found in numerous tissues
and cell types is PGDwhich is involved in platelet aggregation, relaxation of vascular and
nonvascular smooth muscle, and nerve cell funcB6h ( Prostaglandin D2 undergoes
dehydration to produce prostaglandins of the J variety like,R@ich has been shown to be
actively transported to the cell nuclei. In the nuclei, Fg6s as a potent inducer of cell
growth, inhibition and cell differentiation through inhibition of cell cycle progias
suppression of viral replication, induction of heat shock protein expression, and stimulati
of osteogenesis8(). It has been hypothesized that PG Xapable of anti-inflammatory
activity mediated through peroxisome proliferator-activated receptehich is a
transcription factor present in adipose tissue (playing a central role in adgsg), and
macrophages (involved in the inhibition of the inflammatory response by inducing apoptosis
of activated macrophages1j. Another possible mechanism of the anti-inflammatory
effects of PGgmay be through the inhibition of NEB activation. Previous reports have
indicated that 15d-PGdnhibits NF«B activity by binding to thedB kinase (IKK) or the
p65 or p50 transcriptional subunits of KB-(32).

One of the most intensely studied prostaglandins is prostaglandin E2)(R@EEh is
a key lipid mediator of inflammation produced by a variety of cells in the bodygding
fibroblasts, macrophages, and some malignant cell t3s Though PGEis well known
for its role in the inflammatory response it also plays an important part iarreddunctions,
female reproduction, vascular hypertension, tumorigenesis, fever, gastosal protection,
pain hypersensitivity, kidney function, and anti-allergic respori€®s Over production of

PGE has been associated with various diseases, such as rheumatoid arthritis and even colon
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cancer {, 34. For over 100 years the inhibition of P&dynthesis has been a crucial anti-
inflammatory strategy3p).

The biological actions of PGElepend upon four types of PGE receptors, EP1, EP2,
EP3, and EP4, which are found in various tissues throughout the body and lead to the
regulation of intracellular signal transduction pathwdys EP1 receptor is known to
stimulate intracellular calcium release, were as both EP2 and EP4 recepitate
adenylate cyclase and induce intracellular cAKE6).( The genetic disruption of EP2 in
adenomatous polyposis coli (Delta 716) knockout mice, has been linked to a significant
reduction in the number of aberrant crypt foci, a precancerous colon cancer lescatingdi
an important role for prostaglandin E2 in oncogen&sfs (Also, in female EP2 knockout
mice ovulation was shown to be impair@8)( Prostaglandin E2 plays many important roles
maintaining homeostasis within various parts of the body. For instance, a)sanupiag
the role of PGEand eicosanoid receptors in dextran sodium sulfate-induced colitis in mice
provided evidence that PGIEP4 signaling was critical in the maintenance of the mucosal
barrier and epithelial cell regenerati@®). It was demonstrated that disruption of the EP4
gene alone with administration of 3% DSS caused severe colitis and alslditienaof
PGE to wild type mice with DSS induced colitis completely obliterated symptortigeof
disease39). Therefore itis also important to point out that in some instances, with site and
receptor specificity, PGHs not always associated with a negative effect.

PGE plays many roles in the body as a potent vasodilator affecting smallsvessel
the arterioles and is therefore important for the regulation of cardiovasoutéion (L4). In
the renal system PGHES synthesized in the medulla and is vital for the regulation of salt and
water excretion and in the gastrointestinal tract P&fatracts longitudinal muscle and
relaxes circular muscle, as well as inhibits gastric secret¥)n Prostaglandin E2 has been

shown to be a bronchodilator in the respiratory system, balancing the bronchoconstrictor
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functions of PGE(14). During bone metabolism P@Broduced in the bone has been
identified as an important factor stimulating both bone formation and resorpdion (

As mentioned earlier, the role Pgjlays in immune modulation and therefore
inflammation is substantial. It is well known that PGithibits T-cell proliferation and has a
profound effect on cytokines secreted by T-cells via the induction of T helper 2t{pe2)-
responses?j. Prostaglandin E2 has the opposing effect on T helper 1 (Thl)-type cells, and
inhibits the production of Th1l cytokines such as interferand IL-2. Other evidence
pointing toward the importance of P&if inflammation has been provided by studies
showing that PGE synthase expression is induced by proinflammatory stimuli and during
mucosal inflammation T cells are shown to up-regulate the expression of ERPre&p)t
B cells are also affected by the actions of RG®Eh PGE suppressing the proliferation of
immature B cells or otherwise inducing apoptosis of immature B-cells, witffeatiag
mature B cells. The modulatory affect of P&&n even be seen with “professional” antigen
presenting cells, such as dendritic and macrophage cells, where this lipidomisdpaitially
responsible for the maturation of dendritic cells and the priming of T celgwite
lymphoid organs and regulation of cytokine production by activated macrophages. During
an inflammatory response, P&IE produced in vast quantities by macrophages in retort to
IL-1 and lipopolysaccharide (LPS). Due to the fact that Pi&Bble to positively regulate
its own expression through the up-regulation of COX-2 expression, it is hypothdsired t
PGE may be an autocrine feedback regulator.

PGE can play a dual role with both inflammatory and anti-inflammatory effects. In
activated macrophage cells PG& able to inhibit TNFe., IL-6, IL-8, and IL-12 production
and up-regulate IL-10 through the EP2 and EP4 receptors, shifting to an anti-iaftamm
responsel)). Eicosanoids derived from AA, such as B@Eukotriene B, thromboxane A
and 12-hydroxyeicosatetraenoic acid have been identified as present in vaners,ca

playing key roles in carcinogenesis via modulation of cell cycle respot3esNot only
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does PGEhave a profound effect in the inflammatory response but it has been shown to
promote tumor cell survival, via inhibition of apoptosis and stimulation of cell prdidera
and was found at greater concentrations in cancer cells than in normad Bells (

There is tight regulation controlling the inflammatory response utiliaoth
mediators that initiate, sustain, and inhibit inflammati#?).( When one of these mediators
loses control chronic inflammation can result. Chronic inflammation has been lin&ed t
variety of severe diseases, such as rheumatoid arthritis, inflammatorlydisease,
atherosclerosis, and various canc8rg @3-49. The impacts of these diseases are
astronomical. For instance, 80% of patients with rheumatoid arthritis abdedisdter 20
years, with a life expectancy reduced by 3 to 18 years, not to mention the reggderade of
such a disease is reported to average $5,919 per case per year in the Unit¢tiBptates
2005 it was reported that in the United States, approximately one-third of the adult
population suffers from arthritis or chronic joint symptoms, that is nearly 7@mgeople
(46). Incidence of inflammatory bowel disease has increased dramatroatiy1 998 to
2004, with a national estimate for total inpatient charges for Crohn’s diseasearadive
colitis increasing from $762 million to $1,330 million and $592 million to $945 million,
respectively 47).

The battle against inflammatory diseases with symptoms such as pain and
inflammation has been fought by two major classes of pharmaceuticals, thusadmei
steroidal anti-inflammatory drugs (NSAIDS) or cyclooxygenase-2ip@athibitors (COX-2
inhibitors). Back in 1893, the German chemist Felix Hoffman produced a molecule with
analgesic activity called acetylsalicylic acid or aspirin, givisg to a new class of drugs
called NSAIDs 25). In 2002, over 41 million prescriptions were filled in the United States
for COX-2 inhibitors and the total prescription costs of NSAIDS were estihaat$6.5
billion in 2003 @8). Synthetic NSAIDs were designed to inhibit the activity of both

cyclooxygenase isoforms, COX-1 and COX-2, in order to decrease the formation of
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prostaglandins, which are responsible for inflammation, swelling, pain, and 4&yer (

These drugs also showed promise for cancer prevention, because they were shdwaeto re
the risk of certain cancers. Over time it became clear that long ternrDNis& caused
gastrointestinal (Gl) and renal toxicity, leading to peptic ulcer &ion and increase of ulcer
hemorrhageH0, 51). There have been well designed studies matching NSAID users against
controls showing NSAIDs to increase serious Gl events by 1.5 to 7.5®183.

Although it is now considered a naive notion, it was once believed that COX-1 was
the housekeeping enzyme responsible for maintenance of intestinal mucos#y iateh
producer of basal levels of prostaglandins, which protected the gastric mucosaand i
therefore the inhibition of this isoform that was responsible for the notorious sides effe
observed in those who used NSAIES) It was hypothesized that in order to get rid of the
severe Gl side effects only one of the cyclooxygenase isoforms, COX-2, shaatddied
for inhibition, as it was thought to be the more inducible enzyme after exposure temaitog
or inflammatory stimuli. Selective COX-2 inhibitors were developed in the 199¢s aily
for arthritis symptoms, but were later used in clinical trials for thénrexat of colorectal
cancers4o6).

Celecoxib was the first selective COX-2 inhibitor to be introduced into the
pharmaceutical market in December of 1999, other synthetic inhibitors followée by t
names of Rofecoxib (Vioxx), Valdecoxib, and LumiracoxdB)( The Vioxx Gastrointestinal
Outcomes Research (VIGOR) study demonstrated a reduced incidence ©i6(H kdter
long-term use of rofecoxib, compared to a popular NSAID called napr&deri{

September of 2004, Merck and Co withdrew Vioxx from the market, due to data from the
VIGOR study and another internal study providing evidence that the drug irtcresksef

heart related problemdg, 59. Although COX-2 is indeed inducible, it is also constitutively
expressed in the glomeruli of the kidney and the cortex of the brain and the inhibition of this

enzyme could help explain the reports of heart attack and stroke that are edsuitialong
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term COX-2 inhibitor use4@). It has been hypothesized that perhaps COX-2 is important in
protecting cardiomyocytes from oxidative injury or that COX-2 dependentd?@luction
interacts with inducible nitric oxide synthase to increase the headianake to future

ischemic insults but further studies are required to pinpoint the mechanisms ledtiese
events 49). Until researchers are able to develop or identify a natural or synthetic
pharmaceutical capable of providing the benefit of relief from inflammalissase, without

the risk of Gl or cardiac problems, patients must weigh the risk versus thé bétaking

such drugs and consume accordingly.

Signal Transduction Pathways Important for Inflammation

Nuclear facton<B (NF«B) is a transcription factor involved in the transcription of
proinflammatory and antiapoptotic genes, including COX-2 and iNEBS (t is known that
NF-xB is a key player in the progression of cancer, rheumatoid arthritis, inflanynbatoel
disease, and asthnmst|. When the classical (canonical) MB-pathway is not stimulated,
the pathway is inhibited by the association of inhibitor ofit~(IxB) with the Rel dimers
that make up the NkB transcription factor. 1B does not allow the Rel dimers to
translocate into the nucleus and activate transcription of target gafe3 he NF«B
canonical pathway can be stimulated by inflammatory cytokines (includinga] NFS,
growth factors, stress inducers, chemotherapeutic agents, etc.). Upoatstimoi the NF-
kB pathway, the high molecular weight inhibitor of NB-kinase (IKK), made up of three
subunits IKka, IKK B, and IKKy, is activated leading to the phosphorylation of four serine
residues on the two subunits of the inhibitor of RB-kinase (IkB). These phosphorylations
lead to the ubiquitination and degradationi® by 26S proteosom&T). The uninhibited
NF-xB Rel subunits are then able to translocate into the nucleus of a cell and carry out
transcription of target genes.

An alternative or non-canonical pathway of NB-has been shown to occur in B

cells, which appears to be responsible for the development, survival, and attenuation of
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apoptosis of B cell$5@). This alternative pathway can be stimulated by lymphotoxin LT)
receptor, B cell activating factor (BAFF) receptor, or CD40, as opposed TiNfrex

receptor known to activate the classical pathvis®y. (During activation of the alternative

NF-xB pathway processing of precursor protein p100 to p52 occurs, through the stimulation
of NF-«B binding kinase (NIK) and IKk resulting in the phosphorylation of p100. The
phosphorylated precursor protein, p100, then undergoes controlled proteolysis by the
proteasome producing the mature protein, p52, which is then able to form dimers®ith Re
and activate transcription of target genes necessary for secoyii@tyolid organogenesis,
mature B cell function, and adaptive immunibg)

An important facet to the activation of the MB-response relies heavily on which
dimers bind and act on the NdB consensus sequence. There are five members of the NF-
kB transcription factor family that were discovered in the 1980s, p105 (constyutivel
processed to p50), p100 (processed to p52), p65 (also known as RelA), RelB, and c-Rel, each
subunit having different functional domairg®). All five members contain a Rel-homology
domain (RHD) allowing them to bind to DNA, but only p65, RelB, and c-Rel contain
transactivation domains (TADs) which sets the stage for which combinatiacassdription
factors are activating or repressig®), For example, one of the most common heterodimers
of NF-«B consists of p50 and p65, which is able to activate transcription because TAD is
present in p65, whereas a homodimer of p50 would be repressive because no TAD exists.

Genetic knockouts have provided extensive information on the importance of each
transcription factor on health and inflammation. Mice with genetic deficiencigsnes that
encode p50, p52, c-Rel, and Rel B have abnormal responses from immune cells ddaling wit
B and T cell proliferation, antigen presentation, isotype switching, and cytpiadection,
although these mice appear healthy and develop normeélly It has also been
demonstrated that knockouts for p65, IKkand IKKy die in late embryonic development or

at the time of birth due to TNé&-regulated hepatocyte apopto$4)( Similar knockouts of

www.manaraa.com



24

IKK subunits have been studied for their role in inflammatory diseases resnlthgpnic
inflammation in intestinal epithelial cells, showing a massive influx of macggpbells
expressing TNFex (62). This state was normalized by crossing the IKK knockouts with TNF
receptor knockout mice, indicating a fragile equilibrium between the inflaonynissponse
and apoptosissQ).

Mitogen-activated protein (MAP) kinases are important serine/threoningckitiaat
play a major role in genetic signaling pathways crucial for the contrahbfy@genesis, cell
differentiation, cell proliferation, and apoptos&S). There exists four known subgroups
within the MAP kinase family, Extracellular signal-regulated kinaB&XK(), c-jun N-
terminal or stress activated protein kinases (JNK/SAPK), ERK5/bigMAR&INEBMK1),
and p38 protein kinases. p38 MAPK is the primary kinase from this family that is idvolve
in inflammation, consisting of four homologs, p38ndp, which are isoforms of each other
that are ubiquitously expressed, and§8&Bdy, which are differentially expressed. The gene
expression of p3Bhas been observed in the lung, kidney, testis, pancreas, and small
intestine, whereas p3&xpression is predominantly located in skeletal mugéde (Several
extracellular stimuli are known to activate the p38 MAP kinase pathway, inclodangbial
products, such as lipopolysaccharide (LPS), and a number of cytokines suchua$lH21
IL-7, IL-17, IL-18, TGFf3, and TNFe.. After the activation of this signaling cascade p38
MAPK is known to up-regulate the expression of many genes involved in the inftamgma
response, like TNF, IL-1p, IL-6, IL-8, COX-2, collagenase-1, -3.

Echinacea

The genugchinaceaPurple Cone Flower¥ a perennial flower native to the central
United States. Its name comes from the Greek wolnthos which means sea urchin or
hedgehog, referring to the spiked floral recepta@. (There are nine specieskthinacea
E. purpureaE. angustifolia E. pallida E. tennesseensiB. sanguinegE. simulataE.

laevigatg E. atrorubensandE. paradoxaeach with moderate to extensive variations in
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their phytochemical profile6g). Echinaceahas been used medicinally for several hundred
years, dating back to Native American peoples use of this herb for varioustajlme

including pain relief for coughs and sore throats, fevers, smallpox, mumps, measles
rheumatism, arthritis, and antidotes for poisons and other vergainsEchinacea
angustifoliawas the most popular species used by the Native Americans, though records
show that they also usé&d purpurea andE. pallida(67). The first published account of the
medicinal use oE. purpureawas in 1762, in the"2 edition of Gronovius’ Flora Virginicus,
where Laurens Theodoor Gronovius reported its beneficial use for saddle sores on horses
(65). Echinaceahas a long history of its use medicinally and yet still warrants furthey st
and understanding of its potential therapeutic uses.

CurrentlyEchinaceas most commonly used to treat the common cold and other
upper respiratory tract infections (URTI). Formulations of this botanical suppteran be
found in the form of salves, tinctures, capsules, teas, injectionG®tc. I the United
States annual salesB€hinacegroducts have been estimated to range from more than $200
million to more than $300 millior6Q). With such large scale purchase and therefore use of
this botanical supplement there are still questions of its efficacy in modulla¢gimgnmune
system and its mechanisms of action, as well as what constituents arannfosrvarious
bioactivities. Clinical trials investigating the usefulnes&dfinacean treating colds and
URTIs have provided inconsistent results and will be the topic of further revieNawihg
sections. A possible reason for the lack of congruity #thinaceastudies may be due to
the preparations used in the studies. The quality of plant material and compreieits
available to consumers has been examined both in the United States and abroad. In an
analysis of 59 commercial products available in the United States and labElddrescea
it was discovered that 10% had no detect&8oleinaceacontent, 48% were inconsistent with
their label when identifying the species present, and of 21 standardized possatilo did

not meet the standards declared on their lal@é)s (
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Major Bioactive Constituents ldentified EchinaceaSpecies

The five major classes of compounds that are thought to be responsible for the
bioactive properties identified #chinaceaextracts are alkylamides, caffeic acid derivatives,
polyacetylenes (generically known as ketones), polysaccharides, angrgtgaas 65).

Each species d&chinaceacontains different, yet in some cases overlapping, chemical
profiles that allow for their identification. Structures of common alkydsj ketones, and
caffeic acid derivatives identified as present inEloshinaceaspecies are drawn Figure 3,
along with the proper nomenclature for these constituents.

EchinaceaAlkylamides

Twenty-five alkylamides, also known as alkamides, have been identified in
Echinacearoots and aerial part6%), and of these, fourteen have been found in the roots of
E. angustifoliaand eleven have been found in the roots and aerial portenpairpurea(71)
The two major alkylamides found Ex angustifoliaandE. purpurea are dodeca-
2E,4E,8Z,10E/Z-tetraenoic acid isobutylamides (Bauer alkylamides 8 and Qedatbavn
to occur as a mixturé’®). Total alkylamide concentrations have been reported to range from
0.004% to 0.039% dry weigh%). When chewing o&chinaceaoots or seeds a tongue
tingling or numbing sensation is experienced due to the alkylamide constitt@®nt# has
been hypothesized that alkylamides are beneficial t&thenacegplant by acting as
insecticides. Clifford et al. conducted a mosquitocidal assay showing thmixtioee of
dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide (Bauer alkylam@esa8ised
87.5% mortality of mosquito larvae within 15 minutes at a concentration qiMQ5 3).

Other research conducted on alkylamides isolated from arabidopsis indigatesible role
for this constituent in promoting plant growth and root developn¥eit (Vith many

hypotheses circulating on how alkylamides may be critical t&tmnacegplant, others are
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Figure 3. Structures of common alkylamides, ketones, and caffeic acid derivatives found in

Echinaceaspecies

_ /\j\N/\( \//\_/\/\/\JO\N/\(

H
Undeca-2E,4Z-diene-8,10-dienoic acid isobutylamidéodeca-2E,4E,8Z,10E-tetraenoic acid isobutylamide
(Bauer alkylamide 1) (Bauer alkylamide 8)
O @)
H H
Undeca-2Z,4E-diene-8,10-dienoic acid isobutylamid®odeca-2E,4E,8Z,10Z-tetraenoic acid isobutylamide
(Bauer alkylamide 2) (Bauer alkylamide 9)
O @)
H H
Dodeca-2E,4Z-diene-8,10-dienoic acid isobutylamidBodeca-2E,4E,8Z-trienoic acid isobutylamide
(Bauer alkylamide 3) 0 (Bauer alkylamide 10) 0
= — —/VJ\N/\(\ /\/\/\/\/\)J\N/\(
| |
Undeca-2E,4Z-diene-8,10-dienoic ati'd Dodeca-2E,4E-dienoic acid isobutylamide
2-methylbutylamide (Bauer allglamide 4) (Bauer alkylamide 11)
| |
H
Dodeca-2E,4E,10E-trien-8-dienoic acid Undeca-2E-ene-8,10-dienoic acid isobutylamide
Isobutylamide (Bauer alkylamide 5) o (Bauer alkylamide 12)

Trideca-2E,7Z-diene-10,12-dienoic acid

: \ Trideca-10,12-dienoic acid isobutylamide
Isobutylamide (Bauer alkylamide 66

(Bauer alkylamide 12A analogue)

— == == Ay

H
Dodeca-2E,4Z-diene-8,10-dienoic acid 2,3dihydro-Undeca-2E-ene-8,10-dienoic acid
2-methylbutylamide (Bauer alkylamide 7) isobutylamide Bauer alkylamide 12B analogue)
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Figure 3 continued.
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(Bauer alkylamide 13)
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(Bauer alkylamide 14)
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Dodeca-2E,4Z,10Z-trien-8-dienoic acid isobutylamide

(Bauer alkylamide 15)

:—:/\/\:j)\,l\l/\(\

Undeca-2Z-ene-8,10-dienoic acid methylbutylamide

(Bauer alkylamide 16)

YNV

Dodeca-2E-ene-8,10-dienoic acid 2-methylbutylamide

(Bauer alkylamide 17)

Pentadeca-2E,9Z-diene-12,14-dienoic acid isobutylae

(Bauer alkylamide 18)
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(Bauer alkamide 19)

OH O

— LK
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(Bauer ketone 20)
OH @)
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(Bauer ketone 21) O
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Tetradeca-8Z-ene-11,13-diyn-2-one
(Bauer ketone 22) 9]
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Pentadeca-8Z-ene-11,13-diyn-2-one
(Bauer ketone 23) ')

Pentadeca-8Z-ene-11,13-diyn-2-one
(Bauer ketone 24)
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/\/:\/:V\/\)J\

Pentadeca-87,117,13E-trien-2-one
(Bauer ketone 25)

HO
HO OH
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O OH
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H | -0 OH
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Figure 3 Continued.
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interested in alkylamides found Echinaceadue to their immune modulating capabilities in
human, animal, and cell culture studies, as well as studies that are providing etind¢nc
these constituents are bioavailal®@&,(79.

The inhibition of COX-2 has been of great interest to those studying inflammation
and several studies set out to show that alkylamidesEdrnaceahave such inhibitory
capabilities. Early studies published in 1994 examined eight alkylamidegdsbiam an n-
hexane extract d&. angustifoliafor their ability to reduce production of prostaglandin E2
and 5-hydroxyeicosatetraenoic acid as a measure of cyclooxygenasémmgdgenase
activities, respectively. The. angustifoliaextract was shown to inhibit both activities at
concentrations of 50g/ml for cyclooxygenase and 11u§/ml for lipoxygenase, with an
inhibition of 62.4% and 81.8%, respectiveRr). When the alkylamides were screened it
was shown that a 1:1 mixture of dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutglamide
(Bauer alkylamides 8/9) inhibited both cyclooxygenase by 54.7% at a concentration of 50
uM and 5-lipoxygenase by 62.2% at a concentration @fN({78). In another study
focusing on cyclooxygenase activity, alkylamides isolated from the ob&spurpurea
undeca-2Z,4E-dien-8,10-diynoic acid isobutylamide (Bauer alkylamide 2), u@é&eéa-
dien-8,10-diynoic acid 2-methylbutylamide (Bauer alkylamide 4), and dodeda@-2ken-
8,10-diynoic acid 2-methylbutylamide (Bauer alkylamide 7) were shown to ir@ix-1
activity in anin vitro model from microsomal preparations of ram seminal vesicles, with
inhibitions of 60%, 55%, and 48%, respectivel@)( COX-2 activity was also inhibited by
Bauer alkylamides 2, 4, and 7 with inhibitions of 46%, 39% and 31%, respeci@glylhe
concentration of alkylamide used to inhibit cyclooxygenase activity waalbcquite high
in the previously described study at 1G§ml, which is equivalent to 43/, 412 M, and
389uM, for Bauer alkylamides 2, 4, and 7, respectively. Inhibition of cyclooxygehase
dependent PGEvas identified in neuroglioma cells (H4 cells) treated with alkydsi

isolated from a C@extract made from the root materialtEafangustifolia(78). Only theE.
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angustifoliaextract and 1@M of undeca-2Z-ene-8,10-diynoic acid isobutylamide (Bauer
alkylamidel3), dodeca-2E-ene-8,10-diynoic aid isobutylamide (Bauer alikidain), and
dodeca-2E,4Z-diene-8,10-diynoic acid 2-methylbutylamide (Bauer atkgéa7) were able
to significantly inhibit PGE of the eight alkylamides screené@), Further analysis of
COX-2 protein and mRNA, showed an increase of COX-2 at the transcriptional and
translational level, but a significant suppression of COX-2 enzyme actithytreatment of
Bauer alkylamides 13, 14, and78). The insight that was gained from the studies described
above provided a basis for the hypothesis that perhaps alkylamides aotfstiong with
arachidonic acid for the cyclooxygenase enzymes and that may be hovwsREEnuated,
though more relevant studies are necessary.

Another means by which alkylamides have been shown to modulate the immune
system and act in an anti-inflammatory nature, through the activation of mageog#iks, is
by inhibiting the production of nitric oxide (NO). Chen et al. conducted a study to determ
if 14 alkylamides from the roots &. angustifolia E. purpurea andE. pallidacould reduce
the amount of NO produced after stimulation of RAW264.7 mouse macrophage cells with
lipopolysaccharide79). The lowest NO I, was determined to be 1M for both dodeca-
2E,4Z-diene-8,10-diynoic acid isobutylamide (Bauer alkylamide 3) and dodeca-Qieie-
8,10-diynoic acid 2-methylbutylamide (Bauer alkylamide 7), with dodeca-2E,4BBZ -
tetraenoic acid isobutylamide (Bauer alkylamides 8/9), dodeca-2E,4E-@amnai
isobutylamide (Bauer alkylamide 11), and dodeco-2E,4Z,10Z-trien-8-ynoic acid
isobutylamide (Bauer alkylamide 15) coming in next with g & ~24uM (79). Cell
viability was also measured using an MTT assay after treatment of2BAW/ cells with
alkylamides, showing T§ at dose&50 uM with all alkylamides screened9). High levels
of nitric oxide production (via INOS and eNOS) plays an important role in the intidonyn
response through increasing vascular permeability, angiogenesis, and the gnoafuicge

radicals, such as peroxynitrites, which lead to tissue damage. The impoftademifying
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constituents ifEchinaceahat act in a multifaceted fashion during the process of
inflammation, through the inhibition of multiple inflammatory endpoints, is esséntia
understanding the full potential of this herbal product.

Alkylamides Proposed Mechanism Leading to Immune Modulation

Little is understood about the molecular mechanism of a&ahimnaceaemploys to
exert its immunomodulatory properties, but studies have been accumulating pravsdihg
to this topic. In 2004, Gertsch et al. published a study demonstrating that dodeca-2E,4E,8Z-
10E/Z-tetraenoic acid isobutylamides (Bauer alkylamides 8/9) indu€ealldRNA, as well
as cAMP, p38/MAPK, and JNK signaling, and activate &= primary human
monocytes/macrophages, but do not inhibit LPS induced dl§Fetein levels at nanomolar
concentrations80). It was postulated that the mechanism leading to the described immune
modulation was related to cannabinoid receptors, providing the first insight into a@ossibl
mechanism of action fdgchinacea80).

Cannabinoid receptors (CB1 and CB2) are G protein coupled receptors that have been
shown to potentially modulate a variety of immune cell functions in various species
including humans81). The CB1 receptor is ubiquitously expressed in various regions of the
brain and is partially responsible for catalepsy, depression of motor acthatgeaia,
feelings of relaxation, and well being2j. It should also be mentioned that CB1 receptor is
highly expressed on monocytes, macrophages, dendritic cells, and osteB8ja¥théreas
the CB2 receptor is located in the periphery and is known be present in immune cells, such as
T cells, B cells, natural killer cells, macrophages, neutrophils, and niasiS&.

Anandamide (C:22) is a derivative of arachidonic acid and an endogenous ligand for
the cannabinoid receptor®4). Due to the fact that alkylamides share structural similarity
with anandamide, Woelkart et al. assessed alkylamides isolatedt frangustifoliaroot for
their ability to bind to rodent cannabinoid receptors using a receptor binding assall, &s

the metabolic stability of these constituents to fatty acid amidohydr@iageH) (85).
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FAAH is responsible for the hydrolysis and inactivation of anandamide and tleenedgrbe
involved in metabolism of alkylamide8@). Bauer alkylamides 8/9, 10, 11, and 17 showed
the greatest affinity for rat CB1 receptors with Ki values ranging 8ofM to 11.0uM,
but when phenylmethanesulfonyl fluoride was added as an inhibitor of FAAH thera wa
slight decrease in the Ki concentrations for Bauer alkylamides 10, 11, and 15ttt
alkylamides are also susceptible to hydrolysis by serine-dependerdsa®@d). As for the
CB2 receptor, Bauer alkylamides 7, 8/9, 10, 11, and 17 and tetradeca-2E-ene-10,12-diynoic
acid isobutylamide showed the greatest affinity with Ki values rangiomg f.9uM to
12.7uM (85). There is particular interest in cannabinoid receptor CB2 ligands due to their
potential to act as anti-inflammatory agents, without interfering \Wwerdetrimental brain
function effects linked to CB1.

Further studies on alkylamides and their ability to bind to human CB2 receptor
determined that dodeca-2E,4E,8Z,10Z-tetraenoic acid isobutylamide (Bauanatle/9)
and dodeca-2E,4E-dienoic acid isobutylamide (Bauer alkylamide 11) bound to the receptor
more strongly than endogenous ligands, suck’astrahydrocannabinol, anandamide, and
2-AG (81). The Ki values of Bauer alkylamides 9 and 11 were ~60 nM for CB2, with
significantly less affinity for the CB1 recept@1). It was previously shown by Gertsch et
al. that alkylamides influence cellular cAMP levels in human monocyéestphages and
that they inhibit induced cAMP production, providing a basis to study whether alkigdami
binding to CB2-positive or CB2-negtive cell lines effect total{T80, 8). In the CB2-
positive cell line, Bauer alkylamides 9 and 11 inducecﬂ]Cwith no significant modulation
of [C&"] in CB2-negative cells, indicating that CB2 is important fof‘Gignaling with
alkylamides 81).

Macrophage cells have been identified as crucial cells involved in the inflanymat
response and therefore scientists are interested in understandigglhoaceaalkylamides

or caffeic acid derivatives may influence biomarkers, such asBN&xpression, TNFe:
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production and nitric oxide production, which are known to be inducible in macrophage
cells. A recent study described how certain classes of alkylamiges takese endpoints
differently in the RAW264.7 mouse macrophage cell IBi§.( It was determined that after
treatment with LPS, cichoric acid at 8 ng/ml, a mixture of alkylamfdem anEchinacea
extract (EPL AA) at 2ng/ml, and (2E, 4E, 8Z,10Z)-N-isobutyldodeca-2,4,8,1@neimade
(Bauer alkylamide 11) at 2 ng/ml, which represents the 2,4-diene clakylaimides, were
shown to inhibit NF<B reporter gene expression, but only cichoric acid at 0.8ng/ml and the
mixture of alkylamides in akchinaceatraction 2 ng/ml were able to decrease TNF
production 87). Finally, only the mixture of alkylamides from tBehinacedraction at 2
p/ml were shown to inhibit NO productio&).

A similar study conducted by the same group that provided the macrophage study
examined the effects of alkylamides on human T cells in a&itro model system that
utilized Jurkat cellsg8). T cells are another group of immune cells derived from the thymus
that play an important role in both activating other cells, such as B cells ampimages
during an inflammatory response, or differentiating into cytotoxic T dedisare capable of
killing virally infected cells ). The study was designed to observe the effect of two classes
of alkylamides, 2-ene and 2,4-diene, and caffeic acid on the modulationd Mkpression
in a luciferace model syster@8). NF«B is a nuclear transcription factor which can be
stimulated during an inflammatory response to express genes like, TINE, and COX-2.
It was determined that (2E)-N-isobutylundeca-2-ene-8,10-diynamide (Baykamaide 12)
at 2 pg/ml, which represents the 2-ene class of alkylamides was ablébtbNihkB gene
expression after treatment with LPS and (2E,4E,82,10Z)-N-isobutyldodeca-2,4,8,10-
tetraenamide (Bauer alkylamide 11) at 0.2 pg/ml, which represents the@elethss of
alkylamides was shown to significantly increase tB-reporter gene expression after LPS
treatment. When phorbol myristate acetate was treated prior to additidylafratie or

caffeic acid derivative, both cichoric acid at 8 p/ml and Bauer alkylamide 11gt p
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significantly increased NikkB gene expression, whereas Bauer alkylamide 12 at 0.2 pg/ml
was shown to significantly decrease NB-uciferase expressio®). Such a differing

effect between 2-ene and 2, 4-diene alkylamides seen in the studies of RAW264.7 mouse
macrophage cells and human T cells reviewed above should caution investigators of
Echinaceao the importance of understanding which constituents are crucial for a particular
bioactivity.

Anti-viral Activity of EchinaceaAlkylamides

Other studies with alkylamides have provided evidence toward their dual action as
both anti-inflammatory agents, as well as having an indirect anti-vieatefinterleukin-2 is
required for the clonal expansion and activation of T cells during infection andsbdseah
linked to decreased symptoms and reduction of virus revival in experimental rhinovirus
infection @, 89. It has been hypothesized that modulatory effects on IL-2 protein
production may manipulate T cell specific immunity toward infect8f). ( Sesagawa et al.
set out to identify whether aeri@l purpureaextracts or constituents could modulate
phytohemagglutinin/phorbol 12-myristate 13-acetate induced IL-2 production in Hfrkat
T cells ©0). From this study it was determined that aerial extrakt plurpureain 95:5
ethanol/water inhibited IL-2 production by ~65% atsfiml and two standard alkylamides,
dodeca-2E, 4E, 8Z,10Z-tetraenoic acid isobutylamide (Bauer alkylamatel3jodeca-
2E ,4E-dienoic acid isobutylamide (Bauer alkylamide 11) at concentrations of y68bto
25 ug/ml (equivalent to that in thie. purpureaextract), were both capable of dose-dependent
significant IL-2 suppression compared to a vehicle control, with caffeic acictiees
showing no significant alteration of IL-2 production at concentrations presentkn the
purpureaextract 00).

EchinaceaCaffeic Acid Derivatives

Caffeic acid derivatives make up a major class of constituents foltthinacea

that include, caftaric acid, chlorogenic acid, caffeic acid, cynarin, echidacasd cichoric
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acid. Pellati et al. reports the total phenolic contenEfangustifolia E. pallida andE.
purpureato be 10.49 mg/g, 17.83 mg/g, and 23.23 mg/g, respect®8&ly This class of
compounds has been studied for anti-oxidant capabilities through measuring theitoabi
scavenge 2, 2-diphenyl-1-picrylhydrazyl (DP®kadicals. Six caffeic acid derivatives were
screened with the order of scavenging potency against DiREldals as follows:
echinacoside (Efg = 6.6uM) > cichoric acid (EGy = 8.6uM) > cynarin (EGo = 11uM) >
chlorogenic acid (E§s = 18.9uM) > caffeic acid (EGy = 19.1uM) > caftaric acid (EG =
20.5uM) (91). These results are consistent with previous reports indicating that lihe abi
of phenolic compounds to scavenge free radicals is largely influenced by the number of
hydroxyl groups on the aromatic ring, with more hydroxyl groups havingegraetivity

(92.

Caffeic acid derivatives have been studied for their anti-viral propertiesichric
acid has been reported to potently inhibit human immunodeficiency virus type 1 (HIV-1)
integrase activity, which is a key enzyme in the viral life cycle reddoereplication, in a
HelLa CD4 LTRg-gal cell line model transfected with HIV-23). Furthermore, it was
shown that synthetic dicaffeoylquinic acids and dicaffeoyltartaric arslpotent and
selective inhibitors of HIV-1 integrase and replicati®d)( The antimutagenic potential of
caffeic acid derivatives found HEchinaceaL) Moenchwas analyzed using tisalmonella
typhimuriumtester strain TA100 in a plate-incorporation test, where revertanésceented
(95). The results demonstrated that cichoric acid actually increased the meitggdr8-(5-
nitro-2-furyl)acrylic acid (5SNFAA), whereas ferulic and caffeiedsowere identified to be
antimutagenic by decreasing the mutagenic effect of SNFAA by approxynbats,
although it should be noted that extremely high concentrations of 300 to&200 were
screened to identify this effe@5).

Stability of Alkylamides and Caffeic Acid Derivatives

www.manaraa.com



37

A major concern of researchers studying the bioactivity of the constitwemts in
Echinaceaas well as those using and prepaitotinaceareatments for medicinal
applications, is the stability of active constituents after various prepagatitorage
temperatures, and storage periods. It has been hypothesized that due to the known anti-
oxidant bioactivity of the caffeic acid derivatives that perhaps they arecfivetef the
highly unsaturated alkylamides via preventing oxidation. Several studiesdtiaue &
understand the ideal conditions of preparation and storageliomacegproducts and will be
discussed below.

During 1999, Livesey et al. used either an alcoh®dbinacea purpurethree year
old root extract or a dried powder from that same extract to examine thaystdbrarker
compounds (Bauer alkylamide 1/2 and a phenolic, cichoric acid) after storageGt -20
25°C, or 40C for seven months. After the seven month period HPLC was used to determine
that in the dried powder, alkylamide concentration decreased 88%Cata8 95% at 4,
whereas the cichoric acid concentration was not significantly affea@ed A reverse effect
was identified for the liquid extract where the alkylamide level reathstable over the
temperature range and cichoric acid content declined 80% at the higher temp&@jures
Another study looked at the effect of chopping, drying, and storage (both time and
temperature) oE. purpurearoots and how those conditions affected alkylamide content. It
was determined that drying had no effect, whereas chopping did affect cekygamades
slightly but to a non-significant degree. The major findings were thdbalkyes levels
decreased by greater than 80% during storage®at &der a 64 week perio®7).
Echinaceaoots stored at -I& also experienced a significant decline in alkylamide levels
after the same storage period, indicating that attention must be paid to stonpgetares.
These were some of the earlier results to indicate that an optimization afpisgpand
storage conditions was necessary to maintain stability of two main contifaand in

Echinacea
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A common method that is commercially used to dry harvested raw material from
Echinaceas that where hot air is fan-forced over plant material. In 2003, Stuart alsd Wil
designed a study to examine the alkylamide and cichoric acid concentraopuwpurea
root and aerial portions dried in the fan-forced manner at temperatures rangigPi70C
(99). Alkylamide content did not differ at the assorted drying temperaturks noot, stem,
or leaf material, but there was a significantly higher amount of alkylamitiewers dried at
70°C as compared to those dried at@@8). The alkylamide data collected indicates great
stability for these constituents at drying temperatures ranging40-70C. Overall, as the
drying temperature increased, cichoric acid content significantly cssdréa root, flower,
stem, and leaf material9§).

Other studies sought to determine whether long term stordgghofaceamaterial
had an effect on bioactivity. In 2006, Senchina et al. determined that greater tlyaarone
storage of drfechinacearoots from seven of the nine species maintained their cytokine-
modulating capabilities in an vitro model of Type A influenza vaccinatiof9). Another
study examined the immunomodulatory effects of s&@nnaceaspecies tinctures after 2
years of storage at -20. Two sets of experiments were employed, one with human
peripheral blood mononuclear cells (PMBC) treated wittEtt@nacedinctures only and
the other with PMBC collected from vaccinated individuals immunized with influenza
vaccine and then treated wilthinaceainctures and influenza virus. Results indicated an
increased alkylamide concentration ExrpurpureaE. simulata andE. tennesseensiwith
no change identified fd€. angustifoliaE. pallida or E. sanguineafter 2 years of storage at
-20°C (100). Another significant finding was that cytokine production was measured to be
higher with fresh extracts than the stored extracts providing evidencddrade time may
be detrimental to obtaining consistent results in bioasd4a&. (

In 2007, Liu and Murphy determined that there were differences in the stability o

alkylamides stored in solution versus dry extract and that phenolics, such asdiceacat
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derivatives are likely to play a role in protecting alkylamides from diegi@n. Four
different accelerated storage conditions were used to prEpatepureaextracts, those
being, phenolic-depleted and phenolic-rich dry and phenolic depleted and phenolic-rich
dissolved in dimethyl sulfoxide (DMSQOJ)Q1). Extracts were stored underr@) 8C°C, and
90°C. The results from this study showed thatErypurpureaalkylamides degraded
significantly slower with phenolic acids present than without, but yet theaatkgés
degraded faster in phenolic-rich DMSO extracts than those without pherddligs A key
finding from this study was that DMSO extracts maintained the stabilityecdlkylamides
better than the dry extractsl). The authors concluded that different mechanisms must
account for alkylamide oxidation in solution compared to the dry extracts.

From the studies discussed in this section it can be concluded that several factors,
such as preparation method, temperature during preparation, temperature dragey sind
storage duration are very important for the biological evaluation of constitoemnts i
medicinal herbs. Also, because of the medium chained structure of alkydaitsd#ouble
bond contents, and unsaturated configuration this constituent is highly prone to oxidation,
which perhaps under certain conditions is circumvented through the actions of radical
scavenging caffeic acid derivativel0(@). These findings should make researchers mindful
of the need to control for stable conditions of constituents of interest and to be ddigent t
conduct research in a timely manner to obtain meaningful results before diegradatthe
opportunity to occur.

EchinaceaKetones

Acetylenes, generically called ketones, are the major lipophilic compounds found in
certain accessions &ichinacea pallidaand until recently have not been studied as
thoroughly as other constituents for their bioactive potential. A study focusing on the
cytotoxic properties of five ketones found in n-hexane extradEs péllidadetermined that

pentadeca-(8Z,13Z)dien-11-yn-2-one (Bauer ketone 24) was able to causerdretion
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dependent decrease in cultured human colorectal (COLO320) and pancreatica@d”A2 )P
adenocarcinoma cell viability, with ang¢bf 2.34:0.33uM and 32.1%3.98 uM,
respectively 75). These results were quite significant because the study goes on to show that
Bauer ketone 24 was more effective then the common cancer drug 5-flourouracil at
decreasing cell viability in COLO320 cells and that this ketone causes agitytdixrough
activation of caspase 3/75). Another study analyzed the cytotoxic properties of Bauer
ketone 24 on leukemia (Jurkat and HL-60), breast carcinoma (MCF-7), and melanoma
(MeWo) cells, identifying significant cytotoxic properties withsd@ss than 2.5 uM for the
Jurkat and MCF-7 celldl02). The cytotoxic effect of thEchinaceaketone was determined
to be due to cell cycle arrest during thepBase in the HL-60 leukemia cell0Q).

Further research has been conducted to better understand whether constituents found
in Echinaceaare able to influence the multidrug transporter P-glycoprotein (Pgp), which
bestows resistance to anticancer chemotherapy when highly expressackeincedls. In a
human kidney cell line HK-2, made to constitutively over express high and constdatde
Pgp it was determined through a bioassay-guided fractionationExfranacea pallida
extract that pentadeca-(8Z,13Z)dien-11-yn-2-one (Bauer ketone 24) was dekrease the
efflux of the Pgp probe calcein-AM by three-fold compared to the control at ardoaion
of 30 uM (103). Although the inhibition measured with Bauer ketone 24 was minimal
compared to that of other Pgp inhibitors it is interesting to consider the rol@shibison
may take in herb-drug interactions.

In 2008 an attempt was made to determine a possible mechanism of action for
reported immunomodulatory properties of ketones fourtfl allida (104). Egger et al.
chemically synthesized natural and non-natural ketoalkenesHrqallidaand tested for
antagonistic activation via the cannabinoid receptors using a GTPasel&zgbayNo
ketoalkenes were capable of activation of GTPase activity to greate20% of basal levels

and therefore were not considered cannabinoid receptor agd@idis Further studies will
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need to be completed to determine a mechanistic basis for the bioactivitieatadssith
ketones fronEchinacea

A stability study was conducted with pentadeca-(8Z, 132)-dien-11-yn-2-Baue(
ketone 24) in cell culture medium (Roswell Park Memorial Institute 1640 medium
supplemented with L-glutamine, fetal bovine serum, penicillin, and streptomy@naai2
hour period under standard culture incubation conditib@8 ( Results from this study
indicated that oxidation of the ketone was relatively slow, with the areadodgroxide
intermediate at approximately 25% at 72 hours and the final hydroxylated kietovegive
was not detected after 72 hout92%).

EchinaceaPolysaccharides

Polysaccharides are constituents founBcghinaceaextracts that have been
recognized to possess macrophage activating bioactivity, including thg ebiiiduce
macrophages to develop high cytotoxicity against tumor cells. It is notgworgoint out
that polysaccharides are extracted filéahinaceausing water and therefore parallel screens
for endotoxin levels should be performed in conjunction with the identification of
bioactivities, to ensure that observed results are a direct consequence ofshegbaiside
treatment and not due to increased endotoxin stimulation. Endotoxin studies were not
mentioned in the studies described hereafter. In 1984 studies were conducted utilizi
purified polysaccharides frof. purpureaextracts targeting immune cells bathvitro and
in vivothat provided evidence that this class of compounds possess macrophage-activating
properties, in both peritoneal macrophages and macrophages cultivated from bome marr
precursor cellsl05). It was shown that the polysaccharides activated the macrophages to
develop extracellular cytotoxicity toward DBA/2 P815 mastocytoma cetlig;ating a
possible application for this group of constituents in combating tumor systég)s (

Luettig et al. further explored polysaccharides and macrophage activaisoldiyng

highly purified acidic arabinogalactan from cell culture&€opurpureaand published further
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evidence that thioglycollate-induced peritoneal macrophages were séchtdgiroduce
TNF-a, bone marrow macrophages were stimulated to secrete IFN-beta, dedtresi
peritoneal macrophages were stimulated to produce IL-1 when treatedafithogialactan
(106). This same study explained that arabinogalactan activated macrophagesNéill T
sensitive WEHI164 tumor cells and increase phagocytosis of the pamishtenania enrietti
(106). Another study that verified these results was described by Steinmualer et
demonstrating that polysaccharides separated Eopurpureacell cultures were able to
activate peritoneal macrophages in animals after administration of cygidamosie or
cyclosporin A, known immunosuppressors, by increasing the production ofi,Tad~well as
increase cytotoxicity against WEHI164 fibrosarcoma tumor cells and acefitriar parasite
Leishmania enriett{107). Evidence is accumulating suggesting that arabinogalactan and
other polysaccharides may exert therapeutic effects againshaataier cells as well as
various parasites, due to their cytotoxic properties.

Melchart et al. conducted a clinical study utilizing a polysaccharad¢idn isolated
from anE. purpureaextract to neutralize the adverse side effects experienced by indsvidua
having chemotherapy treatments for advanced gastric cd@r (Thirteen patients
received daily i.v. injections of 2 mg of a polysaccharide fraction for 10 days, bemidini
days before initiating their chemotherapy regimB08(. Results were very unclear for this
study due to the control group coming from historical records of past patients stiils ga
carcinoma that were treated with the same chemotherapy at@8ts The study at most
suggested a slight yet non-significant decrease in leukopenia, which ieastein
circulating white blood cells that leaves the patient overly susceptiblestdiont, in the
patients that received the polysaccharide fractl@®&)(

EchinaceaGlycoproteins

Other studies discuss the possible role glycoproteins may have in the

immunostimulating effects observed wih purpureaextracts through the activation of
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complement. Mechanistic studies have shown that arabinogalacatin protein(A@e)
isolated from the pressed juicetfpurpureabinds to C1q, can enhance C3-consumption,
and further induce an increase of C5b-9, which is the membrane attack cohmaietyt
stimulating potent complement activatidig). Alban et al. verified these results using a
haemolytic complement assay, providing evidence that AGP was able toeabbtiathe
classical and alternative pathways of complem&h)(

Classen et al. studied the proliferative effect of different concesrisatif AGPs on
mouse spleen cells, describing that AGPs isolated Eopallidaroots dose-dependently
activated proliferation, whereas AGPs purified from suspension cultiepafrpureawere
ineffective proliferatorsi11). Further results demonstrated that APGs isolated fromEhoth
pallida andE. purpureancreased IgM-titres in spleen cell cultures from NMRI mice,
indicating an ability to activate B-lymphocytesl(l). When alveolar mouse macrophages
were treated witlie. pallidaandE. purpureaAGPs, a dose-dependent increase was observed
in IL-6 production and nitrite production, which is an expected outcome of macrophage
activation (11).

The Anti-viral Activity of EchinaceaPreparations

In western countries the common cold is one of the most prevalent diseases with
direct medical costs reported to reach approximately $16.8 billion annuafy (In the
U.S. an adult suffers from 2 to 4 colds per year, accounting for approximatelylia8 mi
days of work absencé&12). With the vaccination for rhinoviruses remaining elusive and
clinical benefits from zinc, vitamin C, and other antihistamines unclear, ghaneded to
identify other sources for treatment of these viruses that cause the symoomstad with
the common cold1(13).

Echinaceahas been touted for its use to prevent or treat upper respiratory tract
infections (URI), as well as the common cold. Although several preventits) sadf-

treatment, and treatment trials have been conducted to examine the effiEabynaicea
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products in preventing or treating URIs and cold symptoms, a clear answelusti
researchers. There have been a mixture of positive and negative results, dualo seve
different experimental variables, including time to initiation of treattmvirus type and
dose, immune competence of volunteers, and proper characterizatiofcohthacea
products being studied 2, 114. Due to the variability associated with the results from
Echinaceaclinical trials, meta-analyses are being used to pool results from we&jhdd
studies looking for a common endpoint, that being the efficaBcbinaceaextracts to
prevent and limit the duration of symptomatic development of a naturally induced or an
experimentally induced cold.

In a meta-analysis reported by Schoop et al. in 2006, 231 of 234 articles were
eliminated because they were used to study spontaneous common colds, leaving 3 high
quality, double blind, placebo controlled, adequately randomized studies to be pooled for the
analysis oEchinacea’sfficacy in treating the common cold after clinical inoculatibh3.
Two studies were conducted by Turner et al. in 2000 and then in 2005, utilizing different
species with each study, with the earkepurpureaextracts and the lat&r. angustifolia
extracts {15, 116. Sperber et al. provided the third study included in the Schoop et al.
meta-analysis, treating subjects withpurpureaextracts {17). In the meta-analysis of
these three studies, the data forEBohinaceaextracts were pooled and compared with
placebo, providing evidence for prophylactic efficat$J). It was determined that the
probability of developing a clinical cold was 55% higher in the placebo control graup tha
those that receivelichinaceaas a treatmenfL(3). Another meta-analysis was conducted in
2007 by Shah et al. that included trials that were randomized placebo-controlled, used to
evaluateEchinaceacontaining products (extracts containtgpurpureaE. angustifoliaE.
pallida, or a combination of species), measuring prevention and/or treatment of the common
cold, and contained adequate data on either cold incidence or dutdipn After inclusion

parameters were considered, 14 studies were chosen for meta-analysis, prowdeimcee
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thatEchinaceadecreased the odds of contracting a cold by 58% and decreased the duration
of cold by 1.4 daysl(18). Itis important to note that the Shah et al. meta-analysis pooled
trials regardless of the product tested and incorporated trials everEchi@acea
preparations were combined with other herbal prodddtd).( Both meta-analyses discussed
here point toward a beneficial outcome when considering the effic&tghaiacegoroducts
to prevent or treat the common cold, yet there is still a need to conduct largeriprevent
trials in order to arrive at a distinct conclusion.

The clinical studies along with the meta-analysis described in the prevaiimnse
have provided a strong basis to idenkighinaceaas having anti-viral properties. A micro-
array study looking at which genes are differentially expressed when Hrorarhial
epithelial cells either infected with human rhinovirus type 14 (RV14) or uninfentktd a
treated with an aqueous polysaccharide-enriched extract from thepaetiah ofE.
purpurea(E1) or an ethanolic tincture from the root$ofpurpurea(E2) found several
affected genes lie in the immune response cated@d8).( From this study it was determined
that E1 and E2 increased expression of certain cytokines like &IR-B, and TNFe, but
decrease the expression of IL-6, IB;land IL-10 (19. When RV14 viral infection
increased the expression of two genes known to be involved in the innate immune response,
mycovirus resistance gene MS1 and ¢Mduced protein 15, both E1 and E2 reversed the
viral stimulation (19).

Anti-oxidant Properties dEchinaceaExtracts

Echinaceaextracts have also been reported to be free radical scavengers and possess
anti-oxidant properties. In 2004, Sloley et al. showed that the ro&tspairpureaexhibited
significantly greater free radical scavenging capabilities teithelE. angustifoliaor E.
pallida based on a model measuring the accumulation of 2,2’azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) radicall20). That same study also determined that root or leaf extracts of

E. purpureaE. angustifoliaandE. pallidainhibited Fé*-induced lipid peroxidationlQ0).
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Echinaceaand Immune Modulation

Echinaceaextracts have been touted as having immunomodulatory properties, yet
most of the time in the literature, only ethanol extracts are assayed.efallaused flow
cytometry to determine which type of extract, EtOH or water, was alstntulate CD4+
cells to the greatest exted2l). Mature T helper cells express the glycoprotein CD4+
which can be used as an indicator of immune activa#pniI{ was determined that only the
aqueous extracts frol. purpureawere significantly active, stimulating CD4+ cells by 24 %
at a concentration of 10dy/ml, whereas EtOH material was inactive even at very high
doses, though it is important to point out that endotoxin levels were not measured in this
experiment, which may be higher in the water extrbd21)( From this study the authors
suggest that it is the water soluble (polysaccharides) that are respémsibke
immunostimulatory activity found in thechinaceaspecies121). More studies are
warranted to make conclusions about a certain group of constituents accounting for
immunomodulatory properties, based on the evidence presented in the Pillauetyabndy
measured one endpoint.

Another study focusing on an aqueous extra&.qfurpureadetermined through
flow cytometric methods that this extract at Ou@Iml was able to activate natural killer
cells, indicated by the expression of CD69 and down regulation of CD16, increasegeK-ta
cell binding, and increase Killer cell frequency in human peripheral blood monorneellsar
(122. These results again suggest a rolEdfinacegpolysaccharides in NK maturation
and possibly support the idea tlathinaceahas anti-viral properties.

Requlation of Dietary Supplements Includiighinacea

One of the greatest misconceptions that has developed out of public opinion on herbal
products has been that these products are natural, (being from the environmegtas® the
therefore safe to use medicinally. This common belief among consumer®dag to the

fact that dietary supplements, including botanical supplements, are not regulatey lojre
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the U.S. Food and Drug Administration (FDA) in the same manner as synthetic
pharmaceuticals.

The 1994 Dietary Supplement Health and Education Act (DSHEA) allowed
Americans to enjoy access to vitamins, minerals, and herbal products. D$tjkres
manufacturers to study and identify the uses of the products labeled under &inid act
provide the FDA with adequate safety information 75 days prior to marketing theéuap.
DSHEA also sets provisions as to how these supplements can be labeled which allows the
manufacturer to make structure/function or nutritional support claims that musthfalt
and indicate the role of the nutrient in supporting wellness or heath. Another labeling
requirement brought about by this act states that the dietary supplementuabétt the
name and quantity of each active ingredient, identify the product as a dietagnsepipland
if the supplement is an herb the manufacturer must identify the part of the plantHromit
is taken. Unfortunately, there has been misleading information identified frorasstudi
analyzing herbal content on manufacturer’s labels. For example, in Geans&udy was
conducted to analyze alkylamide and cichoric acid content in commercial rpatgirens
of E. purpureashowing that out of 25 preparations some products were highly concentrated,
whereas others neither class of constituent was detectable, identifyesgiercvariability in
chemical profile amongst various preparation methods labeledhasacea123). The
results from this study indicate that it is necessary to quantitate ptyenibactive
constituents, especially in preparation for clinical trials examiningaef§i of this herb in the
prevention of cold symptoms, etc.

In the United States 25 commercial preparatioriSabiinaceavere also assessed for
labeling accuracy, finding that only 56 % passed the assessments for thgir @@me of
the products were flawed in that they were improperly labeled, containe@r@uiiffpecies
than what was present on the label, contained excessive amounts of microbes, omdcontaine

no trace of constituents claimed on the latk@¥). These studies provide evidence to the
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consumer that not all manufacturers are strictly following the guidedinésegulations
placed by DSHEA. The consumer must realize that just because somethangésed as a
natural product does not mean that it is safe. Although few adverse sids leffeetbeen
reported with the use @&chinaceathe fact of the matter is that research is still under way to
determine the safety and efficacy of this herbal product. Consumers must cantieue t
leery and identify which dietary supplement products have the potential to beciaé feaf
their health and weigh the risk of potential side effects, interactvghsother drugs, or cost.
DSHEA also established the Office of Dietary Supplements (ODS) within the
National Institutes of Health to identify the role of dietary supplementsproving health
and encouraging scientific research that seeks to establish the beneétayf slipplements
dealing with the prevention of or cures for disease
(http://www.fda.gov/opacom/laws/dshea.html). Through the diligent work b$,0D
researchers studying dietary supplements, and mainstream media becomiedunated
on topics of herbal supplements, scientists and consumers alike are developieg a bet
understanding of the safety and efficacy of many of these products beindgedddday.

Adverse Effects Associated wiBthinacea

Echinacegoroducts are among the most commonly self prescribed herbal remedies
selected today, with approximately 16% of patients undergoing chemotheragyhesmto
supplement cancer therafy2f). A recent study focused on the interference of fractions and
pure compounds segregated frermangustifoliaroots, with doxorubicin, a common
anticancer drug known to be cytotoxic against several cancer celllfgs Doxorubicin
was treated to cervical and breast cancer cells at two doseslf0 &3 0.5uM), either in
the absence or presencebofangustifoliafraction, cynarine, chicoric acid, or echinacoside
(125. This study follows up a previous study which discoveredBbhinaceahas the
ability to interact with anticancer drugs oxidized by the cytochrome @&B0rm, 3A4

(126). Cervical cancer HeLa cells were shown to increase in cell grotethtisfatments
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with cynarine by 48-125 % or 29-100 % with simultaneous treatments ofiiM@md 0.5
uM doxorubicin, respectivelyl@5). Chicoric acid was able to significantly increase cell
growth of the HelLa cells by 23-100 % when also treated with i d\8oxorubicin (25).
Studies conducted with the MCF-7 breast cancer cells did not identify a sighifica
interaction between doxorubicin and the caffeic acid derivatives, but did determitiestha
ethyl acetate fraction increased cell growth by 20-23.25)( It can be concluded from this
study that certain compounds and fractions isolated Eoangustifoliahave growth
promoting activity in certain cancer cells, which actually can adverfelst éhe cytotoxic
activity of the common chemotherapy drug doxorubicin. Interactions with herbal
supplements need to be more thoroughly examined in order to protect the consumer.

It is becoming increasingly more popular for atopic individuals to use complementary
alternative medicines (CAM) and is therefore not surprising that allezgponses to CAM
are quite common in these peofd@7). An Australian study evaluated 5 patients who
suffered adverse reactionsEohinaceaexposure, including anaphylaxis, acute asthma, mild
asthma, and rasiiZ8). The patients were subjected to skin prick testing (SPT), including a
commercially available glycerinated extractghinaceawhere three of the five had
positive SPT resultsEchinaceaelongs to the Asteraceae family, which consists of greater
than 20,000 species worldwide and therefore exposure to members of this family a&blaevit
throughout a lifetime, with sensitization to Asteraceae being quite conitidn (The 2004
Australian study also examined fifty-one adverse drug reports imdjdatatEchinaceaas
the culprit, but determined that only 26 of these cases were suggestive of IgE dnediate
hypersensitivity 128). The study concluded that atopic people were over represented in the
group reporting adverse consequences fEmmnaceaand that it was possible that other
environmental allergens cross-react vitthinaceao set off the reported allergic reactions.
From this data it should be noted that atopic individuals should be leery when consuming any

botanical.
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A single case oEchinaceanduced cholestatic autoimmune hepatitis has been
reported in the medical literature based on a case with a 45-year-oldunal&as admitted
into hospital care complaining of fatigue and jaundice for a duration of 1 W28k (He had
revealed that he took 1500 mg/dayemhinacearoot after catching a cold the previous
month 29. The liver biopsy demonstrated interface hepatitis, obvious cholestasis, and
portal lymphoplamocytic and eosinophilic granulocyte infiltration. One month after
discontinuing use of thEchinaceasupplementation the patient had elevated liver enzymes,
positive 1gG, and spontaneous normalization of laboratory vali&k (

Bioavailability and metabolism of constituents foundeghinacea

Bioavailability can be defined as the portion of a particular dose of constihizént
arrives at the systemic circulation as an intact constitd&g.( A major weakness with
most studies dealing with botanicals and bioactivity is accounting for how much of the
particular extract or compound actually enters the cells or the body of the Ineautgl
studied. Within the past seven years more and more studies are focusing on the
bioavailability of constituents found Echinacea Alkylamides, caffeic acid derivatives,
and more recently ketones foundinohinaceahave been studied for their bioavailability
through a popular model of the intestinal epithelial barrier called the Cacm@ayer
system 76, 131.

An early study conducted in 2002 examined the bioavailability of dodeca-
2E,4E,8Z,10E/Z-tetra-enoic acid isobutylamides (Bauer alkylamides 8/9) thtioeigcaco-2
cells over a 6 hour time perioti3l). Results from this study indicated that after loading the
apical side of the monolayers with gg§/ml of Bauer alkylamides 8/9, approximately 15% of
these constituents were detectable within 30 minutes on the basolateral thicayviar
results recorded when the adenocarcinoma colonic cell line was pretrated
lipopolysaccharide or phorbol 12-myristate-13-acetate in order to mimic ammghtory

state 31). It was also noted that no significant metabolism had occurred, because
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approximately 80% of alkylamides 8/9 were recovered on the basolaterditsida@6 hour
incubation. In a separate experiment using this model system twelvanailtgs were
reported to readily cross from the apical to the basolateral side of the mosd&pmarent
permeability >18 cm/s), with this process taking only 90 minutes for over half of the
compounds®{6). This study also showed that 2,4-dienes were more readily transported than
the equivalent 2-ene alkylamide&). Within the 90 minute time period the caffeic acid
derivatives, such as, cichoric acid, caftaric acid, cinnamic acid, echinacasdltartaric
acid exhibited poor uptake through the Caco-2 monolayers, with less than 5% transported
(76). Chicca et al. also used the Caco-2 monolayettro assay to provide evidence that 8-
hydroxy-pentadeca-(9E,13Z)-dien-11-yn-2-one, pentadeca-(8Z,132)dien-2-biya (Bauer
ketone 24), and tetradeca-(82)-ene-11,13-diyn-2-one (Bauer ketone 22) wdye readi
permeable through the cell system, with Bauer ketone 22 showing the higheshappa
permeability at 323 x 10° cm/s {5). These studies indicate that alkylamides, as well as
certain ketones, are likely to cross the intestinal barrier and thestiouéd be able to carry
out their bioactivitiesn vivo and that caffeic acid derivatives are less likely to do so. As
previously discussed it has been shown that Bauer ketone 24 at 30 UM was able to inhibit P-
glycoprotein (Pgp) drug transport in a HK-2 cell line model, which would have inmporta
implications on drug interaction$@3. A more recent study published in 2008 identified
that an ethanol extract &. purpureawas able to significantly decrease the basal to apical
transfer of digoxin at concentrations ranging from 0.4 to 6.36 mg/ml in a Caco-2 yemola
cell system132). These results provide evidence that high concentratidaspefrpureaare
capable of a dose dependent inhibition of Pgp which may have limited importance to drug
bioavailability.

Alkylamides have been the focus of research dealing with constituents found in
Echinaceadue to the various, previously mentioned bioactivities these constituents possess.

It is no surprise that alkylamides have also been the focus of clinasalltroking at
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bioavailability ofEchinacea In vitro models have suggested that alkylamides are
bioavailable and clinical trials that have been conducted are mounting strongece\tius
this is indeed the caséq, 130, 133, 134 Dietz et al. conducted preliminary studies to
optimize a technique to measure alkylamide content in human H88d Blood was
collected from 4 humans on regular diets and spiked with four dilutions of dodeca-
2E,4E,8Z,10E/Z-tetraenoic acid isobutylamides (Bauer alkylamides 8/%adtea
calibration curve and subjected to HPLC, having recovery rates great&38a (35).

One healthy human subject consumedtapurpureatincture containing 4.3 mg Bauer
alkylamides 8/9, which was shown to be detectable by HPLC and quantified to 44 ng/ml
blood, providing the basis for more clinical wod36).

In 2005, two single dose human clinical trials were published, again providing
evidence that alkylamides are bioavailable. Matthias et al. examasdgplkamples from 9
healthy subjects that had ingested tablets manufactured from EtOH rectexfE.
angustifoliaandE. purpureaafter consuming a high fat breakfast, reporting rapid absorption
of alkylamides (sum of alkylamides averaging 8BB1 ng eqg/ml plasma) that were
detectable 20 minutes after the tablet was tak88)( This study also reported that 130 mg
of caffeic acid derivatives were also ingested from the tablets, yet reyeedetectable in
any of the plasma samples, coinciding with the previous Caco-2 monolayeri88rk (
Woelkart et al. recruited 11 volunteers to fast overnight and consume an oral dose of 2.5 ml
of 60% EtOH root extract d&. angustifolia Undeca-2E/Z-ene-8,10-diynoic acid
isobutylamides (Bauer alkylamides12/13) were the first to reach theimnma plasma
concentration of 1.87 ng/ml at 20.1 minutes and dodeca-2E,4E,8Z, 10E/Z-tetraenoic acid
isobutylamides (Bauer alkylamides 8/9) showing the greatest maximumaplas
concentration of 10.88 ng/ml after 30.3 minutes, indicating that alkylamides can be quickl

absorbed in rather high amounts with certain struct/@s).(

www.manaraa.com



53

Becausdechinaceas used in many formulations throughout the world, another
clinical trial examined the bioavailability of 3 different preparationg.gburpureain the
form of Echinaforc@ tablets, Echinaforé® Junior tablets, anBchinaceasore throat spray,
as well as the pharmacokinetics of dodeca-2E,4E,8Z,10E/Z-tetraenoic acid|moiey
(Bauer alkylamides 8/9) after ingestid8(0). In this cross-over study, after an overnight fast
volunteers were orally administered either 12 Echinaf@rablets containing 143,29 of
Bauer alkylamides 8/9, 10 Echinafor¢dunior tablets containing141.8 of Bauer
alkylamides 8/9, or 4.4 m| &chinaceasore throat spray, and plasma was collected at five
time points after dosindl80). Bauer alkylamides 8/9 were shown to be bioavailable in all
formulations distributed to the human volunteers although they appeared at diffeeent t
points (ranging from 28 minutes with the Echinaf@'dablets to 68 minutes with the
Echinaforc@" Junior tablets), but with similar,G« ranging from 0.22 — 0.23 ng/m130).

From these clinical studies it is becoming more evident that alkylarardes
constituents that should be capable of eliciting their pharmacologicdiseffetvo, but other
studies examining how constituents are metabolized by the gut microflgrsuggest a
need to examine other aspects of the physiology involved in bioavailability besgdes th
presence of these constituents in blood plasma.

Due to potential interactions with other herbal supplements or pharmaceutisals, it
necessary to understand how alkylamides fEmhinaceaare metabolized in the liver or in
other tissues. In 2005, Matthias et al., studied the metabolism of the alkylamideientsst
from Echinacegpremium liquid, in human liver microsomes and provided evidence that
NADPH dependent cytochrome p450 metabolized 2-ene and 2,4-dienes diffekd6tly (
When cofactor-, enzyme-, and time-dependent degradation of substrates weredaasakyz
measure of metabolism it was shown that synthetic 2,4-dienes were quic&hofestd with
only 9% and 2% of the original concentration remaining of Bauer alkylamided 91a

respectively 136). A number of metabolites from Bauer alkylamide 9 were identified with
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LCMS, showing peaks with apparent molecular weights that would indicate epoxidation,
hydroxylation, and N-dealkylatiori 86).

In a follow-up study, Jurkat human T cells were used to assess the influence of
Echinaceaalkylamides and metabolites on cytokine production after previous incubation
with human liver microsomed 87). It was previously shown that alkylamide metabolism by
cytochrome p450 was dependent on the presence of NADPH and thus alkylamides were
incubated in human liver microsome in the presence of NADPH and major metabelites
detected, including a novel carboxylic acid metabolite (dodeca-2E,4E,8Z,i€iEd&noic
acid isobutylamide, also known as Bauer alkylamides 8/9) by LC-MS. It wesrdieed
that incubation times around 120 minutes of Bauer alkylamides 8/9 and NADPH with human
liver microsomes favored the formation of the carboxylic acid metabolitehdfuesults
from this study showed that & purpureaextract containing 4g/ml of Bauer alkylamides
8/9 significantly repressed IL-2 secretion by 47% in the Jurkat T cells, butMABPH was
present with the same treatment the significant suppressive effect oet¢kefian was
lessened, indicating the importance of understanding the metabolism of corstfhueantin
Echinaceaand how it affects different bioactivitie$3?7).

Hypothesis and objective

One long-term goal of the Center for Research on Dietary BotanicaleBogpts is
to optimize and enhance the production of anti-inflammatory constituents present in
Echinaceao make this botanical an effective supplement for the relief of inflammatory
symptoms. The goal of this particular research project was to idEctiipaceaextracts,
fractions, and alkylamides capable of inhibiting prostaglandin E2 {R@iid elucidate the
signaling targets involved in this anti-inflammatory contribution, as wetestify which
constituents found ikchinaceaare of greatest importance for PGghibition. The central
hypothesis for this research stated tbetiinaceaextracts, fractions, and alkylamides inhibit

the NF-kB signal transduction pathway, which in turn inhibits the expression of
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cyclooxygenase-2 and further inhibits the production of prostaglandin E2 in RAW264.7

mouse macrophage cells, with alkylamides playing a key role in this aatimitory

response.
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CHAPTER 3: ECHINACEA SPECIES AND ALKYLAMIDES INHIBIT
PROSTAGLANDIN E ; PRODUCTION IN RAW264.7 MOUSE
MACROPHAGE CELLS

Modified from a paper published he Journal of Agricultural and Food Chemistry
Reproduced with permission fraln Ag. Food Chen2007, 55, (18), 7314-22.
© 2007 American Chemical Society.
Carlie A. LaLone, Kimberly D. P. Hammer, Lankun Wu, Jaechoon Bae, Norge L¥i
Liu, Avery K.S. Solco, George A. Kraus, Patricia A. Murphy, Eve S. Wurtele, Qlay
Kim, Kwon Il Seo, Mark P. Widrlechneand Diane F. Birt
Abstract

Inhibition of prostaglandin E2 (PGJproduction in lipopolysaccharide-stimulated
RAW264.7 mouse macrophage cells was assessed with an enzyme immunoassagfollowi
treatments witlEchinaceaextracts or synthesized alkylamides. Results indicated that
ethanol extracts diluted in media to a concentration qfgtgl from E. angustifoliaE.
pallida, E. simulataandE. sanguineaignificantly inhibited PGEproduction. In further
studies, PGEproduction was significantly reduced by all synthesized alkylamideyad at
50 uM, by Bauer alkylamides 8, 12A analog, 14, Chen alkylamide 2, and Chen alkylamide 2
analog at 2uM and by Bauer alkylamide 14 at uM. Cytotoxicity did not play a role in
the noted reduction of PGlproduction in either thEchinaceaextracts or synthesized
alkylamides. High performance liquid chromatography analysis identifeédidual
alkylamides present at concentrations belom@/8in the extracts from the sichinacea
species (1g/ml crude extract). Since active extracts contained less thal2o8 specific
alkylamide and our results showed that synthetic alkylamides must mawvenaum
concentration of 1QM to inhibit PGE, it is likely that alkylamides may contribute toward

the anti-inflammatory activity dEchinacean a synergistic or additive manner
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Keywords: Echinacea purpuregEchinacea angustifoligEchinacea pallidaEchinacea
tennesseensi&chinacea simulateEchinacea sanguine#nti-inflammatory; Cytotoxicity
Introduction

The use oEchinaceaas a medicinal herb is prominent in the United States, with
sales encompassing approximately 10% of the total U.S. market in botanicahsmiplé¢).
With the increasing popularity &chinaceait is important to identify its active constituents
and determine extraction methods that yield the proper doses of active corsstaiediuit
the desired medicinal effect. Three spedegurpureaE. angustifolia andE. pallidaare
commonly used in current botanical preparations (medicinal species). Thetlsgeof
medicinal species originated from Native American peoples who utlizhthacearoots,
aboveground parts, or a combination of both as treatments for different ailmeimg rang
from toothache to rheumatism and as an antidote for poisons and vé)oms (

Four classes of active compounds have been identified vidtthimaceayielding
different chemical profiles among its nine spec®s (t has been hypothesized that
alkylamides, caffeic-acid derivatives, polysaccharides, and glycamsatee the classes of
compounds responsible for the bioactivityemhinacea4). Echinacea purpureaontains
alkylamides, caffeic-acid esters (mainly cichoric acid), polglsagdes and polyacetylenes,
whereas irE. pallida,alkylamides are mostly absent and the main caffeic-acid ester is
echinacosidey). Furthermore, levels of constituents vary during growth and across
developmentg, 5.

The chemical diversity these plants exhibit has made it difficult for relsexs to
determine ifEchinaceacan be effective in treating colds and other respiratory infect®)ns (
Inconsistent results have been obtained from several placebo-controlled staidjesdit
determine whethdfchinacegpreparations were effective in the prevention of the common
cold and other upper respiratory infections. These conflicting results werppdieto

the use of different species and plant parts, different preparations and doses, antonsist
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times of treatment initiation, and different virus types and ddses.( Some studies

revealed a shorter duration of cold symptoms &tdrinaceareatment in comparison to
placebo T, 8), whereas others showed no significant differences between treatment and
placebo groups( 10. Though the controversy regarding efficacy continues, studies are
accumulating that indicatechinaceamay have anti-viral, antioxidant, and anti-
inflammatory properties making it a very promising medicinal botandcdl X, 12.

Alkylamides, also known as alkylamides, are a major group of lipophilic, bioactive
phytochemicals found abundantly in certain specidscbfnacea Evidence indicates that
alkylamides possess anti-inflammatory properties since they hanesbheen to
significantly reduce nitric oxide production in lipopolysaccharide (LPS) shted|
RAW?264.7 macrophaged?). Thus, much attention is being directed toward alkylamides to
better understand their potential use as anti-inflammatory agents as Wweldhey interact
with other constituents found Echinacea12).

Prostaglandin E2 (PGEis a critical inflammatory mediator that is produced through
the arachidonic acid cascade. Two cyclooxygenase isoforms, COX-1 and COX¢2ectia
reaction converting arachidonic acid, released by phospholipase A, to BB& is a
common endotoxin used to stimulate macrophage cells to produce mfatcking an
inflammatory responsa vitro (13). The use of RAW264.7 mouse macrophage cells has
been established as a reliable cell model for purposes of identifyinigftartimatory
activity (12).

The purpose of our study was to compare the bioactivity of spedshofaceaand
assess levels of variability based on repeat extractions and differeesthgars. It was also
important to determine whether specific alkylamides play a cleamrthe anti-
inflammatory properties of sikchinaceaspecies. To this end, we have conducted (to our
knowledge) the first large scale screen of nine synthesized alkylaroigesihEchinacea

three synthesized analogs, two of Bauer alkylamidel4Pand one of Chen alkylamide 2,
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and one synthesized isomer of Chen alkylamid@) for their ability to reduce LPS-
stimulated PGEproduction.
Materials and Methods

Plant Material and Extraction

Plant samples were provided by Frontier Natural Products Co-op (FNPC, Norway,
IA) and the USDA-ARS North Central Regional Plant Introduction StatiorRNS, Ames,
IA). The FNPC supplie&. purpureawhich had been harvested in Bulgaria in 1999 during
its budding stage, where it was air-dried and, in 2001, shipped to FNPC. Roots of plants
representing the following tefchinaceaaccessions were obtained from the NCRPIS, where
they were harvested in October, 2004, November, 2004, and November, 2005: cultivated
populations okE. purpurea(Ames 28189)E. angustifolialAmes 28187), ani. pallida
(Ames 28188), all originally acquired from Johnny’s Selected Seeds (Winsloyy akidE
wild populations oE. purpurea(Pl 631307 and Pl 633664, angustifolia(Pl 631285)E.
pallida (P1 631293)E. simulata(Pl 631251)E. sanguinedPI| 633672), an&. tennesseensis
(P1631250). Information about the specific provenance of all accessions obtaingdegrom
NCRPIS is available on the Germplasm Resources Information Network siattba
http://www.ars-grin.gov/npgs/acc/acc_queries.html. Roots were harvestéldeaplant
material was prepared for storage by drying for 8 days at 38°C in a faircggrer with
constant humidity. The dried material was ground with a 40-mesh screen audaste#0°C
until extraction. Extractions were made by using 6g of deigltinacearoot per population.

Extracts were prepared by one of two methods, either the Soxhlet method (6 hours) or
room temperature shaking (24 hours). Solvents ranging in hydrophobicity were used for
extraction, consisting of ethanol (70%, 95%, or 100%), water, chloroform (100%), hexane
(100%), or sequential extractions. Sequential extractions were performetidnyiey first
with chloroform (70%, 95%, or 100%) or hexane (70%), removal of the solvent, and then

evaporation. The residue plant material was re-extracted with ethanoC [faift material

www.manaraa.com



75

was extracted with either 100% ethanol using the Soxhlet method (heating solvent
boiling point) or shaking with 70% ethanol at room temperature. The Soxhlet method was
determined to yield optimal material and was therefore used to extrad®ISEBhinacea
material with 95% ethanol. Upon complete drying of the extract by evaporationsttiee
was re-dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis) léliQhe
highest concentration that was soluble. Extracts were stored at -30°C in thedladed as
stock solutions.
Endotoxin

Echinaceaextracts from NCRPIS were all screened for endotoxin by using the
Limulus Amebocyte Lysate Test (BioWhittaker, Inc., Walkersville, MOjoading to
manufacturer’s specifications for a microplate assay. After acomuiar the dilutions used
in the PGE assay, the range of endotoxin levels presented to RAW264.7 macrophage cells
varied between undetectable to 0.0082 EU/mI. At these levels the endotoxin found was well
below the required amount needed (>5 EU/mI) to induce the production gfifGE
RAW?264.7 cells (Hammer et al. in press).
Cell Culture

RAW264.7 mouse monocyte/macrophage cells were obtained from American Type
Culture Collection (cat: TIB-71, Manassas, VA) and cultured as describiddroyner et al.
(15). NIH/3T3 mouse fibroblast cells, SW480 human colon cancer cells, and HaCaT human
skin cancer cells were cultured according to procedures described bytSthahi{L6).

Alkylamide Synthesis

Chemical synthesis of Bauel4) and Chen alkylamide42) were conducted
according to the procedures outlined by Wu etlal), Kraus and Ba€l@), and the thesis of
Jaehoon Bae (lowa State University, 2008) ( The synthesized alkylamides allowed for
the comparison of activity of purified alkylamide constituents, both those foufchinacea

and derivatives of those alkylamides.
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Measurement of Prostaglandin E

Echinaceaextract and alkylamide treatments of RAW264.7 cells and the PGE
enzyme immunoassay (EIA) used to detect the amount o} R&EBIosciences;
Piscataway, NJ) were previously described by Hammer et5l.Rreparations d&.
purpureaextracts from FNPC were extracted with several solvents includingl€&8d&tOH,
room temperature (RT) EtOH, Soxhlet chloroform, Soxhlet hexane, as wetjuengal
Soxhlet extracts with chloroform/EtOH, and hexane/EtOH. Initial serém PGE
production comparing different solvents resulted in significant increases inl&\@&Es with
all solvents except Soxhlet EtOH, RT EtOH, and Soxhlet chloroform in the alidelies.
These results as well as the common use of ethanol in herbal supplements guidetbour la
use Soxhlet EtOH extract preparations in our assays. Also, Soxhlet EtO¢tegadormed
optimally in our assays, compared to water extracts that generally had érglotoxin
contamination (data not showrjVork conducted by Bauer et al4) supports the use of
ethanol extractions dchinaceawhich allow for the enrichment of lipophilic compounds
including the ethanol-soluble alkylamide€®). Baicalein (5,6,7-trihnydroxyflavone), found
in the Chinese medicinal he8zutellaria baicalensissnd quercetin (3,5,7,3'4’-
pentahydroxy flavon), present in the aboveground pais plirpurea(21), are flavonoids
that are known to exert anti-inflammatory as well as antioxidant ethectsvere used as
positive controls for the PGEssay due to these properties (baicalein was synthesized by
lowa State University and quercetin was purchased from Sigma Aldridiguis, MO).
Cytotoxicity

Celltiter96 Aqueous One Solution Cell Proliferation Assay (Promega Corgista
WI) was used to analyze cytotoxicity following a modified version of Sdrehal.’s
protocol L6). RAW?264.7 cells were plated into 48 well plates at a density of
0.5x10cells/well and incubated at 37°C for 24 hours before treatment. Treatments were

prepared by diluting the 6g &chinaceaextract or alkylamide in DMSO and then further
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diluting with media to the concentrations specified in the results section. The si@otse
diluted to 1% of the total treatment concentration (0.1% if shown to be cytotoxic at 1%) or
synthesized alkylamide diluted to 0.1% of the total treatment concentratiemranelomly
assigned to plate wells and incubated for 24 hours (8 hours if shown to be cytotoxic at 24
hours) along with pure media and DMSO as solvent controls. Ursolic acid, a trierpe

known for its cytotoxic activities2@), was used as a positive control at concentrations of 10
MM, 30 uM, and 50uM, yielding significant cytotoxicity (p<0.0001) at the two higher
concentrations. Following the 24 hour incubation period, treatment solutions were removed,
and fresh media and Celltiter96 dye were added for 195 minutes, which was found to be the
optimal incubation time for this study. The metabolized dye solutions were thefetrad

to 96 well plates for absorbance measurement at 562 nm. The number of viable catih for e
treatment was compared to the media + DMSO control and the percent of contralsurvi

was determined for each extract or alkylamide.

High Performance Liquid Chromatography Analysis

The HPLC method was described in previously published wiatk2@). Briefly, into
320 ul ofEchinaceaextracts, 40 ul (1 mg/mN-isobutylundeca-2-ene-8, 10-diynamide
(C15H2102) and 40 ul (1 mg/ml) 3, 5-dimethoxy-4-hydroxy-cinnamic acigiz,0s) were
added as internal standards for quantification of lipophilic metabolites and hyarophil
metabolites, respectively. Fifteen pl of each extract were injécte a HPLC. The
instrumentation and solvent system for HPLC separation were the samosagpteviously
published (23). For compound identification, Bauer alkylamides 8/9, cichoric acid,
echinacoside, caftaric acid, and cynarin were purchased from Phytolatenfegsgreuth,
Germany) chlorogenic acid was purchased from Sigma-Aldrich (St.Louis, MO, {J&#)
Bauer alkylamides 2,10-14 and ketone 20-22 were synthesizeéd §. Peaks were
identified according to retention time and mass spectra obtained from L&r&r GC-

MS. In the absence of standards, Bauer alkylamides 1, 3, 4, 5, 7, 15, 16, 17 and ketone 24

www.manaraa.com



78

were identified by HPLC fractionation coupled with GC-MS analysis. Spatiifj eluted
HPLC fractions were collected and subsequently subjected to GC-MS arsikysegplicate
runs were carried out, and appropriate peaks were pooled to ensure sufficient ald of
alkylamide. Compounds contained in each pooled fraction were identified by cogteair
recorded mass spectra and online UV spectra with those from published lit€dfure
Compounds were quantified based on the internal standards. The percent rgpeatcbil
limits of detection for HPLC quantification of Bauer alkylamides 2, 8/9, 10, 11, 12, 13, 14,
ketones 20, 21, 22, caftaric acid, chlorogenic acid, cynarin, echinacoside, and cichoric acid
with reference standards range between 1.64 — 2.86 % and 0.02 pg/ml - 0.16 pg/ml,
respectively. The repeatability was determined by analyzingtexpagections of the
standard solution (n = 6). The standard deviation values of the repeatabilitysalate8%,
illustrating the precision of the HPLC method.

Statistical Analysis

For both PGEdata and cytotoxicity data, in separate analysis, the results were log
transformed and normalized to the media + DMSO control allowing for the conoipirmti
treatments on different plates. Cytotoxicity was analyzed by usingedmiodel, where the
plate was considered a random effect. A two-way ANOVA was used followed bgreeid
multiple comparison tes2p) for PGE and cytotoxicity assays. Data are represented as
percent of media + DMSO control set to 100%. Statistical significancelefised as
p<0.05 and 95% confidence intervals were used. ;RI@&A from alkylamide treatments
were analyzed the same as Huehinaceaextracts, except data are expressed as mean percent
reduction as compared to media + DMSO control set at 0%. The statisticahproggd for
all analyses was SAS 9.1 (SAS Institute Inc., Cary, NC).

Results

Extracts fromEchinaceaSpecies Inhibit PGHEProduction

www.manaraa.com



79

To assess anti-inflammatory properties oftsthinaceaspeciesSoxhlet EtOH
extracts were initially screened in RAW264.7 cells at their highest caatient(ranging in
final concentrations from 21g/ml to 53ug/ml) for their ability to reduce PGHevels after
stimulation with LPSKEigure 1). Echinacea angustifoliandE. pallidaextracts from
NCRPIS and Johnny’s Selected Seeds significantly inhibited, R8&ls at concentrations
above 21ug/ml. NeitherE. purpureaaccession screenedhigure 1 significantly inhibited
PGE (28 ng/ml of extract from NCRPIS and 24y/ml of extract from Johnny’s Selected
Seeds). Treatments analyzed without the addition of LPS reducedd¥@E inE.
purpureaandE. angustifoliacompared to media + DMSO control. Baicalein and quercetin
were included as positive controls for every B@¥periment. After initial screening the
extracts were diluted to 15 pg/ml in DMSO for activity comparisons aspesses. There
was no significant difference among harvest year, accession, or Soxhteekt@ct
preparation foE. purpurea(6 extracts)E. angustifolia(4 extracts)E. pallida(4 extracts),

E. sanguined2 extracts)E. simulata(2 extracts)or E. tennesseens{2 extracts), which
allowed data to be pooled. Of the three medicinal spd€iesigustifoliaandE. pallida
significantly inhibited PGElevels (p<0.05)Kigure 2). Three non-medicinal species were
also screened for anti-inflammatory activitigchinacea sanguineandE. simulata
significantly reduced PGHproduction (p<0.001 and p<0.05, respectively). Of the six
species being compared in this stuglypurpureaandE. tennesseensshowed the least
activity in this assay. Of the four active species that reduced p@é#uction, none was
significantly more active than the other when comparing confidence iltew@ss species.

Screening for Cytotoxicity of Extracts BchinaceaSpecies

To determine whether any of the NCRPIS Soxhlet EtOH extracts had tit tabil
arrest metabolic activity in RAW264.7 macrophage cells and to provide further evithanc
the observed PGHeduction with treatment &chinaceaextracts was not due to

cytotoxicity, a parallel study using the Celltiter96 Aqueous One SolutibriP@xiferation
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Assay was conductedable 1 displays an initial screening of each extract at a 1%
concentration of extract diluted in media for a 24 hour incubation. This initial scgeesed
10-fold higher concentrations than those used in the;RB@Eens. All extracts showed
significant cytotoxicity (p<0.0001), with 25% - 72% survival at the 1% concemrtrati
(ranging from 240 to 110@2g/ml of extract) and 24 hour incubation.

All extracts cytotoxic at the 1% concentration were screened again(fi¢he
concentration of extract diluted in media (concentrations ranging from 24 {agirh0of
extract) after a 24 hour incubation. Result$able 1 show that only one extract Bt
pallida from the 2003 harvest (P1631293) remained significantly cytotoxic at the 0.1%
dilution after a 24 hour incubation, but when this same extract was screened for ciyotoxi
at the same dilution after an 8 hour incubation, equivalent to the incubation period in the
PGE assay, no significant cytotoxicity remained (p = 0.9968). The screens conducted a
0.1% concentration matched concentrations used in BGEens. 70%, 95% or 100%),

Cytotoxicity Screen of Frontier National Product CoEmhinaceapurpureaExtracts

Viability of NIH/3T3 mouse fibroblast cells, SW480 human colon cancer cells, and
HaCaT human skin cancer cells treated with FNE?@urpureaextracts was assessed by
using the Celltiter96 Aqueous One Solution Cell Proliferation Assay. Cytdtpwias not
observed in any of the FNFE purpureaextracts at a concentration of i§/ml. Significant
cytotoxicity was observed only at high concentratien85 pg/ml of extract), with the
exception of one extract showing significant cytotoxicity (p<0.01) atgenl (RT) 70%
Hexane 24hr, SW480 cells). This extract protocol was not used in further studiess Result
from these data indicate that all other extracts prepared from ENpP@pureashowed little
or no cytotoxicity in the three different cell lines at concentrations less thaungl®0

Synthesized Alkylamides frofachinaceaSpecies Inhibit PGEProduction

To further probe the inhibition of PGlroduction in RAW264.7 cells observed with

treatments oEchinaceaextracts, another PGEcreening was conducted on chemically
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synthesized alkylamides, oneBthinace& major classes of bioactive constituents. Data
from Table 2shows that all of the synthesized alkylamides screened significantbytathi
the production of PGHp<0.001) at 5uM. At 25uM, Bauer alkylamide 8, Bauer
alkylamide 12A analog, Bauer alkylamide 14, Chen alkylamide 2, and thealldytamide 2
analog significantly reduced P@Evels (p<0.05). Only Bauer alkylamide 14 significantly
inhibited PGE production at 1QuM (p<0.05). A subsequent PGEIA experiment was
conducted to attempt to determine if BG&uld inhibit at a concentrations less thap.
After having stored Bauer alkylamide 14 at -24°C for one year, HPLC analyg&cated
Bauer alkylamide 14 had degraded to 31% of the original concentration. The cdraentra
screened for PGEproduction were 3.1iM and 0.23QuM, and Bauer alkylamide 14 was
unable to significantly inhibit PGEat these concentrations (data not shown).

Screening for Cytotoxicity of Synthesized Alkylamides

Parallel cytotoxicity screenings were carried out for the alkylasnigeusing the
Celltiter96 Aqueous One Solution Cell Proliferation Assay in RAW264.7 mouse magsopha
cells. The alkylamides were all screened auBDfor a 24 hour incubation. None of the 13
alkylamides demonstrated any significant cytotoxicity (85% - 113% sujyvimdicating that
cell death was not a factor in the data obtained from the BG&ening (data not shown).

HPLC Analysis ofEchinaceaExtracts at 1pg/ml

High performance liquid chromatography was performed witpg{Bl of
Echinaceaextracts from NCRPIS to identify and analyze innate concentrations of known
constituentsTable 3). Echinacea angustifolieE. sanguinegE. purpureaandE.
tennesseenstontained greater quantities of Bauer alkylamides than of ketonesec-caff
acid derivatives. Bauer alkylamides 3 and 8-13 were preséntangustifoliaat
concentrations greater than Qu¥, with Bauer alkylamide 9 reaching concentrations of 2.8
MM and 1.6uM in the two extracts analyzed. All accessiongofanguinealso contained

Bauer alkylamides 3, 8, 9, 12, 13, 14, and 17 at concentrations ranging from 0.1611.15

www.manaraa.com



82

Two different accessions &. purpurea(Pl 63665 and Pl 631307) were analyzed by HPLC
and were found to both contain similar alkylamides, including Bauer alkylami@esd 7-9
(>0.1uM). Cichoric acid was present in one extract of each accession from the 2003 harvest
of E. purpurea Echinacea tennesseent®03 and 2004 harvest) contained Bauer
alkylamide 12 at concentrations greater thanu®3and Bauer alkylamide 13 with
concentrations greater than Q. Two speciesk. pallidaandE. simulata were
determined to possess greater amounts of ketones than of alkylafoth@sacea pallida
had concentrations exceeding QNI for ketones 22 and 24. Ketone 22 was also present in
E. simulataextracts (>0.JuM of ketone). Chen alkylamide 1, Chen alkylamide 1 analog,
Chen alkylamide 2 analog, Bauer alkylamide 12A analog, and Bauerraldgld 2B analog
from Table 2 were not detected in this analysis, but may be present in conoestatow
the detection limits of our instrument. Some alkylamides, ketones, and caitfeic ac
derivatives were present in only certain extracts within the species aidémtiéed in Table
3.
Discussion

The results presented in this study demonstrate the inhibition of ByGteveral
Echinaceaspecies, which may be one process contributing to the reported anti-inflagnmator
capabilities of these herb%2). All Soxhlet EtOH extracts from the six species screened,
when tested at their highest concentration, reduced R@&s, excepE. purpurea To
compare inhibition potential among these species, extracts were dilutegdgnil5n
DMSO, withE. angustifoliaE. pallida E. sanguinegandE. simulatasignificantly
inhibiting the production of PGEn LPS induced RAW264.7 mouse macrophage cells.
Echinacea purpureaxtracts (15ug/ml) did not significantly inhibit PGEwhich was
notable since mankchinaceasupplements contal. purpureaas a major ingredien2Q).
Another interesting finding was that variability between species wasegrhan that

observed between repeat extractions or harvest years. Results obtainezd¢mnng
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Echinaceaextracts in RAW264.7 cells for cytotoxicity coincide with observations from
NIH/3T3 mouse fibroblast cells, SW480 human colon cancer cells, and HaCaT human skin
cancer cells, which found these extracts to be cytotoxic only at high conarsi@40

pg/ml of extract).

Alkylamides have become a major focus for researchers stublglnigaceadue to
their abundance in both aboveground and underground parts of the plant in most species.
Studies link this class of compounds to a vast repertoire of immunomodulatoryexgtiviti
including anti-viral, anti-microbial, anti-bacterial, anti-oxidant, as aslanti-inflammatory
properties 26). Alkylamides may be best known through recent studies indicating their
ability to modulate the immune system, potentially, by binding to the cannabinoich®orece
(CB2) 7). This receptor has been shown to be expressed in many types of inflammatory
and immune-competent cells and it has been suggested that the CB2 receptor mpaglay
in inflammatory reaction2@). Alkylamides have been shown, through the use of CB1 and
CB2 antagonists and signal transduction pathway inhibitors, to upregulate TRNA,
increase cCAMP, p38/MAPK, and JNK signaling, as well as activate Nfréigyh the CB2
receptor in human monocyte/macrophage c. (

Our results provide further support to previous studies indicating that alkidarare
key constituents found iBchinaceahat possess anti-inflammatory properties. Our
experiments indicated that alkylamides are consistent inhibitors of prGé#uction at a
concentration of 5QM, with selected alkylamides having the capability to significantly
inhibit PGE, levels at concentrations of B8/ or even 1QuM. Although many alkylamides
have been identified, it is possible that undescribed isomers as well as analagy of the
known alkylamides may exist naturally in some of Bohinaceaspecies, and based on our
results, some of these may also be inhibitors of inflammatory mediators. Ggitgtdid not
appear to contribute to reduced R@Eoduction by extracts or alkylamides, suggesting that

the observed inhibition was a true inhibition of B@Rd not an artifact due to cell death.
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The data presented strengthen the research indicating that alkylanesiest pmfEchinacea
contribute to immunomodulatory properties dealing with regulation of inflaromé&v).
Questions as to how alkylamides act together and in concert with othetwsmntsti
arise from our HPLC analysis. Our data identify alkylamides presentdeEchinacea
extracts at concentrations below RM, which is well under the 1AM concentration
observed for inhibitory activity of PGEeen with chemically synthesized Bauer alkylamide
14. Regardless, several of the crude extradicbinaceacontaining a variety of
alkylamides, ketones, and caffeic-acid derivatives at low concentratioresaile to
significantly inhibit PGEproduction. For exampl&,. sanguineaextracts at 1pg/ml,
containing Bauer alkylamides 8, 12, 13, and 14, at higher concentrations than other
constituents present, showed the greatest inhibition ot R@GENg the species we evaluated,
with a percent reduction of 59%, whereas none of these alkylamides would be ableito inhi
PGE production alone at such low concentrations. Therefore, we hypothesize that the noted
inhibition of PGE and, by extension, the anti-inflammatory properties fourithnacea
extracts was not simply due to one constituent, but several acting in a Symergsiditive
manner. Synergism has been reported previously between alkylamidesfaircacad
derivatives and their ability to inhibit the oxidation of low-density lipoproteissa
indicator of antioxidant activityd). Our HPLC analysis revealed no clear pattern of
identifiable constituents that led to the observed inhibition of RiyEextracts fronk.
angustifolig E. pallida E. simulata or E. sanguineaindicating that more research is needed
to understand the complex nature of interacting constituents within each speldies a
determine mechanisms behind the identified Pi@Eibition. A possible explanation for the
resemblance of constituents founceinpallidaandE. simulata may be related to the
hypothesis thaE. simulatais one of the diploid progenitors of the tetraploid speéies,

pallida (30). A PGE screening of synthesized ketones and caffeic-acid derivatives
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individually may lead to a better understandingeohinacea’santi-inflammatory
capabilities.

A study performed by Chen et al2) indicated that alkylamides had anti-
inflammatory activity as measured by inhibition of nitric oxide (NO) prtidadn LPS
stimulated RAW264.7 cells. NO is a proinflammatory mediator that was significa
reduced by total alkylamide (a mixture consisting of several alkgkeshiranging from 1.6 to
30 pg/ml. Chen et al.12) also examined individual alkylamides and inhibition doses that
caused reduction of LPS-mediated NO production in comparison to an LPS control. The
IDso for Bauer alkylamide 2 was 9, Bauer alkylamide 8 was 34M, Bauer alkylamide
10 was 4QuM, Bauer alkylamide 11 was 24M, Bauer alkylamide 13 was 1Q&/, Chen
alkylamide 1 was 49M, and Chen alkylamide 2 was 3#. The inhibition of NO
measured by the Hg corresponds to our PGHata in that our results show significant
inhibition of another inflammatory mediator, P& Bt 50uM for all alkylamides screened, as
well as Bauer alkylamide 8 and Chen alkylamide 2 significantly inhib#&tbuM. Also,
in that study 12), cytotoxicity sufficient to cause 50% cell death was reported for individual
alkylamides ranging in concentration from 50 to 2M. Only Bauer alkylamide 11 showed
50% cell death at 50M in the Chen et al. study, which contradicts our results showing
Bauer alkylamide 11 to produce 94% survival in the Celltiter96 Aqueous One Solulion Ce
Proliferation Assay at the same concentration. All other alkylamidesrsed by Chen et al.
(12) were at concentrations higher than those screened by our lab for cytoigeaditsps
accounting for the cytotoxicity noted in their study.

Studies are providing convincing evidence that alkylamides can play anpootes
in the bioactivity observed iBchinaceaspecies, and questions about the bioavailability of
this class of constituents are still being answered. Alkylamides hamesheen to be
readily bioavailable through the Caco-2 cell monolayer, more so than other active

compounds, such as the caffeic-acid derivatives foubttimacea31). Another study had
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previously supported these data by finding that (2E, 4E, 8Z, 10Z)-N-isobutyldodeca -2, 4, 8,
10-tetraenamide could be completely transported from the apical to the bassldof the
Caco-2 monolayer, with no significant metabolism occurrgf).( Results from a study
investigating the metabolism of natural and synthetic alkylamidesEarmaceaby using
human liver microsomes determined that cytochrome P450 mediated epoxidation,
hydroxylation, and dealkylation of alkylamides occurr@®)( A recent human study
analyzed 11 human subjects for bioavailability of an oral administration of a 60f6letha
extract ofE. angustifoliaroot, which was known to contain six identified alkylamides,
showing that after 30 minutes one of the six alkylamides, dodeca-2E, 4E, 87, 10E/Z-
tetraenoic acid isobutylamide, appeared in plasma samples at 10.88 ng/ml for a 2.5 ml dose
(34). Another human study analyzed 9 volunteers who consumed tablets of 676Bmg of
purpureaand 600 mg oE. angustifoliaafter a high fat breakfast or after a fast, for
alkylamide content in their plasma5). Total 2, 4-diene alkylamides were found in the
plasma from the high fat group with a maximum concentration ranging from 60 - 1137
ng/ml. Although it is becoming increasingly evident that alkylamides aredilable, more
experimentation is warranted to determine whether alkylamides ceraateinflammatory
or other immunomodulatory effects at the low concentration @M Owhich was the lowest
concentration found to be bioactive in our BGHidies. Without more definitive
bioavailability data, a difficulty arises in making assumptions about atkgls anti-
inflammatory properties based on cell culture data.

In summary, this study indicates tlathinaceaextracts may be able to modulate
inflammation though their inhibitory activity on P@groduction and that alkylamides are
possible key constituents in the observed anti-inflammatory properties,ikebsatting
additively or synergistically with other constituents. Therefore, becansagei
concentrations of individual alkylamides found in crude extracts do not reach concesatra

shown to have significant PGinhibition capabilities found from tests of pure, synthesized
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alkylamides, it is clear that the presence of individual alkylamidesatannot explain the
observed anti-inflammatory activity.
Abbreviations Used
E. =Echinacea
P1 = Plant Introduction
FNPC = Frontier Natural Products Co-op
NCRPIS = North Central Regional Plant Introduction Station
PGE = Prostaglandin E2
LPS = Lipopolysaccharide
Safety
Organic solvents, such as hexane and chloroform used for extractions, are toxic
chemicals and should be properly handled in a fume hood. LPS compounds are pyrogenic
and should not be inhaled or allowed to enter the bloodstream.
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Table 2. Inhibition of PGE;, production by alkylamide

94

% Reduction (95% CI)

p-value *
Alkamide Alkamide 50 25 10
Name Structure pM UM UM
Bauer alkamide 2
Undeca-27, 4E- & TRy 55 (30, 71) 32 (-6, 56) 22 (-21, 50)
diene-8,10-diynoic # JH 0.0023 0.1371 0.3463
acid isobutylamide H o WB
1=V
Bauer alkamide 8
Dodeca-2F, 4, 87, o 87 (76, 93) 75(53.87) 46 (-0.8,71)
10E-tetraenoic acid = SN H <0.0001 <0.0001 0.0730
isobutylamide b.'
iBu
Bauer alkamide 10
Dodeca-2E, 4E. 8Z- o 90 (81, 95) 46 (-2,71) 42(-8.69)
trienoic acid \/\=/\/x\/‘\\.)LN»H <0.0001 0.0781 0.1110
isobutylamide 1By
Bauer alkamide 11
Dodeca-2F, 4F- ) 71 (46, 84) 24 (-42, 59) 45(-3,71)
dienoic acid AL H 0.0004 0.4281 0.0816
isobutylamide N
iBu
Bauer alkamide 12
Undeca-2E-cne-8, *] 59 (41, 72) 35 (-2, 58) 39(5.61)
10-diynoic acid y Sy M <0.0001 0.1029 0.0580
isobutylamide P EBu
Bauer alkamide
12A analogue + o] 90 (82, 95) 73 (50, 86) 39(-13, 68)
Irideca-10, 12- ™ N -H <0.0001 0.0002 0.1448
diynoic acid A )
isobutylamide Z Bu
Bauer alkamide 12B
analogue + 56 (19.77) 35(-22, 65) 29(-32,62)
2, 3dihydro Bauer /\/\/\)\ 0.0163 02110 0.3110
amide 12 iBu
Bauer alkamide 13
Undeca-27-ene-8, 10- 74(51. 86) 48(3,72) 30(-32,62)
diynoic acid > JH 0.0001 0.0555 0.3089
isobutylamide 7 o7
\Bll
Bauer alkamide 14
Dodeca-2E-ene-8, 74 (59. 83) 71(54. 81) 45 (14. 64)
10-diynoic acid <0.0001 <0.0001 0.0240
isobutylamide \Bu
#**Chen alkamide 1
Dodeca-2Z, 4E, 10Z- 74 (51, 80) 32(-28,063) 29(-32,62)
trien-8-ynoic acid / _ N‘H 0.0001 0.2710 0.3129
isobutylamide
\Bu
Chen alkamide
1isomer + 63 (34, 81) 31(-29, 63) 27 (-37, 61)
Dodeca-2E, 4E, 10Z- NP H 0.0026 0.2751 0.3675
trien-8-ynoic acid # N
isobutylamide — iBu
#*Chen alkamide 2
Dodeca-27, 45- Q 84 (70, 92) 54 (15, 76) 24 (-42,59)
diene-8, 10-diynoic —_ . e )LN,H <0.0001 0.0234 0.4248
acid isobutylamide - !
1Bu
Chen alkamide
2 analogue + o 89 (80, 94) 78 (59, 88) 40 (-11, 68)
Dodeca-27, 4E- \/\/\/\M H <0.0001 <0.0001 0.1332
dienoic acid = N
isobutylamide iBu

* p-value for comparison of alkylamide treatment to control (media + DMS®S).L

Bolded p-value represent statistical significance as defined as ag<@bD5. Media +

DMSO + LPS control set to 0% reduction. There was no difference betweensixtract
media alone having an overall % reduction (95% CI) of 2 (-27, 24) and media + DMSO
controls. Baicalein (@M) and Quercetin (1QM) were used as positive controls having
overall % reductions (95% CI) of 72 (62, 79) and 88 (85, 91), respectively. All samples in
the table are treated with 1 pg/ml LPS. Alkylamide treatments did rat &#GE?2 levels
without LPS treatment (Data not shown). Bauer alkylamides are foundier Baal. (14)
Isomers and analogs of naturailyiog
alkylamides are indicated with the + symbol and have not been detected touhate f

and **Chen alkylamides from Chen et al. (12).

Echinaceaspecies extracts in our laboratories.
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Figure Legends

Figure 1. Inhibition of PGE production by Soxhlet ethanol extracts of medicinal species of
Echinacedreated at their highest concentration (6 g of extract diluted initiall\M&O and
then prepared as 0.1% of the media). Each bar represents three replstatetard

deviation. Dry material was obtained from the 2005 harvests grown by NCRPIS. Johnny’s
Selected Seeds accessions are denoted JS on the graph and Pl is indicatigsiohadoam
NCRPIS. * p<0.05 and ** p<0.001 for comparison of extract to control. Media + DMSO
and media + DMSO + LPS treatments were represented by gray and bidespectively.
Figure 2. Inhibition of PGE production by extracts of three medicinal and three non-
medicinal species d&chinaceadiluted to 15ug/ml of extract in DMSO) obtained from
NCRPIS with different harvest dates and accession humbers. Each spssmesas
represented by a bar (2-6 replicates each) and variability wasee@ss 95% confidence
intervals of the mean. Treatments analyzed without the addition of LPS did motPade
levels with values for PGEas % of media + DMSO control less than 20% (data not shown).
OneE. angustifoliaextract, from the 2004 harvest, treated without LPS, was excluded from
the analysis based on the optical density data point being outside the standard curve. *

p<0.05 and ** p<0.001 for comparison of extract to control (media + DMSO + LPS).
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Figure 1. Inhibition of PGE; production by medicinal species Soxhlet EtOH extracts
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Figure 2. Comparison of PGE inhibition among Echinacea species extracts

L] +1ugmips 15pg/ml A
160 6 5 10
£ 140 |
c
3
o 120 4
(é) *
D 100 4 —— g e e - e R e e e R R M e S M R R e G R R e e e e
+ * *
©
S 801
2
5 60 - *k
XL *%
D 40
©
N Kk
w20 - *k
(U]
a [ B
0 - T T T T T T T T T T
Media Media  Purpurea Angustifolia Pallida TennesseensisSimulata Sanguinea Baicalein Quercetin Quercetin
+ 2003 2003 2003 2003 2003 2003
DMSO 2004 2004 2004 2004 2004 2004
2005

www.manharaa.com




99

CHAPTER 4: ENDOGENOUS LEVELS OF ECHINACEA
ALKYLAMIDES AND KETONES ARE IMPORTANT

CONTRIBUTORS TO THE INHIBITION OF PROSTAGLANDIN E2
AND NITRIC OXIDE PRODUCITON IN CULTURED MACROPHAGES

Modified from a paper published ithe Journal of Agricultural and Food Chemistry
Reproduced with permission fraln Ag. Food Chen2009 55, (18), 7314-22.
© 2009 American Chemical Society.
Carlie A. LaLone, Ludmila Rizshsky, Kimberly D.P. Hammer, Lankun Wu, Ave&; K
Solco, Man-Yu Yum, Basil J. Nikola&ve S. Wurtele, Patricia A. Murphy, Meehye Kim,
and Diane F. Birt
Abstract

Due to the popularity dEchinaceaas a dietary supplement, researchers have been
actively investigating whickchinaceaconstituent or groups of constituents are necessary
for immune modulating bioactivities. Our prior studies indicate that alkylamddg play
an important role in the inhibition of prostaglandin E2 (PGfoduction. HPLC
fractionation, employed to elucidate interacting anti-inflammatoryttaeats from ethanol
extracts oE. purpureaE. angustifoliaE. pallida andE. tennesseensigentified fractions
containing alkylamides and ketones as key anti-inflammatory contributoig usi
lipopolysaccharide induced P@Rroduction in RAW264.7 mouse macrophage cells. Nitric
oxide (NO) production and parallel cytotoxicity screens were also employatdtastiate
an anti-inflammatory responsé&chinacea pallidasshowed significant inhibition of PGE
with a first round fraction, containing GC-MS peaks for Bauer ketones 20, 21, 22, 23, and 24,
with 23 and 24 identified as significant contributors to this P@Eibition. Chemically
synthesized Bauer ketones 21 and 23 d¥1leach significantly inhibited both PGEnd NO
production. Three rounds of fractionation were produced froE amgustifoliaextract.

GC-MS analysis identified the presence of Bauer ketone 23 in third round frac®@raBD
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Bauer alkylamide 11 making up 96% of third round fraction 3E40. Synthetic Bauer ketone
23 inhibited PGEproduction to 83 % of control and synthetic Bauer alkylamide 11
significantly inhibited PGEand NO production at the endogenous concentrations
determined to be present in their respective fraction, thus each constituiatlygplained
thein vitro anti-inflammatory activity of their respective fraction. From this gtwdb key
contributors to the anti-inflammatory propertiesofangustifoliawere identified as Bauer
alkylamide 11 and Bauer ketone 23.
Keywords:Echinacea purpuregchinacea angustifoligEchinacea pallidaEchinacea
angustifolig Prostaglandin E2; Nitric Oxide; Bauer alkylamides; Bauer ketonets; A
inflammatory; Fractionation
Introduction

Sales ofEchinaceaas a botanical supplement have remained high over recent years in
the United States reaching approximately twenty-one million dollars in 2005 ke
efficacy and health benefits of takiBghinaceaas a supplement have yet to be verified
scientifically and researchers are still unclear as to how the constinf&chinaceaact
individually or in concert to elicit the bioactive properties that have been observed i
numerous studies, both vitro andin vivo (2, 3. AlthoughEchinaceaextracts are complex
mixtures consisting of several constituents, alkylamides and caffeic anidtoes have
received considerable attention recently for their abilities to modulatenthene system.
Recent studies have shown that alkylamiddsabiinaceaare partially responsible for anti-
inflammatory responses such as inhibition of RAEF-o, and NO production in
RAW264.7 mouse macrophage cefls5j, as well as inhibition of cyclooxygenase activity in
neuroglioma cells and other vitro model systems4( 6). Studies have further validated that
alkylamides are capable of binding to and activating the cannabinoid reggeté t
providing insight into the mechanism by which these constituents may modulate immune

function (7, 8. Caffeic acid derivatives have been associated with anti-viral and aate&iRrdx
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properties 9-11). It has been hypothesized that alkylamides and caffeic acid derivatives
interact, perhaps synergistically, with each other or other compounds to elicit
immunomodulatory effect®y.

Prostaglandin E2 is a major lipid mediator of inflammation that is produced through
the activation of the arachidonic acid cascade, via the enzymatic activity of the
cyclooxygenase isoforms. The inducible nature of P@&duction when macrophage cells
are stimulated by lipopolysaccharide (LPS) makes this eicosanoid areidyedlfor
measuring an inflammatory respomsevitro.

Our studies were conducted to identfghinaceaconstituents that are responsible for
the previously described P@Hhibition (2). Methods have been developed to quantitatively
determine the amount of alkylamides and caffeic acid derivatives preskfierant parts of
the Echinacegplant using reverse phased HPLC and GC-MS anali2jsl3. Semi-
preparative reverse phased HPLC was utilized to fractidtatmaceaextracts into fractions
and sub-fractions that separate phytochemicals according to their hydroplopeidips,
concentrating a reduced number of constituents to analyze for anti-inflargrpatential.
Eluents from HPLC fractionations were monitored for absorbance at wathedesf@260 nm
and 330 nm in order to identify lipophilic alkylamides and phenolic compounds, such as
caffeic acid derivatives. Further fractionation was guided by idengifiyactions capable of
inhibiting PGE production, allowing for a thorough investigation into the hypothesized
synergistic or additive interactions that are thought to occur among the wemstiof
Echinaceaextracts and allow for the identification of key anti-inflammatory dtrestts
through the use of GC-MS analysis. In order to have a more complete view of how
interacting constituents found Echinaceanhibit inflammatory mediators, NO production
was also assessed in RAW264.7 macrophage cells treated with chemicalgsngt
phytochemicals, which were identified to be important in the PaGEay witlE.

angustifolia
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Materials and Methods

Plant Material and Extraction

Plant materials were provided by the USDA North Central Regional Plant
Introduction Station (NCRPIS, Ames, IAE. angustifolia(PI631285)E. purpurea
(P1631307)E. pallida(P1631293)E. tennesseens{P1631250) were used for the semi-
preparative HPLC fractionation. Root material from each species wastedlas
previously described?j from a 2006 harvest. Further information about the accessions can
be found on the Germplasm Resources Information Network database at http:fsvww.a
grin.gov/npgs/acc/acc_queries.html provided by NCRPIS. Plant matgesdsstored at -
20°C under nitrogen in zip-lock bags prior to use. Ecohinacegplant materials were all
dried root powders. They were previously washed then completely drietiGatotBed air
conditions, followed by grinding through a 40-mesh screen Wiley griddir (

For each accession, 6 gramd€£ghinacearoot material was extracted with 95 %
ethanol and 5 % endotoxin-free water using Soxhlet apparatus for 6 hours for exhaustive
extraction, following the protocol created by Lib). To avoid endotoxin contamination the
glassware was heated to $80or at least 2 hours prior to use. After the extraction, the 95
% aqueous ethanol solvent was evaporated using a Rotavap (Buchi rotavaps model R-144, R-
110, R-111, and R-200, Switzerland) to obtain the dried extract, which was weighed. The
dried extracts were redissolved in endotoxin-free water, and ethanol wasaa@detio of
1:3 (water : ethanol) to obtain a concentration of no more than 0.6 g of extractedlindteri
for a 5 ml injection though the semi-preparative HPLC fractionafidre extracts were
stored at -20°C overnight prior to fractionation.

Semi-Preparative HPLC Fractionation

The 95 % ethanol extracts BEhinaceawere filtered through a 0.46n filter prior to
injection into the semi-preparative HPLC system consisting of two Beckman M@

pumps controlled by a Module406 Beckman System Gold Analogue Interface (Beckman
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Coulter, Fullerton, CA) using a YMC-PACK ODS-AM 250*10 mm I.D. g8, 12 nm
reversed phase C18 columns (Waters Corp.) and a 5 ml loop on a Rheodyne model 7010
injection valve.

Fractionation was conducted with a solvent gradient designed with acet@strile
solvent B and 0.1 % HPLC grade glacial acetic acid in endotoxin-free@llater as
solvent A. The gradient started at 10 % B, with a flow rate of 3 ml/min, and secr¢a 30
% B in 30 min. At 30 min, the gradient increased to 90 % B over 50 min. At 80 min, the
gradient increased to 100 % B in 10 min. The gradient was held at 100 % B for 20 min.
Fraction 1 was collected in the first 30 min of the gradient. Fraction 2 was edllsstiveen
30 and 40 min; fraction 3 was collected between 40 and 80 min; fraction 4 was collected
between 80 and 90 min; and fraction 5 was collected between 90 and 110 min. Second round
fractions were generated by collecting at 1 min intervals across tleegsadient profile
within bioactive fractions. For bioassay purposes, subfractioBsarigustifoliaFraction 3
(3A, 3B, 3C, 3D, and 3E) were created by pooling 8 min intervals across the 40 min of
Fraction 3. For example, 3B represents eluent collected between min 9 and minirl6 wit
Fraction 3 (or at min 49 to min 56 of gradient time). The third round fractions were then
collected at 1 min intervals. For example, Fraction 3D28 was the 3 ml fractiocieo &t
28 minutes into Fraction 3 (or at min 68 of gradient time). The fractions and subfractions
were dried, first by removal of the organic phase by rotary evaporation, amtisby the
amount of water by freeze-drying. Compounds in first round fractions Bthihacea
species and second round fractions produced Eoangustifoliawere identified using
HPLC compared to synthetic standards. The literature has shown that alkgldmgtgved
in liquid form and stored at -2Q are stable over extended periods of tide 17).
Therefore, all fractions were diluted in dimethyl sulfoxide (DMSOnfigSt. Louis, MO)
and stored at -2C to maintain the stability of alkylamides and thawed at room temperature

in preparation for analysis.
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High Performance Liquid Chromatography Analysi€ofnqustifoliaSecond Round

Fractions
HPLC analysis and quantification of constituents found in second round fractions of
E. angustifoliawas performed as previously describ2d (

GC-MS Analysis

GC-MS analyses were performed using an Agilent Technologies (Palo Alfo, C
USA) gas chromatograph (6890 series), equipped with a model 5973 mass detector operating
in the electron impact ionization mode (70 eV). The analyses were carriedinjgdbyg in
split-less mode. Analytes were separated using an Agilent Technolagittarg column
(HP-5MS fused silica column coated with 5% diphenyl 95% dimethyl polysiloxatiethe
dimensions 30 m length x 2% bore, 0.2%um film thickness). Helium was used as the
carrier gas at the flow rate of 1.2 ml/min. Identification of compounds wadsaesx by
using the Agilent Technologies enhanced ChemsStation Software, version D.02.00.275.

Alkylamide and Ketone Synthesis

Alkylamide synthesis was conducted as described previa?)slKetones were
chemically synthesized according to the procedures outlined by Krauslé) andg in the
thesis of Jaehoon Bag9d). Alkylamide and ketone concentrations were calculated after
correcting for percent purity, yielding concentrations equivalent to 100 % pittestig
constituent. Calculated percent purity before correction for Bauer alidgal0 was 82 %,
Bauer alkylamide 11 was 92 %, Bauer ketone 20 was 82 %, Bauer ketone 21 was 76 %,
Bauer ketone 23 was 90 %, and Bauer ketone24 was 99%. All synthetic alkylantides a
ketones were stored at <€Dunder argon gas.

Cell Culture

The cell culture model used for these studies was RAW264.7 mouse

monocyte/macrophage cells that were obtained from American Type Cultueet©oll(cat:

TIB-71, Manassas, VA). All culturing conditions and procedures were previousiylukes
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by Hammer et al. (20) with the exception of maintaining optimal growth condaitd®s%
humidity.

Measurement of Prostaglandin E

Prostaglandin Eproduction was analyzed using PGHzyme immunoassay (GE
Biosciences; Piscataway, NJ) after treating RAW264.7 mouse macromiagerceight
hours with fractions fronk. angustifolia E. purpureaE. pallida andE. tennesseensand
with or without lipopolysaccharidé=( coli O26:B6, Sigma; St. Louis, MO) as previously
describedZ). Quercetin (3, 5, 7, 3'4’-pentahydroxy flavon), a common flavanoid found in
many plant species includiigchinaceawas used as the positive control at a concentration
of 10 uM (Sigma; St. Louis, MO). Also, baicalein (5,6,7-trihydroxyflavone),\eaflaid
found in the medicinal herBcutellaria baicalensigvas used as a positive control at a
concentration of @M (Synthesized by G. A. Kraus’s laboratory at lowa State University).

Measurement of Nitric Oxide Production

Nitric oxide production was analyzed using Griess Reagent System (Promega;
Madison, WI) following the manufacturers protocol. RAW264.7 cells were plaged a
density of 1.57 x 10cells/ well in a 24 well cell culture plate and incubated overnight.
Chemically synthesized ketoneskxthinaceaand combinations of alkylamides and/or
ketones were then added to the cells either with or without LPS for a 24 hour tiate per
Each treatment contained four controls which were media, media + DMSO (whitiel),
media + LPS, and media + DMSO + LPS. Quercetin was used as the positioéatoatr
concentration of 10 uM (Sigma; St. Louis, MO). After the 24 hour treatment perio@|lithe c
supernatants were collected, stored°&t éntil used in the NO assay.

Cytotoxicity of EchinaceaFractions

The method used to detect cytotoxicity was previously described by LaLone2t al. (
using the Celltiter96 Aqueous One Solution Cell Proliferation Assay (Pronega C

Madison, WI). Cytotoxicity analysis was carried out for all fractions fadirftEchinacea
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species analyzed. Each fraction was screened for cytotoxicity ant@timas comparable

to those used in the P@Rssay and incubated for 24 hours. Ursolic acid (Fisher Scientific;
Hanover Park, IL) was used as the positive control at three concentratioig, 20 uM,

and 5@M, with significant cytotoxicity identified at the two highest concetrres.

Synthetic Bauer alkylamide 11 and Bauer ketone 23 were also screened faxiciyoafter
incubation with macrophages for 72 hours.

Statistical Analysis

Both log transformed PGHElata and NO data were analyzed using randomized
complete block design with variable levels of treatment, followed by a bassd on pooled
error variance to determine statistical significance compared (Media + DMSO + LPS)
control. In all figures, the data are represented as % of control £ standaya@mmualizing
the (Media + DMSO + LPS) control to 100% PG# NO production within each block and
summarizing across all blocks to obtain the mean and standard error. The thregpkasbsa
of cytotoxicity values in each block were averaged before analysis adamiaed complete
block design as above. The cytotoxicity data are also presented as % of cotatnolatds
error, normalizing the (Media + DMSOQO) control to 100% cell survival. All stiatl
analysis was conducted using the GLM procedures in SAS (version 9.1, SA8driatit;
Cary, NC).

Results

Fractions fronE. pallida, E. purpurea andE. tennesseensishibit PGE Production

In order to elucidate key constituents capable of inhibiting select inflémnyna
mediators, a Soxhlet ethanol extracEofpallidawas fractionated into five fractions and
each was assessed for its effect on P@&duction in RAW264.7 mouse macrophage cells.
The analysis yielded one fraction, Fraction 3, capable of significantly imgHGE
production (36.8 % of control) at a concentration @gfml (Figure 1). Another interesting

observation was that Fraction 3, at a concentrationugfl, inhibited PGE production to a
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greater extent than the initial ethanol extradE opallidaat a concentration of 2wm/ml,
indicating the importance of enriching selected constituents and sepahatmdrom others
using fractionation. When fraction 3 frai pallidawas diluted from ug/ml to 1ug/ml,
inhibition of PGE production was still observable (71.2 % of control, p = 0.07). In a parallel
cytotoxicity study it was determined that the fractions fienpallidawere not cytotoxic to
the RAW264.7 mouse macrophage cells, indicating that cell death could not account for the
observed inhibition of PGEproduction Figure 1). GC-MS analysis indicated that fraction
3 contains numerous constituents, including Bauer ketones 20, 21, 22, 23, igh&3! (
2A). Quantification of Bauer ketones, 20, 21, 23, and 24 present in Fraction 3 yielded
concentrations of 0.4M, 0.6 uM, 2.6 uM, and 5uM, respectively. Combinations of
guantified Bauer ketones were analyzed for their ability to inhibitR@&&tiuction Figure
2B). This analysis indicated that Bauer ketones 23 and 24 were the most important of the
identified ketones in partially explaining the PGihibitory capabilities of Fraction 3 from
E. pallida Chemically synthesized Bauer ketones 20, 21, and 23, which are constituents of
E. pallidaethanol extracts and HPLC generated fract{&imgure 3A), were analyzed for
their ability to inhibit PGE production and NO production at three concentrations (5 uM, 2.5
1M, and 1 uM) to determine if they played a key role in the significant inhibition of PGE
identified with fraction 3. It was determined that Bauer ketones 21 and 2% aykle of
significant inhibition of PGE(p<0.05) and NO (p<0.0001) production at a concentration as
low as 1uM (Figure 3B).

Fractionation of a Soxhlet ethanol extracEofpurpureayielded seven fractions,
none of which were able to significantly inhibit P&&oduction and none were found to be
cytotoxic (Table 1).

A Soxhlet ethanol extract &. tennesseensighich is a less studied species, was
fractionated into five fractions by reverse phase HPLC in order to idei@iEys Rhibitory

capabilities. Fraction 3, containing Bauer alkylamides 12, 13, 14, 16, and 17, was able to
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significantly inhibit PGE at a concentration of 41 pg/ml or g§/ml, but when the fraction
was diluted to ug/ml its inhibitory ability was lostTable 1). The initial ethanol extract (59
ug/ml) and HPLC Fraction 5 (283/ml) of E. tennesseensigere significantly cytotoxic to
the RAW264.7 cells, but due to their inability to significantly inhibit B@&duction further
dilutions were not carried out.

Three Rounds of Bioactivity Guided Fractionation oFamnqustifoliaEthanol Extract

Inhibition of PGE production was used to guide three rounds of HPLC fractionation
initiated with a Soxhlet ethanol extract®fangustifolia Figure 4 outlines the fractionation
scheme. The first round of fractionation produced 5 fractions. The alkylamideaction
3, fromE. angustifolia was shown to significantly inhibit PGRroduction (51.1 % of
control) at a concentration as low agdml (Figure 5). Although fraction 4 had the ability
to significantly inhibit PGE production at a concentration of {§/ml, it proved to be
significantly cytotoxic for the RAW264.7 cells. Therefore, fraction 3 was ifiedtior
further rounds of fractionation.

The second round of fractionation, initiated with fraction 3 from the previous round,
yielded five second-round fractions labeled 3A through 3E. Of these, fractions 3D and 3E, a
a concentration of fg/ml, significantly inhibit PGEproduction at 47.1 % and 38.6 % of
control, respectively, without any obvious cytotoxicifygure 6A). HPLC analysis of
solids from 0.15 mg second round fractions 3D and 3E led to the detection of several
alkylamides (as detected by absorbance at 260 nm) in fractioRi§lré 6B), and
identification of Bauer alkylamides 10 and 11 in fraction Bigire 6C). Concentrations of
Bauer alkylamides 10 and 11 were estimated in fraction 3E from the HPLGiarl$.62
and 9.48 uM, respectivelyféble 2. PGE production was analyzed to determine whether
these chemically synthesized Bauer alkylamides, individually or in comimnaitithe
concentrations detected in Fraction 3E were able to explain the inhibition effPéaliction

observed with fraction 3E. The combination of Bauer alkylamides 10 and 11 at the
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concentrations detected by the HPLC analysis of fraction 3E, inhibited prGdiction 82.6

% of control, which indicates therefore that the two alkylamides could not be the sole
components responsible for the observed bioactivity of fractiofigfre 7). In these
experiments, cell viability was not significantly different than the mediMSO control. It

was interesting to note that synthetic Bauer alkylamides 10 and 11 when datsein

the PGE production assay were significantly inhibitory at the concentrations found in
fraction 3E, but additive effects were not detected in the,@luction screen. The
combination of alkylamides found in fraction 3D was not carried out as fraction 3Eavas m
effective at inhibiting PGEproduction and there were several other alkylamides identified in
fraction 3D, many of which are not synthetically available.

A third round of HPLC fractionation was carried out starting with the matevia
second round fractions 3D and 3E to further elucidate key constituents foand in
angustifoliathat contribute to the inhibition of PGRroduction. Fractionation of fractions
3D and 3E each produced eight fractions labeled fractions 3D25 through 3D32 and fractions
3E33 through 3E40, respectively. One of these, fraction 3D32 was significantlyanhsfit
PGE production (44.9 % of control) at a concentration afdml (Figure 8A). The
fractionation of fraction 3E produced two fractions that significantly inhibite#,P
production at a concentration ofufy/ml, fraction 3E33 that inhibited PGRroduction at
14.1 % of control, and fraction 3E40 that inhibited B@®duction at 18.4 % of control
(Figure 8B). These third round fractions were not significantly cytotoxic to the RAW264.7
mouse macrophage cells.

GC-MS Analysis of Selected Third Roukd angustifoliaFractions

Selected fractions from the third round fractionatio: ohngustifoliawere analyzed
by GC-MS based on their activity in the PG#oduction assayl@ble 3). Fractions 3D32,
3E33 and 3E40 were selected for GC-MS analysis due to their ability to sigthficdnibit

PGE production at a concentration ofufy/ml. Two fractions, fraction 3D28 and 3E38, were
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also selected for further analysis because they were fractions that digmftantly inhibit

PGE production. These analyses, determined that Bauer ketone 23 is a major constituent of
fraction 3D32, occurring at a concentration of 0.83 uM. Bauer ketone 23 and Bauer
alkylamide 10 were detected in 1 pg/ml of fraction 3E33 at concentrations of 0.48quM

0.25 uM, respectively and Bauer alkylamide 11 was quantified to be present at a
concentration of 3.55 puM in fraction 3E40.

Combinations of synthetic constituents and individual synthetic constituents,
identified to be present through GC-MS analysis of these third round HPLC frastoas
screened for their ability to modulate PGHd NO production at the concentrations present
in their respective third round fractions. Synthetic Bauer ketone 23 was shown to
significantly inhibit PGE and NO production previously at a concentration of 1 gigure
3B), and after further dilution of Bauer ketone 23 to the concentration of 0.83 uM inhibition
of PGE, production remained significant whereas NO production was not significantly
inhibited (55.2 % of control and 68.2% of control, respectivéhigyre 9 for PGE; data).

Bauer ketone demonstrated no cytotoxicity after incubation for 72 hours (109.1% of)contr
Synthetic Bauer alkylamide 11, at a concentration of 3.55 puM significantly ietiBiGE
production (70.6 % of control) and NO production (75.1 % of contfagjufe 10), without

any cytotoxicity after a 72 hour incubation (94.1% of control). The combination of sgnthe
Bauer alkylamide 10 and Bauer ketone 23 did not inhibit Rss&duction at the
concentrations present in fraction 3E33 (121.0 % of control). Neither synthetick&home

23 alone nor the combination of Bauer alkylamide 10 and Bauer ketone 23 at the
concentrations present in the respective bioactive fractions signifiecaatlylated NO
production or cell viability (p> 0.09).

Although identified alkylamides and ketones found in these bioactive fractions were
stable under our storage and experimental conditions (analyzed by GC-MS)liinsthbi

bioactivity was identified with these third round bioactive fractionS.aingustifolia. Thus,

www.manaraa.com



111

although these fractions were significantly bioactive when initiallgyess soon after
fractionation, in February 2007, when these fractions were re-assayed fivitypavhen
the synthesis of Bauer alkylamides and ketones became available in 200&at@sns did
not retain the same level of inhibitory activity in the B@Ebduction assay at the
concentrations previously analyzédble 4).
Discussion

The study reported here illustrates the importantEgl@naceaalkylamides and
ketones play in the inhibition of the production of inflammatory mediators and the
complexities associated with the examination of these interacting censsit The
significant discoveries from the present study are the identificatiBawér ketones 21 and
23 as potential anti-inflammatory agents capable of significant inhibitio® &S Bnd NO
production at 1u1M concentrations and the finding that chemically synthesized Bauer ketone
23 and Bauer alkylamide 11 when screened for inhibition of,Ry@&ktluction at
concentrations present in their respeckvangustifoliafractions, are capable of inhibiting
and partially explaining the significant P&&uppression identified with their respective
plant derived fractions. Also, Bauer ketones 23 and 24 were identified as key coraponent
responsible for the inhibition of PGlentified withE. pallidafraction 3. Another key
observation is that caffeic acid derivatives foun&ahinaceaare not likely to be key
contributors to the inhibition of certain inflammatory mediators due to the fadhtse
constituents were concentrated in fraction 1 of all of the speciemfraied, and none of
these fractions demonstrated the ability to significantly inhibit Ag&duction at
concentrations ranging from 26/ml to 329ug/ml.

Ethanol extracts frork. tennesseenssdE. purpureawere unable to produce
fractions capable of inhibiting PGEroduction to a significant degree at concentrations
below 5ug/ml. Therefore, studies on these two species ceased after the first round of

fractionation.
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Of the four species screenBEdpallidaandE. angustifoliawere expected to produce
the most active fractions because of previous re?)lisdicating that extracts from these
plants were inhibitory in the PGERssay. The fractionation conducted with a ketone rich
accession oE. pallidaprovided insight into the anti-inflammatory potential of ketones found
in this species. Compared to our previous studies that examined chemically ggdthesi
alkylamides and their ability to inhibit PGRroduction ), it appears that ketones are able
to significantly inhibit this inflammatory endpoint at a much lower conceatrat~or
example, the most potent alkylamide (Bauer alkylamide 14) was reportgdifecantly
inhibit PGE, production, at a concentration of iM (2), whereas Bauer ketone 23 could do
So at a concentration ofidM. Significant cytotoxicity was not identified for any of the
Bauer ketones screened at concentrations belquiv2@oinciding with a recent cell
viability study reporting that Bauer ketone 21 hagpNalues of >10QuM and 80.13uM in
human pancreatic and colorectal adenocarcinoma cells, respect@el\Bff examining the
ability of selected polyacetylenes isolated from n-hexane extraEtspaillidato cross the
Caco-2 monolayer, this study also provided evidence that Bauer ketones 22 and 24yare likel
to be bioavailable, with apparent permeabilities of 32"k d@s* and 10 x 16 cms?,
respectively 10). Therefore, these results warrant further elucidation with ketones found in
other species dEchinaceato identify their full anti-inflammatory potential.

Previous studies have shown tkRahinacegpolyacetylenes, generically called
ketones, were able to modulate the multidrug transporter P-glycoprotein (Pgg), w
bestows resistance to anticancer chemotherapy when highly expressackeincedls. In a
human kidney cell line (HK-2), made to constitutively over express high and corstaist |
of Pgp, it was determined through a bioassay-guided fractionationtofgailida extract
that Bauer ketone 24 decreased the efflux of the Pgp probe calcein-AM d&ydlare
compared to the control at a concentration ofilBD(21). To our knowledge there are no

reports regarding the anti-inflammatory potential of the Bauer ketoneheyetare studies
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describing anti-inflammatory effects of polyacetylenes in other speEmsexample,
polyacetylenes dDaucus carota Lhave been shown to inhibit LPS induced nitric oxide
production in the RAW264.7 macrophage cell lia8) @nd polyacetylene spiroketals from
Plagius flosculosubave been identified to inhibit LPS induced IL-1, IL-6, TNFand PGE
production, as well as inhibit the degradation of IkB and further DNA binding of NF-kB
(23).

Echinacea angustifolieclassified as one of the thrEehinaceamedicinal species,
has been featured in other studies due to its alkylamide rich composition (2, 24, 25). The
first round of HPLC fractionation of the ethanol extracEofingustifoliayielded one
fraction, fraction 3, which inhibited PGproduction by 51.1% of control at a concentration
of 1 ug/ml, therefore establishing a rationale for additional fractionationulRdsom the
second round of HPLC fractionation yielded two fractions, fraction 3D and 3E, which
significantly inhibited PGEproduction. Multiple alkylamides were identified in fraction 3D,
which made this fraction an excellent candidate for further fractionation.

HPLC analysis of fraction 3E indicated the occurrence of two highly abundant
alkylamides, Bauer alkylamides 10 and 11, which had previously been chemically
synthesized for our studie®)( We hypothesized that Bauer alkylamides 10 and 11, when
combined at concentrations similar to those found in fraction 3E, could explain thanBact
PGE inhibitory capabilities. Synthetic Bauer alkylamide 10 and 11 individually were
capable of significant inhibition of PGEproduction at concentrations of ubl and 9.5uM,
respectively. However, the combination of synthesized Bauer alkylamidesl 110 at
concentrations present in fraction 3E could not explain fraction 3E’s PGibitory
capabilities. Previous studies in our lab found that individually, chemically sygbes
Bauer alkylamide 10 and 11 were not capable of significant Rtibition at
concentrations lower than 5. We attribute this significant change in activity to a couple

of modifications in our screening protocol. The first major change was usingabgtiouwth
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conditions for the RAW264.7 cells by setting the incubation humidity to 95% as opposed to
our previous studies that used 70% humidity. Second, in the current study we analyze each
chemically synthesized preparation prior to its use as an inhibitor of fpGdriction,
allowing for impurities in the alkylamide preparations, and normalizing to seatration at
100% purity; this normalization was not conducted in our previous studies of the inhibition
of PGE production. These changes have therefore allowed for greater senisitoty
screening of inflammatory mediators using the RAW264.7 mouse macrophageecell |
GC-MS analysis of the third round of HPLC fraction€ofangustifoliaidentified
Bauer ketone 23 to be present in two of these fractions; fraction 3D32 contained Bauer
ketone 23 at a concentration of 08@, and several other unidentifiable peaks. To our
knowledge this is the first study to identify the presence of Bauer ketoneE23 in
angustifolia Bauer ketone 23 partially explained the inhibition of P@6duction observed
with fraction 3D32 (44.9 % of control) and can therefore be identified as a keytgensti
contributing to the immune modulating propertie€oangustifoliaand perhaps other
species. Chemically synthesized Bauer alkylamide 11 showed signifibdnition of PGE
and NO production at the concentration that this alkylamide occurs in fraction 3E40.
Although this constituent appeared to account for approximately 96% of the mass that
occurred in this fraction, it only partially explained the B@tibition observed with its
respective fraction. Through these studies, Bauer alkylamide E.lamigustifoliawas
identified as another key contributor to the suppression obRGENQ This alkylamide
was shown to have bioactivities at concentrations relevant to those found in the péants ext
and contributed to anti-inflammatory properties throughout an inflammatory respons
measured via PGEproduction at eight hours and nitric oxide production at 24 hours after
induction with LPS to induce the mouse macrophage cells. Chen et al. previouslyedentifi

Bauer alkylamide 11 as an inhibitor of NO production in the RAW264.7 cells withsgoflD
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23.9 uM @) and our studies add to this by determining that inhibition of NO production can
be accomplished at alkylamide concentrations availalite angustifolia

Two main observations from these studies have led us to the hypothesis that other
unidentified constituents found Echinaceaare critical components to the anti-
inflammatory potential of this botanical. First we have demonstrated that indiyiBaaer
alkylamides and ketones can significantly inhibit B@kd NO production, but only partially
explain the activity found in the fractions from the species. Also, when knowntoensdi
were combined at concentrations relevant to extracts and partiallyeddrdictions there
was no evidence of an additive or synergistic effect on inhibition o, BGHO production.
Secondly, although the concentrations of Bauer alkylamide 10 and 11, and BaueRBetone
did not change over storage time throughout our studies, the most convincing argument for
this hypothesis developed through the instability we observed throughout our stuldigsewit
bioactivity of E. angustifoliathird round fractions. Significant inhibition of P@groduction
was lost after storing selected third round fractions &G26r approximately one year,
without any significant decrease in the concentrations of Bauer alikidarand ketones.
These observations provide evidence to the hypothesis that other unstable constituents
contribute to the identified inhibition of PGRroduction.

In summary, this research confirmed our previous studie&thatgustifoliaandE.
pallida are important species Bthinacedor discovering the anti-inflammatory properties
of this botanical genus, and further allowed for the identification of constituentsehaya
contributors to those properties. From the fractionatiois pallidaandE. angustifolia
extracts two major compounds, Bauer alkylamide 11 and Bauer ketone 23, wereeidiémtifi
play a key role in the inhibition of PGBy RAW264.7 mouse macrophage cell model.
These constituents were also identified as inhibitors of NO production, indidaditntipéy
are important mediators for an extended period throughout the inflammatory respbase. T

analysis of Bauer ketone 23 at the concentration present in fraction 3D32, and of Bauer
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alkylamide 11 at the concentration present in fraction 3E40, indicates that odbes st
should be directed toward the identification and synthesis of known and unknown
compounds and the roles they may play, either individually or in concert with known
constituents, to modulate mediators of the inflammatory response.

The results obtained from this study may pave the way for the production of
Echinaceaspecies that are better suited for anti-inflammatory medicinal purposese The
could be produced through the fabrication of genetically modified plants, the detection of
other plant organs and tissues that are rich in specific constituents, or thecatemntiof
optimal growth conditions for the enhanced availability of constituents such as lBdanes
21, 23, and 24 and Bauer alkylamides 10 and 11.

Abbreviations Used

E. =Echinacea

Pl = Plant Introduction

DMSO = Dimethyl Sulfoxide

PGE = Prostaglandin E2

NO = Nitric Oxide

LPS = Lipopolysaccharide

GC-MS = Gas Chromatography Mass Spectrometry
HPLC = High Performance Liquid Chromatography
IDso= Inhibition Dose producing 50 % inhibition
Safety

LPS compounds are pyrogenic and should not be inhaled or allowed to enter the
bloodstream.
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Table 2. HPLC analysis of the constituents foundEinangustifoliaFractions 3D and 3E

Fraction 3D Fraction 3E

Metabolite Concentration Metabolite Concentration
Metabolite (ng/ml) (uM) (ng/mi) (uM)
Chen Alkylamide 2 0.7 0.2 0.0 0.0
Bauer Alkylamide 5 2.1 0.5 0.0 0.0
Bauer Alkylamide 8 36.6 9.0 0.0 0.0
Bauer Alkylamide 9 15.3 3.8 0.0 0.0
Bauer Alkylamide 10 0.0 0.0 22.6 5.6
Bauer Alkylamide 11 0.1 0.03 37.8 9.5
Bauer Alkylamide 14 2.1 0.5 0.0 0.0
Bauer Alkylamide 16 0.8 0.2 0.0 0.0
Bauer Alkylamide 17 1.7 0.5 0.0 0.0

®HPLC analysis identified alkylamides present inut@dml of second round fractions 3D and

3E, as well as the metabolites concentrationNh Structures of alkylamides have been previously

describedZ, 6).
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Table 3.GC-MS analysis of selected third rouBdangustifoliafraction$

% of Approximate Approximate

Echinacea . . :
e . Fraction Concentration Concentration
angustifolia  Compound Identified
Eraction by Dry  of Compound of Compound
Weight (n9) (uM)
3D28 Bauer Alkylamide 8-9 18 0.18 0.64
3D32 Bauer Ketone 23 75 0.75 0.83
3E33 Bauer Alkylamide 10 34 0.34 0.15
Bauer Ketone 23 12 0.12 0.25
3E38 Bauer Alkylamide 11 87 0.87 3.47
3E40 Bauer Alkylamide 11 96 0.96 3.55

8GC-MS analysis identified constituents present jmml of third round fractions, as well

as the metabolites concentration. All identifietstituents were confirmed via synthetic standards.

www.manaraa.com



124

Table 4. Change in PGEactivity over storage time with third roulkd angustifoliafractions

E. angustifolia PGE production PGE production

Fraction (% of control) (% of control)
August 2007 June 2008

3E33 14.1+ 6.9 133.1 £435

3E40 18.4+6.1" 81.0+3.9

** indicates significant p-value <0.0001. Bauekphmides and Ketones identified to be present
in Table 3 were quantified prior to P@&nalysis in 2007 and again after RB@GBalysis in 2008
yielding no difference in these constituent con@ditins. Data represents % of control + standard
error, with 100 % of control for 2007 Fractions 3&d 3E40 at 1.9 ng/ml and for 2007 Fraction

3E33 and 3E40 at 3.5 ng/ml and 4.7 ng/ml, respelgtiv
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Figure Legends

Figure 1. Fraction 3 from a 2005 extract &chinacea pallida(P1631293) significantly
inhibited PGE production in RAW264.7 cells. The black bars represent,R&/€ls after
induction with 1ug/ml LPS and treatment with &chinaceafraction or ethanol extract (n =
3). All treatments + LPS were compared to media + DMSIP$ control that was set at
100 % (2.0 ng/ml). Treatments were also performed without LP&ctimth showing no
significant reduction in PGEproduction (p> 0.21). The treatments without LPS were
compared to the media + DMSO control set at 100 % (0.2 ng/ml). Ndolee did not
inhibit PGE production (104 % of control). Baicalein and quercetin were used as/@osi
controls and showed significant inhibition of PGroduction (p<0.001). Parallel
cytotoxicity screens were conducted yielding no significanbtoyicity with any of thek.
pallida fractions (data not shown). * and ** are representative of p<0.05 and p<0.a6h. E
bar represents % of controlstandard error.

Figure 2. (A) GC-MS chromatogram of fraction 3 frobh pallida, identifying key ketones.
All identified constituents were confirmed via synthetic stagsla(B) Significant inhibition

of LPS induced PGEproduction in RAW264.7 cells after treatment with chemically
synthesized Bauer ketones at concentrations present in fractiom B fipallida The black
bars represent PGHevels after induction with lug/ml LPS and treatment with an
Echinaceafraction or synthetic Bauer ketone (n = 3). All treatment$®$ were compared
to media + DMSO + LPS control that was set at 100 % (5.6 ng¥itil)the combination of
Bauer ketones 21, 23, and 24 showing significant reduction of BGHuction (p = 0.032).
Treatments were also performed without LPS induction and compareel neetdia + DMSO
control set at 100 % (0.03 ng/ml) and no significant changes oserved with any of the
treatments in this comparison. Media alone did not inhibit P@&duction (99 % of
control). * and ** are representative of p<0.05 and p<0.001. Each basseemse¥% of

control+ standard error. Quercetin was used as the positive control.
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Figure 3. (A) Structures and nomenclature for Bauer ketones identified itidfr&& from

E. pallida (B) Significant inhibition of LPS induced PGEand NO production in
RAW?264.7 cells after treatment with chemically synthesizegeB&etones 21 and 23. The
black bars represent P@Eevels and the white bars represent NO levels after indueitbn

1 pg/ml LPS and treatment with a ketone (n = 3). All treatment$S were compared to
media + DMSO + LPS control that was set at 100 % P@&duction (3.7 ng/ml) and NO
production (12.4 ng/ml). Treatments were also performed withoutihéA&tion showing
significant reduction of PGEproduction with Bauer ketone 21 atuM (p = 0.046). The
treatments without LPS were compared to the media + DMSO caatrat 100 % PGE
production (0.02 ng/ml). There was no significant difference in Nlymtion in treatments
without LPS. Quercetin was used as a positive control for both stasid showed
significant inhibition of PGEand NO production (p<0.0001). * and ** are representative of
p<0.05 and p<0.001. Each bar represents % of canstandard error. Parallel cytotoxicity
screens were conducted yielding no significant cytotoxicityh veihy of the chemically
synthesized Bauer ketones (data not shown)

Figure 4. Semi-preparative reverse phased HPLC fractionation scherie afigustifolia
extract from 2006 harvest (P1631285). Bolded fractions represent thosmgsogwnificant
inhibition of LPS induced PGEproduction. Numbers in parenthesis indicate % of cottrol
standard error of PGEoroduction compared to the media + DMSO + LPS control set at
100% PGE production. * and ** are representative of p<0.05 and p<0.001. See figBres 4
for details on PGEdata including concentrations studied.

Figure 5. Inhibition of LPS induced PGEproduction and cytotoxicity analysis after
treatments with first round fractions from a 2006 extracEofngustifolia(P1631285) in
RAW?264.7 cells. The black bars represent R{Bfels after induction with ig/ml LPS and
treatment with arEchinaceafraction or ethanol extract (n = 3). All treatments + WMASe

compared to media + DMSO + LPS control that was set at 100 B p@duction (2.2
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ng/ml). Treatments were also performed without LPS induction igslgowignificant
reduction of PGEwith fractions 1, 3, 4, and ethanol extract{j®.035). The treatments
without LPS were compared to the media + DMSO control set abdBGE production
(0.1 ng/ml). Grey bars symbolize cell survival compared to the media «Ddd8trol set at
100 % cell survival. Baicalein was used as the positive contritilerPGE analysis and
showed significant inhibition of PGEproduction (p<0.0001). ND indicates analysis not
determined. Ursolic acid was used as a positive control inytbeogicity assay and showed
significant cell death at 3QM and 50uM (p<0.0001). Media alone was also used as a
negative control showing no significant inhibition of PG& cytotoxicity. * and ** are
representative of p<0.05 and p<0.001. Since fraction 3 showed no cytotexibityg/ml it
was not assessed for cytotoxicity apd/ml. Each bar represents % of conttostandard
error.

Figure 6. (A) Inhibition of LPS induced PGEproduction in RAW264.7 cells after
treatments with second round fractions from fraction Eofngustifolia(from figure 4).
The bars represent PGEevels after induction with Lig/ml LPS and treatment with an
Echinacedfraction or ethanol extract (n = 3). All treatments + MRSe compared to media

+ DMSO + LPS control that was set at 100 % RP@Eduction (1.8 ng/ml). Treatments
were also performed without LPS induction showing significant remstuctf PGE with
fraction 3 and 3E (g 0.029). The treatments without LPS were compared to the media +
DMSO control set at 100 % PGRroduction (0.1 ng/ml). Baicalein and quercetin were used
as positive controls. Parallel cytoxicity screens were cdadugielding no significant
cytotoxicity with any of the fractions (Data not shown). * @tridare representative of
p<0.05 and p<0.001. Each bar represents % of contretandard error.B) HPLC
chromatograms of second round fractions 3D a@yl IE, identifying key alkylamides

(Quantification from HPLC present in Table 2). Black linegespnt 260 nm and grey lines
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represent 330 nm. The internal standard used for B)thr(d C) wasN-isobutylundeca-2-
ene-8, 10-diynamid@C;5H2105).

Figure 7. Combination of Bauer alkylamides 10 and 11 at the concentrations found in
fraction 3E (Table 2). The bars represent P@kels after induction with ig/ml LPS and
treatment with afEchinaceafraction (n = 3). All treatments + LPS were compared to media
+ DMSO + LPS control that was set at 100 % RP@Eduction (4.4 ng/ml). Treatments
were also performed without LPS induction showing significant remtuctf PGE with
fraction 3E (p = 0.0275). The treatments without LPS were compatbd media + DMSO
control set at 100 % PGEproduction (0.2 ng/ml). Quercetin was used as the positive
control. * and ** are representative of p<0.05 and p<0.001. Each bar représeofts
control+ standard error.

Figure 8. (A) Inhibition of LPS induced PGEproduction analysis after treatments with
angustifoliathird round D fractions. The black bars represent Plégels after induction
with 1 pg/ml LPS and treatment with d&fchinaceafraction or ethanol extract (n = 3). All
treatments + LPS were compared to media + DMSO + LPS cdhtablas set at 100 %
PGE production (2.8 ng/ml). Treatments were also performed without ibEGction
showing significant reduction of PGRith fractions 3D, 3D26, 3D27, 3D30, and 3D31(p
0.04). The treatments without LPS were compared to the media #OD0df&trol set at 100

% PGE production (0.2 ng/ml). Baicalein was used as a positive control (p<Ofasallel
cytoxicity screens were conducted yielding no significant cytoityxwith any of the third
round fractions. * and ** are representative of p<0.05 and p<0.001. Eacépbasents %

of control+ standard error(B) Inhibition of LPS induced PGEproduction after treatments
with E. angustifoliathird round E fractions. The black bars represent Plégels after
induction with 1ug/ml LPS and treatment with &chinaceafraction or ethanol extract (n =
3). All treatments + LPS were compared to media + DMSIP$ control that was set at

100 % PGE production (1.9 ng/ml). Treatments were also performed without LPStiokluc
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showing significant reduction of PGmvith fractions 3E, 3E33, 3E34, 3E36, 3E37, and 3E38
(p<0.027). The treatments without LPS were compared to the media -©RI8rol set at
100 % PGE production (0.1 ng/ml). Baicalein was used as a positive cont@.dp).
Parallel cytoxicity screens were conducted yielding no sogmt cytotoxicity with any of

the third round fractions. * and ** are representative of p<0.05 and p<0.0ath lar
represents % of contralstandard error.

Figure 9. Inhibition of LPS induced PGEproduction after treatment of synthetic Bauer
ketone 23 at concentration present in third roEnéngustifoliafraction 3D32. The black
bars represent PGHEevels after induction with fig/ml LPS and with the ketone or fraction
(n = 3). All treatments + LPS were compared to media + DM3®S control that was set
at 100 % PGE production (3.8 ng/ml). Treatments were also performed without LPS
induction showing no significant differences in PG#oduction. Quercetin was used as a
positive control. * and ** are representative of p<0.05 and p<0.001. Eackpasents %

of control + standard error. A parallel cytotoxicity screen was conducteldliyg no
significant cytotoxicity with Bauer ketone 23 at the concentratioreasured (data not
shown).

Figure 10. Significant inhibition of LPS induced PGEnd NO production in RAW264.7
cells after treatment with chemically synthesized Badlieylamide 11. The black bars
represent PGElevels and the white bars represent NO levels after induatibn1 pg/ml

LPS and treatment with alkylamide (n = 3). All treatmentdS were compared to media +
DMSO + LPS control that was set at 100 % R@duction (4.7 ng/ml) and NO production
(11.6 ng/ml). Treatments were also performed without LPS indudtimnisg no significant
differences in PGEor NO production. ND indicates analysis not determined. Quercesin wa
used as a positive control for both studies and showed significantimmibf PGE and NO
production at 1QuM (p<0.0001). * and ** are representative of p<0.05 and p<0.001. Each

bar represents % of contréalstandard error. Parallel cytotoxicity screens were corduct
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yielding no significant cytotoxicity with Bauer alkylamide &flthe concentrations screened

(data not shown).
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Figure 2.
A
Bauer ketone 22
5.5e+07]
5e+071
4504071 Bauer ketone 24
g Aer07 Bauer ketone 23
% 3.5e+07]
o
S 3e+07, Bauer ketone 20
o 25e+07]
<
2e+07 p
1.5e+07/
16+07] Bauer ketone 21
JJW
‘ T T T T ‘ \J\ T T T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Retention Time
(Minutes)
B
UM pg/ml pM
Bauer ketone 20 0.7 - 0.7 07 0.7 - 07 - - - 5 10
Bauer ketone 21 0.6 0.6 - 0.6 0.6 - - 0.6 - -
Bauer ketone 23 2.6 2.6 2.6 - 2.6 2.6 - - 2.6 -
Bauer ketone 24 5 5 5 5 - 5 - - - 5
100 | puum— === === === == e e e e m e m e mm—m——— -
s
=2 80
o *
-9 * *
o i
o\° 60 .
m i
o 40
a *k Hok
20 -
0
Media Combinations of Synthetic Bauer ketones Individual Synthetic Bauer ‘ E. |Quercetin
ketones pallida
DMSO Fraction
3

www.manaraa.com



133

Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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CHAPTER 5: ENRICHMENT OF ECHINACEA ANGUSTIFOLIA WITH
BAUER ALKYLAMIDE 11 AND BAUER KETONE 23 INCREASED
ANTI-INFLAMMATORY POTENTIAL THROUGH INTERFERING
WITH COX-2 ACTIVITY

Modified from a paper to be submitted to tlwairnal of Agricultural and Food Chemistry
Carlie A. LaLone, Nan Huang, Ludmila Rizshsky, Man-Yu Yum, Navarozedegg Si
Cathy Hauck, Basil J. Nikolau, Eve S. Wurtele, Marian L. Kohut, Patricia A. Mugid
Diane F. Birt
Abstract

Previous studies have indicated that Bauer alkylamide 11 and Bauer ketone 23 were
key compounds frorikchinacea angustifolighat were partially responsible for the anti-
inflammatory properties identified with this botanical. We hypothesized thriney
enrichment of ae. angustifoliafraction with chemically synthesized Bauer alkylamide 11
and Bauer ketone 23, that an elevated anti-inflammatory response would bedachieve
compared to the fraction itself, measured by the inhibition of prostaglandin E3)(&4l
nitric oxide (NO) production by lipopolysaccharide (LPS) induced RAW264.7 mouse
macrophage cells. Using microarray, gRT-PCR, western blots, and actiays ags set out
to explain the molecular mode of action leading to the inhibition of.R@kluction after
treatments with fraction, enriched fraction, combination of Bauer alkylabdigend Bauer
ketone 23, and these compounds individually. It was determined that the enriched fraction
was capable of a more potent inhibition of LPS inducedRfh the fraction alone,
although NO production was not affected by either treatment. From the magraaalysis,
no differentially expressed genes were identified with the treatmemigared to the control
after an eight hour treatment. Follow-up time-course gRT-PCR studiest@utlaca
significant decrease in TN&-and an increase of INOS with a 24 hr incubation of treatment

with the LPS induced RAW264.7 cells. Interestingly, LPS induced COX-2 protein was

www.manaraa.com



142

significantly increased by the fraction and Bauer ketone 23 individually. CQxv&ywas
significantly decreased with all treatments after an eight hour inoabah conclusion these
studies provide evidence that the identified inhibition of P@Bduction was due to the
direct targeting oEchinacegproducts to the COX-2 enzyme.

Keywords: Echinacea angustifoligProstaglandin E2; Nitric Oxide; Bauer Alkylamides;
Bauer Ketones; Anti-inflammatory; Fractionation

Introduction

Echinaceahas been used medicinally for hundreds of years for the treatment of
numerous ailments, including inflammatidk).( Several studies have been conducted to
elucidate the cellular mechanism of action for the immune modulatory proprties
Echinaced2-5). These studies have mainly focused on one patrticular class of compounds of
Echinaceaalkylamides, and their ability to interact with cannabinoid receptors.

The cannabinoid receptors, CB1 and CB2, are G protein coupled receptors that have
been implicated in the modulation of the central nervous system and the inflammatory
response. CBL1 receptors are found in neurons from the central and peripheral nervous
system and concentrated in the brain, while CB2 receptors are mainly in imefisne c
including macrophage$). Studies attempting to unravel the mechanism of action for the
immune modulatory effects &chinaceahave led to the finding that alkylamides, which are
a class of constituents prominent in certaahinaceaspecies, can act as cannabinomimetics
(7). Endogenous ligands for the cannabinoid receptors include anandamide (AEA) and 2-
arachidonyl glycerol (2-AG) sharing structural similarity witbhinaceaalkylamides §).
Previous studies have determined that certain alkylamides have the ability toeb®B2
receptor having Ki values around 60 nM with greater affinity than the natuaatsgy).

The role of the CB2 receptor in the immune modulatory effeEcbfnaceavas further
strengthened by Gertsch et al. who provided evidence that the gene expression of a

important inflammatory cytokine released by macrophage cells, tumor isgferctsr alpha
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(TNF-a), was induced via the CB2 receptor by a standardized preparatmhiobcea
called Echinaforce™3). This activity was attributed to certain alkylamides present in the
Echinaforce™ preparation, including Bauer alkylamide 11 at 0.5 uM. Reéaftigacea
ketones have been shown to have anti-tumorigenic and anti-inflammatory proerii@s (
Therefore, Egger et al. set out to determine whether various ketoalkenes dwekstioas of
E. pallidacould mediate their immune modulatory effects through the cannabinoid receptors,
identifying no significant activity4).

Significant inhibition of prostaglandin E2 (P@End nitric oxide (NO) production
have been achievable with the treatmerEdfinaceaextracts, fractions, and pure
constituents providing two excellent endpoints for the elucidation of species, as well a
classes of compounds, that are important forrthatro anti-inflammatory properties of
Echinacea10-13. Enzymes upstream of these endpoints, such as cyclooxygenase-2 (COX-
2) and inducible nitric oxide synthase (INOS), for B@kd NO respectively, have been
studied in order to further delineate h&ehinaceamodulates inflammation. Due to the
involvement of the arachidonic acid cascade in the production of RiGler-Jakic et al.
determined that alkylamides isolated from an Soxhlet n-hexane extiacaonfustifolia
were capable of inhibiting both cyclooxygenase and 5-lipoxygenase astivityo (14).
Another study showed that certain alkylamides from a &G@ract ofE. angustifolia
abrogate COX-2 activity, but have no effect on COX-2 mRNA or protein in neuroglioma
cells @5). Zhai et al. described the inhibition of NO identified with Soxhlet ethanol ¢xtrac
of E. angustifoliaE. pallida, andE. purpureawas due to an inhibition of iINOS protein
expression, attributing this effect to the lipophilic alkylamidEs).(

The presence of Bauer alkylamide 11 at a concentration of 3.55 uM and Bauer ketone
23 at 0.83 uM oE. angustifoliafractions capable of inhibition of prostaglandin E2 was a
key finding in our laboratoryl(Q). During a re-fractionation &. angustifoliawe identified

a first round fraction capable of significant PGighibition, but to a lesser extent than
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previously identified in our prior studies. It was determined that the decrezsety anay

be due to the lower concentration of Bauer alkylamide 11 and the absence of Bane2Bet
in the new fraction. This observation led to the hypothesis that through enrichment of
Echinacegproducts with certain constituents at the proper concentrations it may begossibl
to tailor this botanical to effectively target specific bioactivities. udies were conducted
to examine how enrichment of &n angustifoliafraction with Bauer alkylamide 11 and
Bauer ketone 23, as well as these synthetic compounds in combination or individually
influence PGEand NO production in the RAW264.7 mouse macrophage cell line and
further elucidate a mechanism of action leading to the modulation of these iaflangm
endpoints.

Materials and Methods

Plant Material and Extraction

E. angustifolia(P1636395) root material was provided by the USDA North Central
Regional Plant Introduction Station (NCRPIS, Ames, IA) and collecteddstamne Soxhlet
ethanol extracted as previously descriliet).(Further information about the accessions can
be found on the Germplasm Resources Information Network database at http:fsvww.a
grin.gov/npgs/acc/acc_queries.html provided by NCRPIS.

Semi-Preparative HPLC Fractionation

The fractionation of a 95 % ethanol extracEshinaceaangustifoliawas conducted
using Semi-Preparative HPLC using methods to avoid endotoxin contamination as pyeviousl
described 10).
GC-MS Analysis

GC-MS analyses was used to determine concentrations of known compounds present
in E. angustifoliafractions through the use of synthetic standards as described by LaLone et
al. (10).

Alkylamide and Ketone Synthesis
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Alkylamide and ketone synthesis was conducted as described previously agrounti
for percent purity when determining concentrations of compoulrjsl().
Cell Culture

RAW264.7 mouse monocyte/macrophage cells were purchased from American Type
Culture Collection (cat: TIB-71, Manassas, VA). The conditions under which tlserceit
cultured have been previously describgd], (16.

EchinaceaanqgustifoliaFraction and Constituent Treatments

Five treatments were consistently used for each assay, which(fefeangustifolia
fraction 3 at 1 pg/ml; (2) enriched fraction 3 consisting chngustifoliafraction 3 at 1
pa/ml (which contained Bauer alkylamide 11 at a concentration of 0.05 uM), syighagc
alkylamide 11 at 3.5 uM, and Bauer ketone 23 at 0.83 puM; (3) the combination of Bauer
alkylamide 11 at 3.55 uM and Bauer ketone 23 at 0.83 uM; (4) chemically synthBaizer
alkylamide 11 at 3.55 pM; and (5) chemicalynthesized Bauer ketone 23 at 0.83 pM.

Measurement of Prostaglandip, Blitric Oxide, and Cytotoxicity

The production of prostaglandin &as assessed using a R@Bzyme immunoassay
(GE Biosciences; Piscataway, NJ) after treating RAW264.7 mouse mageopdis for
eight hours with fractions frora. angustifoliaand with or without lipopolysaccharidg.(
coli 026:B6, Sigma,; St. Louis, MO) as previously descrildgddl. Quercetin (3, 5, 7, 3'4’-
pentahydroxy flavon), was chosen as the positive control for this assay due to its ant
inflammatory properties at a concentration of 10 uM (Sigma; St. Louis, MO).

Nitric oxide production was analyzed after a 24 hour incubation&dgttinacea
fraction or pure constituent using Griess Reagent System (PromegapiMadfig following
the manufacturers protocol. The assay has been previously described usiAgVR@AR
cell line and outlined in LaLone et al(Q).

Cytotoxicity was analyzed using the Celltiter96 Aqueous One Solution Cell

Proliferation Assay (Promega Corp., Madison, WI) as previously descfitiedEgch
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fraction and compound was screened for cytotoxicity at the concentrations @Ehadzay
and incubated for 24 hours.
Western blots

RAW264.7 cells were grown in 10 cm Petri dishes to 80% confluency (overnight)
and treated for eight hours. Cells were washed twice with ice cold 1X phosphateduff
saline (PBS) and lysed on ice for 5 minutes with plO6f lysis buffer (50 mM Tris-
hydrochloride, 2mM ethylenediamine tetraacetic acid, 2 mM ethylewelgbtraacetic acid,
150 mM sodium chloride, 2 mM phenylmethanesulphonylfluoride, 25 mM leupeptin, 10 mM
aprotinin, 10 mM sodium fluoride, 10 mM sodium orthovanadate, 10 mM sodium
pyrophosphate, 0.5% Triton X-100). After lysis, the cells were collected using a rubbe
policeman and centrifuged at@to form cell pellet. The supernatant was isolated and the
protein concentration in the cell lysate was identified using the BCA ProteayAeagent
(Pierce, Rockford, IL). COX-1 (sc-19998), COX-2 (sc-19999), iINOS (sc-72719-and
tubulin mouse monoclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were
diluted 1:2000, 1:1000, 1:600, and 1:2000, respectively in 5% milk Tris buffered saline
containing 0.5% Tween-20. Immunoblot separation was carried out as described by
Przybyszewski et al1{) and visualized using ECL detection. ImageQuaNT software was
used for semi-quantitative analysis as previously descrit&d (

RNA extraction and DNAse digestion

RAW264.7 mouse macrophage cells were grown in 75cm flasks to 80% confluency
and treated for eight hours for the microarray study. The cells were gnddwvell plates to
80% confluency for the gRT-PCR studies collected at six separate time pdbnits L h, 2
h, 4 h, 8 h, and 24 h). The treatments selected for the qRT-PCR studi€s aegeistifolia
fraction 3, enriched fraction 3, the combination of Bauer alkylamide 11 and Bauer R8tone
and these constituents individually. These treatments were incubated with laoat WRS.

Cells were collected using a rubber policeman after washing flask otysile¢ewith PBS.
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The Trizol method (Invitrogen, Carlsbad, CA) of extraction was used to isolakeaRdl
further purification was carried out using an RNeasy purification kit in combmeaith an
RNAse-free DNAse kit (Qiagen, Valencia, CA). Following extraction, RS analyzed
for quality and quantity using an Agilent Bioanalyzer 2100 and RNA Nano 6000 Labchip kit
(Agilent Technologies, Palo Alto, CA).
Microarray

The microarray experiment was carried out using the GeneChip® Mouse Genome
430A 2.0 Array, which consisted of approximately 22,600 probe sets, representing 14,500
well-substantiated genes (Affymetrix, Santa Clara, CA). The featnrents selected for the
microarray analysis were the media + DMSO and media + DMSO + LPS spiatndE.
angustifoliafraction 3 (1 pg/ml) + LPS, fraction 3 (1pg/ml) + synthetic Bauer atkide 11
(3.5 uM) + Bauer ketone 23 (0.83 uM) + LPS, and synthetic Bauer alkylamide 11 (3.55 uM)
+ Bauer ketone 23 (0.83 uM) + LPS. The controls were used to establish that tHéeetPS e
was consistent with current literature. Our study was designed to degetiffierentially
expressed (DE) genes important for the inhibition of LPS induced p&HEuction,
therefore treatments without LPS were not included in the microarray stody.replicates
of each treatment were analyzed on separate chips and RNA labelingioange
according to manufacturer (Affymetrix, Santa Clara, CA). The gene cleipsnan using a
Gene Chip fluidics station 450 and a GeneChip Scanner 3000 7G conducted at the Gene Chip
Facility at lowa State University.
gRT-PCR

An iScript cDNA synthesis kit (BioRad, Hercules, CA) was used to revensgetrbe
RNA to cDNA. Primers were designed with an annealing temperaturé ©ff66COX-1,
COX-2, TNF4, INOS, and GADPH using Primer29) and procured from Integrated DNA

Technologies, Inc. (Coralville, IA)T@able 1). Amplification conditions for the qRT-PCR
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were set at 9% for 3 minutes, and 40 cycles of°@for 30 seconds, 56 for 30 seconds,
and 72C for 30 seconds, followed by 95 for 1 minute, and 5% for 1 minute.

Plasmid preparation for standard curves has been described previously (Hammer
al., unpublished), with the exception that PCR products were cloned into MAX Etfi@&en
DH50™ Competent Cells.

COX activity assay

COX activity was measured using a COX Fluorescent Activity Assbgd€ording
to manufacturer’s directions (Cayman Chemicals, Ann Arbor, MI) after an 8 leatiment
with E. angustifoliafraction 3, enriched fraction 3, combination of Bauer alkylamide 11 and
Bauer ketone 23, as well as these constituents individually (with and without TR&)
assay measures the peroxidase component of the cyclooxygenase enzyme sooygiibra
reaction between PG@nd 10-acetyl-3, 7-dihydroxyphenoxazine after the addition of
arachidonic acid, which generates the fluorescent compound resorufin. The commbhon pla
flavanoid, quercetin, was used as a positive control at 25 pM.
Milliplex

RAW264.7 cells were plated in 24 well plates (1.57 xcis/well) and grown
overnight. The treatments that were selected for analysis welte amgjustifoliafraction 3,
enriched fraction 3, the combination of Bauer alkylamide 11 and Bauer ketone 23, and these
constituents individually. Each treatment was applied with and without LPS i (tti
pg/ml) and treated for twenty four hours. After the twenty four hour treatiment t
supernatant was collected for the assay. Supernatant was analyzed using the
MILLIPLEX uwap Mouse Cytokine 32plex Panel following the manufacturer’s protocol
(Millipore, Billerica, MA).

Statistical Analysis

Both log transformed PGHElata and NO data were analyzed using randomized

complete block design with variable levels of treatment, followed by a t-tesd lnen pooled
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error variance to determine statistical significance compared {agdia + DMSO + LPS)
control. In all figures, the data are represented as % of control £ standayc@mmualizing
the (media + DMSO + LPS) control to 100% PGIENO production within each block and
summarizing across all blocks to obtain the mean and standard error. The thregpkasbsa
of cytotoxicity values in each block were averaged before analysis adamiaed complete
block design as above. The cytotoxicity data are also presented as % of cotatnolatds
error, normalizing the (media + DMSO) control to 100% cell survival. Allsttesll analysis
was conducted using the GLM procedures in SAS (version 9.1, SAS Institute Ing.; Car
NC).

The microarray experiment has a randomized complete block design with 4
replications as fixed block and 5 treatments (media + DMSO, media + DMS@,+ LP
fraction 3 + LPS, enriched fraction 3 + LPS, Bauer alkylamide 11 + Bauer K23on&PS).
Within each replication, the cultured cells and gene chips were randomiyeabsigreceive
one of the 5 treatments. The raw data were normalized by the robust mylaarage
method (RMA) using thaffy package in Bioconductor 2.0.8. The log expression data were
then analyzed with SAS version 9.1.

All the pairwise comparisons of interest were tested by unadjusted t-test.
Differentially expressed genes were identified with false disgonate (FDR) less than
0.0001% using Benjamini and Hochberg’'s method (1995).

Genes with significant treatment effects (FDR < 0.0001%) were included in a
hierarchical cluster analysis. The standardized averages for edatetieaf each gene were
used to compute a Euclidean distance matrix. The average linkage method was used to
measure the distance between clusters. The analysis was done in R version 2.5.1.
Results

Enrichment ofEchinacea angustifoli&raction
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Semi-preparative reversed phase HPLC was used to fractionate ah @fxtomt
material fromE. angustifolianto five fractions and analyzed for their effect on LPS induced
PGE production in the RAW264.7 mouse macrophage cell line. The study led to the
identification of three fractions that were capable of significantlybitihg PGE production
(Figure 1A). Fraction 3, an alkylamide rich fraction equivalent in fractionation preparat
to theE. angustifoliafraction 3 (inhibited PGEto 1.1 ng/ml PGE published by LaLone et
al., showed potent PGIeduction (inhibited PGEo 1.8 ng/ml PGE at a concentration as
low as 1 pg/mlfigure 1B). GC-MS analysis was conducted to identify the prominent
constituents present in fraction 3, as well as to quantify the concentrationsesf Ba
alkylamide 11 and ketone 2Bigure 1B). From this analysis it was determined that Bauer
alkylamide 11 was present at a concentration of 0.05 pM and there was no tracerf B
ketone 23 in 1 pg/ml of fraction 3. Previously published studies conducted by our laboratory
found that Bauer alkylamide 11 and ketone 23, at concentrations of 3.55 uM and 0.83 uM,
respectively contributed to the activity of an earlier fraction preparathsiim the current
fraction 3. Therefore, 3.5 uM of chemically synthesized Bauer alkylamidedlQ.83 uM
of Bauer ketone 23 were added to 1 pg/ml of fraction 3 to produce an enriched fraction 3.
Echinacea angustifolifraction 3, enriched fraction 3, and combinations of individual
constituents and fraction 3, were evaluated after an eight hour treatment vRIAW{264.7
cells for PGk and NO production, showing significant PGghibition with all treatments
and significant NO inhibition with the combination of chemically synthesizedrBaue
alkylamide 11 and ketone 23 and each constituent individuatiy e 2). The enriched
fraction 3 was found to have significantly greater R@®HBibition capabilities than the
fraction by itself. Cytotoxic effects were not identified with any offthe E. angustifolia
fractions, or with the enriched fraction or combinations of fraction and constitdertésnot
shown).

Gene Expression and Protein Studies WitlangustifoliaFraction and Constituents

www.manaraa.com



151

Gene expression was analyzed with GeneChip® Mouse Genome 430A 2.0 Arrays in
order to identify target genes and determine pathways leading to the inhibitiolepf PG
production in the RAW264.7 mouse macrophage cells with selected treatmenEBduren
2 treated for eight hours. The media + DMSO control was compared to the mellig®@ D
+ LPS control in order to establish that the expected genes were diffeyemtjaiéssed.

With a false discovery rate of 0.0001% there were 3,257 differentially expresspdgids
were identified between the controls, which corresponded with the DE geneseddnyifi
Hammer et al. (unpublished). Of these 3,257 DE genes, 1,253 had increased expression
levels (5.5% of total probe-sets) and 2,004 (8.9% of total probe-sets) had decreased
expression levels, with 731 genes decreased at least 50% below the expressudriievel
media + DMSO control and 951 genes increased at least 50% above the expressidn level
media + DMSO control after LPS treatment, which represented 3.2% and 4.2% o4lthe tot
probe-sets, respectively. Genes that were increased by the LP&trieatTe involved in

the inflammatory response, cell cycle, cell signaling, and cell prdiderand those genes
that were decreased were involved in the immune response, cell death, and kil moti

When searching for DE genes between the media + DMSO + LPS céntrol,
angustifoliafraction 3 + LPS, enriched fraction 3 + LPS, and the combination of Bauer
alkylamide 11 + Bauer ketone 23 + LPS, no genes were identified with a FDR below 50%.
The eight DE genes that were identified between LPS treated samipld<DRs between
50% and 75% were analyzed by MetaOmGr&l ihdicating that none were genuine DE
genes.Figure 3A provides a visual representation of the general gene expression pattern
with all five treatments through the use of hierarchical clustering. Tvetecfican be
identified, one containing the media + DMSO control and the other consisting of plesam
treated with LPSFigure 3B represents changes in gene expression level with the different
treatment groups, consistent with the analysis showing the LPS effe¢heitbntrols,

without any differences between each treatment + LPS.
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In order to obtain a more thorough understanding of the efféctarigustifolia
fraction 3, enriched fraction 3, the combination of Bauer alkylamide 11 and Bauer R8tone
and these constituents individually on gene expression, gRT-PCR was used to prodace a tim
course for genes expected to be modulatediynacea Genes chosen for this analysis
included COX-1, COX-2, TNFe, INOS, and GADPH. These studies indicated that COX-2
gene expression was not significantly different throughout the time coars@fb hr to 24
hr (Figure 4B). The only significant increase in COX-2 gene expression was with the LPS
treated samples compared to the media + DMSO control. of bne expression was
significantly increased with treatment of the RAW264.7 cells with Bauer k&®ia¢ the 0.5
hr time point compared to the media + DMSO + LPS conFigiufe 4C and 4B. Atthe 1
hr time point TNFe. gene expression was significantly decreased with treatment of Bauer
alkylamide 11 Figure 4C and 45. When gene expression analysis for To&l#as carried
out to 24 hr a significant decrease in gene expression was identifieddogustifolia
fraction 3 + LPS, enriched fraction 3 + LPS, combination of Bauer alkylamide 1laam B
ketone 23 + LPS as well as with each individual constituent + LPS compared to thetmedi
DMSO + LPS controlfigure 4C and 4B. Treatments were also carried out without LPS
showing no significant difference in TNdegene expression compared to the media +
DMSO control (p-values >0.08). Lipopolysaccharide induced &Nffetein production was
also analyzed, indicating that each treatment + LPS, except for symhagc ketone 23 +
LPS, were capable of significant inhibitidaigure 5). A significant difference in INOS
gene expression was identified at the 24 hr time point, indicating an increas29MmRNA
with the enriched fraction 3 compared to the media + DMSO + LPS coRtgoir¢ 4D and
4F). The expected LPS induction of the RAW264.7 macrophage cells was identified with
the increase of COX-2, TN&; and iINOS genes after treatment with the media + DMSO +
LPS control compared to the media + DMSO control. GADPH was selected as the house

keeping gene for the experiments, indicating no change in mMRNA levels witf trey
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treatments during the time course from 0.5 hr to 24 hr (p-values >0.14). COX-1 mRiNA wa
shown to increase at the 24 hr time point after treatment with. taegustifoliafraction 3,
enriched fraction 3, Bauer alkylamide 11, and Bauer ketone 23 compared to the media +
DMSO + LPS control (p-values <0.02), although the combination of Bauer alkyldrhide

and Bauer ketone 23 did not significantly change the mRNA levels.

Protein levels of COX-1, COX-2, ardtubulin were assessed after the treatment
with theE. angustifoliafraction 3, enriched fraction 3, and the combination of synthetic
Bauer alkylamide 11 and Bauer ketone B@gjgre 5A & B), Bauer alkylamide 1Ejgure
6A & B), and Bauer ketone2Figure 7A & B). From these analyses it was shown that
there was a significant increase in COX-2 protein with fraction 3 at 1 agvenb pg/ml, as
well as with Bauer ketone 23 at 5 uM. Interestingly, there was a signtiiearease in
COX-1 protein with the treatment of fraction 3 at 5 pg/ml,op¢tibulin protein level
remained unchanged. Protein levels of lipopolysaccharide induced iINOSIsceassessed
after treatment with enriched fraction 3, the combination of Bauer alkylamided1Raaer
ketone 23, and these constituents individually, showing no significant differencezhetw
treatments (ranging from 97.7 £ 23.5% to 101.1 = 21.7% of control) and media + DMSO +
LPS control after a 24 hr treatment .

Inhibition of Cyclooxygenase-2 Activity

COX-2 activity was analyzed after treating the RAW264.7 macrophalgdaeéight
hours withE. angustifoliafraction 3 + LPS, enriched fraction 3 + LPS, the combination of
Bauer alkylamide 11 and Bauer ketone 23 + LPS, and the synthetic constituentsiallyivi
+ LPS. No significant differences in COX-2 activity were identifiethieen any of the
treatments without LPS compared to the media + DMSO control. When anallZiR$
treated samples compared to the media + DMSO + LPS contigl #regustifoliafraction 3
(31.6 £ 10% of control), enriched fraction 3 (29.6 +7.3% of control), and the combination of

synthetic compounds (45.2 + 12.3% of control) potently inhibited COX-2 activity with p-
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values less than 0.001 and synthetic Bauer alkylamide 11 (74.3 £ 11.0% of control) and
synthetic Bauer ketone 23 (65.3 £ 16.3% of control) individually significantly inhibited
COX-2 activity with —p-values less than 0.05.
Discussion

A major finding in this study is that by enriching Bnangustifoliafraction (1 pg/ml)
with Bauer alkylamide 11 (3.5 pM) and Bauer ketone 23 (0.83 pM) a more potent inhibition
of the LPS induced inflammatory mediator, BGEas identified compared to that seen with
the fraction alone after an eight hour treatment on the RAW264.7 macrophage cells. From
these results, it appears that Bauer alkylamide 11 and Bauer ketone 2y padaunted for
the PGE inhibitory capabilities of the fraction, but do not show evidence of additivity. This
finding indicates that it is possible to manipulateeghinacegpreparation to target a specific
bioactivity after discovering constituents of importance as well as the coatg@mrequired
to elicit the desired effect. Having the ability to target specific bvtes with Echinacea
preparations would be very important in the development of botanical products thadare use
for specific medicinal purposes. Results collected on the clinical effafdechinaceao
treat symptoms of the common cold or other upper respiratory infections have been
ambiguous due to several confounding factors, including the use of different or undefined
preparations of this botanic&l, 29. In order to characterize which constituents are
necessary for particular medicinal outcomes and at what concentratiopsstoies are
needed to provide concrete evidencenofivo effectiveness in both animals and humans, as
well as bioavailability of these constituents both individually and as a coméxren

Our studies set out to understand the mechanism of action leading to the inhibition of
PGE production in the RAW264.7 cells that was previously identified with certain
Echinacedractions (0, 11. Using microarray analysis and gRT-PCR it became apparent
that ourEchinaceareatments were not acting on the gene expression level for COX-2. Also,

western blot analysis led to the intriguing finding thaangustifoliafraction 3 and Bauer
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ketone 23 could increase COX-2 protein levels after an eight hour treatmerdpyed\ee
the ability to inhibit PGEproduction at that same time point. These studies directed the way
to another key observation, which is supported by previous literdtbréngt the identified
inhibition of LPS induced PGHEproduction withE. angustifoliafraction 3, enriched fraction
3, the combination of Bauer alkylamide 11 and Bauer ketone 23, and these constituents
individually on the RAW264.7 cells, occurs in part through the inhibition of COX-2 activity.
The discovery of COX-2 specific inhibitors has been the objective in the development of
several drugs for relief of inflammatory symptoms. Aspirin was one ofrgteFOX
inhibitors shown to act through acetylation of an active-site serine re&8u®©ther COX
inhibitors called nonsteroidal anti-inflammatory drugs (NSAIDS) act agetitive
inhibitors of COX by reversibly engaging the binding site for arachidarne: a
Understanding the kinetics behind the inhibition of COX-2 activity with tEe$enacea
treatments is critical to understanding its possible usefulness as-anflantmatory agent.
The results obtained from this study allow us to hypothesize a model for theiamhabit
PGE production based on increased COX-2 protein levels and decreased COX-2 activity.
One model that could explain these observations would be thaBbleisaceaalkylamides
and ketones are directly inhibiting COX-2 activity by competing with adacic acid for
the active site of this enzyme while at the same time blocking ubiquitinatiowabéd
normally target the enzyme for degradation. Therefore, we would observe a el@treas
COX-2 activity, a decrease in Pgproduction, and an increase in COX-2 protein, with no
change in gene expression, which is consistent with our findings.

Tumor necrosis factor alpha has been shown to be a cytokine regulated through the
cannabinoid receptors and therefore modulated through the bindiuhioiacea
alkylamides to the CB2 receptor. Gertsch et al. performed a RT-PCRdursec
experiment to understand how Echinaforce™ modulated @ gEne expression in human

monocytes/macrophage®) ( The results from this study show that LPS induced &NF-
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MRNA decreases around 10 hours after treatment of the alkylamide richapicepawith a
steady decline until approximately 25 hours. Other findings from this studwpiediat it
was the alkylamide constituents that acted on the CB2 receptors to modulaté-they&Ne
expression at a concentration as low as 0.5 uM (3). Our gRT-PCR time-courserigds ca
out to 24 hours showing a significant decrease in LPS induceduldfe expression with
the alkylamide rictE. angustifoliafraction 3, enriched fraction 3, combination of alkylamide
and ketone and with the individual constituents, corresponding with the findings of Gertsch
et al., although the concentration of alkylamide in our studies was slightly lagB&S uM.
Our studies indicate that these treatments, excluding Bauer ketone 23, rafszasity
inhibit TNF-o. protein production. Due to the similarity in our results it could be
hypothesized that olEchinaceareatments are also acting through binding the cannabinoid
receptors, with the exception of synthetic Bauer ketone 23 (0.83 puM) which alsalshowe
significant decrease in TNé&-gene expression at the 24 hour time point. An interesting
finding from our studies was that Bauer ketone 23 (0.83 uM) did not significantly modulate
TNF-a protein levels. Egger et al. determined that ketones, analyzed at 3% (v/v) DMSO do
not appear to mediate their immunomodulatory effects through the cannabinoid re@ptors
and therefore it is likely that Bauer ketone 23 acts through a different mech@ninhibit
the noted TNFa gene expression.

Lipopolysaccharide induced NO production was shown to be significantly inhibited
by treatments of synthetic Bauer alkylamide 11 and ketone 23, Bauer atkylain
individually, and Bauer ketone 23 individually after a 24 hour incubation on the RAW264.7
mouse macrophage cells. From the gene expression data it was determinecktiratitad
fraction 3 showed a significant increase in INOS mRNA compared to the medits® B3
LPS control, although NO production was not increased. Enriched fraction 3, Bauer
alkylamide 11, and Bauer ketone 23 were shown to have no effect on LPS induce iINOS

protein levels after a 24 hour incubation. Previous studi€&chmaceaextract treated
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RAW264.7 cells incubated for 23 hours determined that the extracts were cdpdéble o
inhibition, not through direct scavenging of the free radical, but through the inhibition of
INOS (13). Chen et al. also demonstrated that alkylamides were capable of inhilfittg L
induced NO production after a 24 hour incubation in the RAW?264.7 cell line, including
Bauer alkylamide 11, with an §pof 23.9 uM (2). Our prior studies had also indicated that
Bauer ketones could significantly inhibit NO production at concentrations as by lés
(20). The findings from the present study indicate that compoundsEoimmaceaarget NO
production and future studies will concentrate on the mechanism leading to theadentif
inhibition.

The results acquired from this study provide evidence that through the manipulation
of anEchinacedraction with the addition of key anti-inflammatory constituents, it is
possible to enhance the anti-inflammatory potential of this botanical. lbisfalsterest to
note that no additivity was identified with treatments that combined syntheter Ba
alkylamide 11 and Bauer ketone 23 in the RP&Eteening, although their addition to the
angustifoliafraction proved to increase anti-inflammatory potential. The resultsebtai
from our COX-2 activity studies indicated that theangustifoliafraction, enriched fraction,
combination of constituents and individual constituents were all capable of &signif
inhibition of COX-2 enzyme activity, therefore accounting for the identifiecihbn of
PGE production.

Abbreviations Used

E. =Echinacea

P1 = Plant Introduction
DMSO = Dimethyl Sulfoxide
PGE = Prostaglandin E2
NO = Nitric Oxide

LPS = Lipopolysaccharide
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GC-MS = Gas Chromatography Mass Spectrometry
HPLC = High Performance Liquid Chromatography
Safety

LPS compounds are pyrogenic and should not be inhaled or allowed to enter the
bloodstream.
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Figure Legends

Figure 1. A. Fraction 3 from a 2009 extract BEhinacea angustifoli@P1631293)

significantly inhibited PGEproduction in RAW264.7 cells. The black bars represent,PGE
levels after induction with ig/ml LPS and treatment with &chinacedraction or ethanol
extract (n = 3). All treatments + LPS were compared to media + DMSEG+chntrol that
was set at 100 % (4.3 ng/ml). Treatments were also performed without LPSanducti
showing significant reduction in PGroduction with fractions 2, 3, and 5 (p < 0.04). The
treatments without LPS were compared to the media + DMSO control set at D008% (
ng/ml). * and ** are representative of p<0.05 and p<0.001. Each bar represents % of control
+ standard error. Parallel cytotoxicity screens were conducted yieldingnificaigt
cytotoxicity with any of the fractions or the extract (data not shown). B. Gas
chromatography analysis of bioactive fraction 3 fi&nangustifolia Total ion
chromatograms of fractions 3 with peaks whose chemical identity wadigstd by
comparing their retention times and mass-spectra to authentic standareisaBglamide

13 (1), Bauer alkylamide 12 (2), Bauer alkylamide 10 (3), Bauer alkylamide ,1Ba4ér
alkylamide 8/9 (5), and Bauer alkylamide 14 (6). Quantification of Balglaatide 11
yielded a concentration of 0.05 puM.

Figure 2. Lipopolysaccharide induced P@Bnd NO production in RAW?264.7 cells treated
with E. angustifolia fraction, enhanced fraction, and chemically synthesized Bauer
alkylamide 11 and ketones 23. The black bars represent RG&is and the white bars
represent NO levels after induction witlud/ml LPS and treatment (n = 3). All treatments +
LPS were compared to media + DMSO + LPS control that was set at 100 9pfR@&ction
(2.5 ng/ml) and NO production (18.8 ng/ml). The treatments without L&t8 gompared to
the media + DMSO control set at 100 % RBGEoduction (0.05 ng/ml) and NO production
(~0 ng/ml) identifying no significant differences with treatmdot either endpoint.

Quercetin was used as a positive control for both studies and showiidasig inhibition of
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PGE and NO production (p<0.0001). * and ** are representative of p<0.05 and p<0.001.
Each bar represents % of conteblstandard error. Parallel cytotoxicity screens were
conducted vyielding no significant cytotoxicity with any of the tmeatts or combination of
treatments (data not shown).

Figure 3. A. Hierarchical cluster analysis of differentially expressed gen&aAW?264.7

mouse macrophages. 2,719 differentially expressed genes were identifiedicgrizar

media + DMSO control to the media + DMSO + LPS control with a FDR of 0.001%, with no
differentially expressed genes identified between treatments wh Om the heatmap the

rows represent the genes and the columns represent the treatments. The r®d color
indicative of low gene expression and green is indicative of high gene eapress

Treatments are labeled as follows: MO = Media + DMSO control, M1 = Media +DMS

LPS control, FR = Eangustifoliafraction 3, EN =E. angustifoliafraction 3 enriched with
synthetic Bauer alkylamide 11 and Bauer Ketone 23, and AK = combination of syntheti
Bauer alkylamide 11 and Bauer ketone 23. B. Standardized log signal for thei$tercl
identified in the analysis represents changes in gene expression level widntliffeatment
groups. The size of each cluster is given in parentheses on the right above thgrepkte
Figure 4. A. Legend for gRT-PCR treatments. B. Analysis of gRT-PCR time course fo
COX-2 gene expression. N=3 for each treatment. Standard errors ranged from 0.02 to 0.16
TNF-a transcript log starting quantity for all treatments and time points. C.y#salf
gRT-PCR time course for TN&-gene expression. N=3 for each treatment. Standard errors
ranged from 0.03 to 0.16 TNdé+transcript log starting quantity for all treatments and time
points. * and ** are representative of p<0.05 and p<0.001. D. Analysis of qRT-PCR time
course for INOS gene expression. N=3 for each treatment. Standard emgexs fram 0.03

to 0.24 for all treatments and time points. * and ** are representative of p<0.05 and p<0.001.
E. gRT-PCR analysis at time points with significant treatment sffecfTNFe gene when

compared to the media + DMSO + LPS control. * and ** are representative of p<0.05 and
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p<0.001. Bars represent the mean + standard error. F. qRT-PCR analysigatritnagth
significant treatment effect for INOS gene when compared to the m&h4SO + LPS

control. * and ** are representative of p<0.05 and p<0.001. Bars represent the mean +
standard error.

Figure 5. Lipopolysaccharide induced TNéproduction in RAW264.7 cells treated wHh
angustifoliafraction, enhanced fraction, and chemically synthesized Bauer alkylamide 11
and ketones 23. The light grey bars represent dNd#vels after treatment withchinacea
fraction, enriched fraction or compounds. The dark grey bars represent Te&NEls after
induction with 1ug/ml LPS and treatment (n = 3). All treatments + LPS were compared to
media + DMSO + LPS control. The treatments without LPS were compared todtzetme
DMSO control (p<0.0001). * and ** are representative of p<0.05 and p<0.001. Each bar
represents meanstandard error.

Figure 6. A. Analysis of LPS induced COX-1, COX-2, andubulin protein levels in
RAW264.7 cells with representative western blotsHoangustifoliafraction 3, enriched

fraction 3, and the combination of Bauer alkylamide 11 and ketone 23. N=3 for each blot. B.
Semi-quantitative representation of the blots from figure 6A. Bars repmesan percent of
media + DMSO + LPS control = standard error. Lipopolysaccharide induced COXeihprot
from 24.3 = 8.2% average for the media + DMSO control to 100 + 20.6% average for the
media + DMSO + LPS control. There was no significant LPS affect for theanddMSO
control with COX-1 (96.9 + 1.8% of control averagepstubulin (104.4 + 3.4% of control
average) on protein level compared to the media + DMSO + LPS control. Quem@®tin w
used as a positive control at 100 uM for the reduction of LPS induced COX-2 protein 41.3 +
16.9% of control. Quercetin did not significantly affect LPS induced COX-1 (85.3 + 3.2% of
control average) am-tubulin (109.6 + 16.7 % of control average). * and ** are

representative of p<0.05 and p<0.001 when compared to media + DMSO + LPS control.
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Figure 7. A. Analysis of LPS induced COX-1, COX-2, andubulin protein levels in
RAW264.7 cells with representative western blots for Bauer alkylamide 13.fdd=ach

blot. B. Semi-quantitative representation of the blots from figure 7A. Barmssemprmean
percent of media + DMSO + LPS control + standard error. Lipopolysadehaduced

COX-2 protein from 19.1 + 6.2% average for the media + DMSO control to 100 + 10.9%
average for the media + DMSO + LPS control. There was no significant tdeEfaf the
media + DMSO control with COX-1 (83.4 £ 3.0% of control average)-tubulin (94.7 +

2.1% of control average) on protein level compared to the media + DMSO + LPS control.
Quercetin was used as a positive control at 100 uM for the reduction of LPS induce2l COX
protein 71.4 + 3.1% of control. Quercetin did not significantly affect LPS induced COX-1
(96.1 = 6.5% of control average) @+tubulin (98.0 £ 4.3 of control average). * and ** are
representative of p<0.05 and p<0.001 when compared to media + DMSO + LPS control.
Figure 8. A. Analysis of LPS induced COX-1, COX-2, andubulin protein levels in
RAW?264.7 cells with representative western blots for Bauer ketone 23 individually and i
combination withE. angustifoliafraction 3. N=3 for each blot. B. Semi-quantitative
representation of the blots from figure 8A. Bars represent mean percent af#i2siSO +
LPS control £ standard error. Lipopolysaccharide induced COX-2 protein from 4.8 + 2.8%
average for the media + DMSO control to 100 + 12.0% average for the media + DMSO +
LPS control. There was no significant LPS affect for the media + DMSQ@ot@anth COX-

1 (95.4 = 3.3% of control average)@itubulin (103.9 = 7.3% of control average) on protein
level compared to the media + DMSO + LPS control. Quercetin was used as a positive
control at 100 uM for the reduction of LPS induced COX-2 protein 53.0 = 15.7% of control.
Quercetin did not significantly affect LPS induced COX-1 (95.5 = 2.2% of controlgejera

or a-tubulin (91.8 £ 9.7 of control average). * and ** are representative of p<0.05 and

p<0.001 when compared to media + DMSO + LPS control.
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Figure 9. Lipopolysaccharide induced COX-2 activity in RAW264.7 cells treated E.
angustifolia fraction, enhanced fraction, and chemically synthesized Bdkgamide 11
and ketones 23. The black bars represent COX-2 activity laftetsinduction with Jug/ml
LPS and treatment (n = 3). All treatments + LPS were coedp@ar media + DMSO + LPS
control that was set at 100 % COX-2 activity (5.8 nmol/min/nThe treatments without
LPS were compared to the media + DMSO control set at 100 % Z@etivity (2.4
nmol/min/ml) identifying no significant differences. Quercetin was usedpasitive control
for both studies and showed significant inhibition of COX-2 actiyig0(0001). * and **

are representative of p<0.05 and p<0.001. Each bar represents % oftstaralard error.
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Table 1. Primers used for gRT-PCR analysis

Oligonucleotide Sequence

Gene Primer (5'-3)
COX-1 S CCTCACCAGTCAATCCCTG"
AS GTAGCCCGTGCGAGTACAAT
COX-2 S TTGGGGAGACCATGGTAGAG
AS GCTCGGCTTCCAGTATTGAC
TNF-a S AGGAGGGAGAACAGAAACTC
AS AATGAGAAGAGGCTGAGACA
iINOS S GTCTTGGTGAAAGTGGTGTT
AS GTGCTTGCCTTATACTGGTC
GAPDH S CAATGTGTCCGTCGTGGA
AS AGCCCAAGATGCCCTTCAC
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Figure 3.
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Figure 4.

8
A ——Media+DMSO (M0) B ,
i~ Media+DMSO+LPS (M1) wZ 6
2
25
= 5 4
—d—Fraction 3+LPS (FR) 2
£5 4
—=—Enriched Fraction 3+LPS (EN) 3 .;,E 3
¥, |
== Alkylamide 11+Ketone23+LPS (AK) -
1
= Alkylamide 11+L (A11) 0 . . . . .
05 1 2 4 8 24
==t==Ketone 23+LPS (K23)
C D Time (hr)
7 7
£ % z ¢
5% 5| 2% 5|
pE° £8°
< g 4 A 20 4
=¥ s ¥
s E 3] aE 31
H ©
Z 3 2 24 2
oo "]
] 1 1 S 1 4
0 . . - . - 0 - .
0.5 1 2 4 8 24 05 8 24
E Time (hr) F Time (hr)
7 7
go.5hr EWE1lhr @24 hr * @24 hr
> 6 L 61
= B 1 o | * * * =B i
g g 5 e ke ** \: ** ** e 8% 5
a2 i I 5\ bt I Wy 33
SINNINNNNN B
< 3 N b 5 N £ 3
=4
TN AR AR BR AR BN AR (2
"N NN N NN N R
o LUNE N N N [N DN o
Mo M1 FR+L  EN+L  AK+L  Al1+L  K23+L MO M1 FRéL  EN+L  AK+L  A11+L  K23+L

www.manharaa.com




Figure 5.

E. angustifolia fraction 3 ( pg/ml)
Bauer alkylamide 11 ( pM)
Bauer ketone 23 ( pM)

TNF-alpha (pg/ml)

172

[ INoLPs
- 1pg/ml LPS induced TNF-a
- 1 1 - -
- - 35 3.55 3.55
- - 0.83 0.83 -
1500 + %
*
1000 -+ *
500 - * *%
0 V_‘_.
Media Fraction 3 Enriched Synthetic Bauer alkylamide 11 and Bauer ketone 23
+ Fraction 3
DMSO

www.manharaa.com



Figure 6.

A

Media + DMSO

E. angustifolia fraction 3

Bauer alkylamide 11
Bauer ketone 23

% of Control

200
180
160
140
120
100
80
60
40
20

173

1 pg/mi 1 pg/ml 5 pg/mi

- 355uM 35 puM -

- 0.83uM  0.83 uM - -

| — —— — W COX-2

o-Tubulin

OCcox-1
B COX-2
OAlpha-Tubulin
1 pg/ml 0.83 uM 1um 5um
0.83 pM *
Media E.angustifolia Bauer I Bauer I Bauer
+ fraction 3 ketone ketone ketone
DMSO + 23 23 23

Bauer ketone 23

www.manaraa.com



174

Figure 7
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Figure 8.
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Figure 9.
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CHAPTER 6: GENERAL CONCLUSIONS

Importance of Botanical Research

For centuries plant preparations have been used medicinally to treat a wate ofari
human diseases and ailments. Approximately 400 years ago Indian tridéchsmcea
angustifolia, Echinacea purpureandEchinacea pallidglants to treat anything from horse
saddle sores to rheumatist).( Echinaceas a plant that has found its way to modern use,
commonly taken for the treatment of the common cold and other upper respiratdigrnsfec
The popularity of this botanical has been consistent throughout the last decade mdkedsti
annual sales in the multi-million dollar ran@®). The importance of research regarding the
safety and efficacy of the botanidgathinaceacannot be understated, due to the large
guantity of people that consume such preparations. Research on this botanical has provided
evidence thaEchinaceahas anti-viral, anti-oxidant, anti-microbial, anti-tumorigenic, and
anti-inflammatory propertie@-5). Many of these bioactivities have been attributed to
certain classes of constituentskmhinaceawith a strong focus on the major class of
lipophilic compounds, alkylamides.
Goals of the Studies Presented in this Dissertation

The overarching goal of the studies presented in this dissertation wasigphene
the knowledge and understanding of the anti-inflammatory potential of the botanical
Echinacea Our research set out to identifghinaceaconstituents that are key modulators
of the immune system through the use of a mouse macrophage model system and determine
the mechanistic basis for the identified modulation.
Advancing the Field ofEchinacea Research

The research conducted in this dissertation advances the fietdhiolaceabotanical
research by identifyingchinaceaspecies that have the strongest potential for use as anti-

inflammatory products and establishes a basis to examine alkylamides@meskat
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concentrations relevant to those found in the plant for their ability to interfdreheit
inflammatory response. All bioactivity studies conducted &ithinaceareatments were
paralleled with screens for cytotoxicity, therefore also examiningdfety of this botanical.
Our studies were the first to credit ketones with the ability to inhibit inflatarg endpoints
in vitro. Further, this research leads to a proposed mechanism for the inhibition of PGE
production by selecteichinacea angustifolireatments.
Summary of Research conducted in this Dissertation and Major Findings

Our research used the well established RAW264.7 mouse macrophage cell line.
Lipopolysaccharide, a common endotoxin, was applied to the cells to mimic thioimita
anin vitro inflammatory response. Through the activation of the arachidonic cascage, a ke
lipid mediator of inflammation, prostaglandin E2 (PEvas produced. To initiate our
studies for this dissertation on the anti-inflammatory properti€slihacearoot material
from six of the nine species Bthinaceavere Soxhlet ethanol extracted and analyzed for
their ability to modulate PGEproduction. It was determined thiatangustifolia, E. pallida,
E. sanguineaandE. simulatasignificantly inhibited the production of PG& a
concentration of 15 pg/ml. These findings were interesting irEthatairpureawas
incapable of inhibiting this inflammatory endpoint at 15 pg/ml, but is consistently faund i
commercial preparations of this botanical supplement. Examination of the know:s dfsse
constituents through HPLC analysis indicated that the amount of alkylamadfes; acid
derivatives, and ketones vary significantly among the bioaEithenaceaspecies and
therefore provide a rational for thorough investigation of each class of constitue
individually to better understand the species data. Parallel cytotosacaggns established
that high concentrations &chinaceaextracts, >100 pug/ml were required to cause
macrophage cell death, indicating the safety of this herb and discounting cytotasiaity

factor leading to PGHnhibition. It is of importance to note that our studies revealed little
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variability in bioactivity results between repeat extractions or hayezss, allowing for
consistency between replications and studies. Another key finding from thisastadiyat
alkylamides were consistent inhibitors of PGa&lthough not at the low concentrations
identified in the species. This data led to the hypothesis that no single compound can
account for the PGHNhibition noted with th&chinaceaextracts and therefore the anti-
inflammatory alkylamides must be acting either synergisticallgdditively with each other
or other compounds. Finally, these initial studies indicated th&dh@aceaalkylamides
were not cytotoxic to the RAW264.7 macrophage cells, again providing evidencetpf safe
for the use of this botanical.

In order to identify whichechinaceaconstituents were key contributors to the
inhibition of PGE production seen with tHechinaceaextracts, semi-preparative reverse-
phased HPLC fractionation was appliedetcangustifolia, E. pallida, E. purpureandE.
tennesseensextracts. This method allowed for the separation of compounds according to
their hydrophobic properties, with caffeic acid derivatives eluting in theffastions and
alkylamides and ketones following in the middle and later fractions. Theofratbn
studies were used to test the hypothesis that alkylamides acted in astymergidditive
manner with other compounds to elicit theiwvitro anti-inflammatory properties. Through
the fractionation oE. pallida it was determined that ketones were an important class of
constituents capable of inhibiting Pg&nd nitric oxide (NO) production in the RAW?264.7
mouse macrophage model. For these studies NO was another endpoint chosen for the study
of the anti-inflammatory properties Bthinaceadue to its important role during
inflammation. NO was screened after 24 hr treatmentskaliinacedractions or
constituents, which allowed us to follow the inflammatory response induced by LRSaout t
later time point. The analysis of the ketones provided evidence that Bauer ketone 23 and 24

were of importance for the identified P&iBhibitory capabilities oE. pallida These
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studies were the first to look for anti-inflammatory potential with the ketohEchinacea

and identify this class of compounds as inflammatory modulators. As found withithet®x
and alkylamides, significant cytotoxicity was not identified for any oBtheer ketones
screened. It was determined through the fractionation of all four speaidsatttions
containing caffeic acid derivatives were unable to inhibit R@%en at concentrations
greater than 100 pg/ml. In our search for compounds that act synergisticadlgitively we
tried combinations of constituents found in second round fractioBsargustifolia Bauer
alkylamide 10 and 11. At the concentrations identified to be present in the second round
fraction, the combination of Bauer alkylamide 10 and 11 was unable to inhibjt PGE
although the individual constituents at the same concentrations were significhiititory.
The most significant findings from the fractionation studies were thatesynBauer
alkylamide 11 at a concentration of 3.55 uM and Bauer ketone 23 at a concentration of 0.83
KM, which were concentrations corresponding to what was found in the fractiongbiesre
to partially explain the inhibition of PGHEdentified with their respective third routd
angustifoliafractions. The results from this study provided no evidence of additivity or
synergy between the compounds for the inhibition of P&G@ENO production and indicated
that other, unidentified constituents play a key role in the anti-inflammatbwtyaof
Echinacea It was interesting to find constituents that could modulate a bioactivity at the
concentrations found in the plant preparation.

From the discovery of the importance of Bauer alkylamide 11 and Bauer R3one
for the inhibition of the inflammatory mediator P&&hd the understanding of the
concentrations that were effective for this outcome, we re-fractionatédaagustifolia
extract to produce an alkylamide rich first round fraction with similar cb&lnsomposition
and PGE inhibition capabilities as we had found in our earlier studies. Upon repeating the

fractionation protocol used previously, we found a fraction capable of signifiGist P
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inhibition, although to a lesser extent than what was observed in our initial fréictiona
studies. GC-MS analysis identified that Bauer alkylamide 11 was presenbatentration

of 0.05 uM and Bauer ketone 23 was not detected in the newly prépaaadustifolia
fraction. We then hypothesized that enrichment oEhangustifoliafraction with synthetic
Bauer alkylamide 11 to a concentration of 3.55 uM and Bauer ketone 23 to a concentration
of 0.83 uM would increase the anti-inflammatory potential compared to the fralcien a
The hypothesis was correct, with the enriched fraction showing the abilitkitotiPGE to

a more significant extent than the unmodified fraction. Therefore this study mrovide
evidence that it is indeed possible to manipulatE@nnacedatraction to act on a specific
bioactivity when constituents and concentrations of importance have already bee
determined, which could pave the way for medicinal applications that can targétspeci
symptoms. Mechanistic studies were then undertaken to understand how treatraents of
angustifoliafraction, enriched fraction, combination of synthetic Bauer alkylamide 11 and
ketone 23, and these constituents individually inhibit P@B&duction. Because LPS
induced PGEis produced through the arachidonic acid cascade by the action of the COX-2
enzyme, COX-2 gene expression, protein expression, and activity were stuelied aft
treatments in the mouse macrophage cell line. It was determined thatduR8d COX-2
gene expression was not affected by treatment over a 24 hr time course, butgrelgin |
were increased significantly with the treatmenEofngustifoliafraction 3 + LPS and Bauer
ketone 23 + LPS at 8 hours, consistent with the time point for the &4&&in the

RAW264.7 macrophages. The results from the LPS induced COX-2 activity and PGE
studies indicate that all treatments=mhinacedraction, enriched fraction, and constituents
inhibit the enzymatic activity and PGRroduction. These findings have led to the proposal
of a model as to how the treatments inhibit R@©duction, yet show an increase in COX-2

protein levelsigure 1).
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To fully understand the model being proposed it is important to understand how our
cell line responds to LPS under ordinary conditions. During a normal response in the
RAW264.7 mouse macrophage cells to lipopolysaccharide, arachidonic acid (AApgettle
from the phospholipid membrane by phospholipase A2. Meanwhile LPS binds to
lipopolysaccharide binding protein (LBP) and toll like receptor 4 (TLR4) dactiyshe NF-
kB signal transduction cascade leading to the expression of COX-2 mRNA, wtheimis
translated into the COX-2 enzyme that converts AA to prostaglandin G2,JPBGG is
then converted to an eicosanoid, possibly PGE has previously been demonstrated that
COX-2 is degraded by the ubiquitin (Ub) proteasome sygg¢mCOX-2 is
polyubiquitinated by Ub ligases, which allows the enzyme to be recognized by the 26S
proteosome and rapidly degraded. Ubiquitination occurs on lysine residues of targes prote
where an isopeptide bond is created between the lysine and the C-ternuimed gfy
ubiquitin (7). The model described Figure 1 indicates that LPS stimulates the production
of COX-2 enzyme and AA is released from the phospholipid membrane, but AA is unable to
bind to the active site of COX-2. Itis proposed in the model that the inability abA#d
to the enzyme could be due to the competitive or non-competitive bindiEchofacea
fraction or constituent, which blocks AA. Alternatively, tBehinacegoroduct in the model
could be directly binding to AA making it too large to enter the active site of tlyenenz
This would cause an inhibition of enzyme activity, a decrease in the amount of A&dllow
to bind to the COX-2 enzyme, and therefore an inhibition of Rfs&duction. It is also
proposed irFigure 1 that theEchinacedtraction or ketone interfere with ubiquitination of
the COX-2 enzyme, either by directly blocking ubiquitination sites, by imbegfevith the
ubiquitin ligase, or by causing a conformation change of the enzyme which makes the
ubiquitination sites inaccessible after binding to the active site. Due podpesed

interference of ubiquitination in the model the COX-2 protein levels would incbezseise
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Normal Induction of PGE, Production by Lipopolysaccharide
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Model for the Inhibition of PGE , Production and Increase in Protein Levels of COX-After
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Figure 1. Model for the inhibition of PGEproduction. Top diagram illustrates normal
circumstances. Bottom diagram illustrates Baueorke®3 treated circumstances, which could
also be replaced with tHechinacea angustifolifraction 3. Ub = Ubiquitin. Red bar represents
an inhibition caused by thHechinaceaconstituent or fraction. Not drawn to scale.

www.manaraa.com



184

they would not be targeted for degradation.
Overall Strengths of the Studies in this Dissertation

One of the major strengths of the studies presented was the quality of plardimate
used for the studies. Our plant material was produced by the USDA North Cagiah&
Plant Introduction Station, with great care to maintain disease free plahtgere grown,
handled, and collected under strict protocols providing material that showed congistency
biological assays. Most studies reported in the literature focus on the thresmalegtiecies
namelyE. purpureaE. angustifoliaandE. pallida Due to the resources available to us, our
studies were able to examine several additional speckeshafiaceafor their anti-
inflammatory potential including. tennesseensig. simulata andE. sanguinea

Due to the fact that many of the compoundEdifinaceaare not commercially
available for purchase other researchers must rely on isolation of constitwenth
extraction and fractionation methods and therefore cannot study pure constituehtsrand t
ability to modulate bioactivities. Our studies utilized pure chemically syiztbe
alkylamides and ketones Bthinaceawhich allowed us to thoroughly investigate the roles
these constituents play in modulating the biological endpoints chosen without erteeferf
other compounds. The synthetic compounds were available for producing standard curves
for GC-MS quantification that allowed for the identification of compounds in extea
fractions at concentrations present in the plants. Because of this webleeti® @mpare
and combine individual constituents at concentrations present in the fractions and look for
synergy or additivity. We also had access to synthetic isomers and analogknuivtine
alkylamides that could be produced naturally in the plant, to look at the effect of adding
extra carbon or subtracting a double bond from Bauer alkylamide 12 and assaying PGE
production. It was determined that through the addition of an extra carbon to tlaeihtty

like tail of Bauer alkylamide 12 (Bauer alkylamide 12A) a significadtiction in PGE
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production was achievable at a lower concentration than identified with Bauemailitgl12
(8). Evidence that all synthetic constituents produced were in the same conformation as
those present in tHechinacegplant was attained through NMR and GC-MS analyses.

Another strength of our approach was that we attempted to identify the lowest
concentrations of extract, fraction, or pure constituent possible that vpaieleaf
significant inhibition of PGEor NO production. This allowed us to use concentrations of
constituents that were consistent with what was determined to be presenttedsele
Echinacedractions by GC-MS analysis. Much of the data available in the literatese us
very high quantities of extract or constituent to modulate specific bioagsivitinich may
not be relevant to what is actually founddohinacegplant preparations.

We used the RAW264.7 mouse macrophage cell model for all bioactivity assays. This
cell model is strongly established in the literature for inflammatoryestushd provided an
excellent screening tool for identifyiriEchinaceaextracts, fractions, and compounds with
anti-inflammatory potential.

Limitations of the Studies

One of the major weaknesses was the use of one cell line for all studies. Altheug
RAW264.7 mouse macrophage cell line was a good choice for identiginigacea
products with anti-inflammatory properties, it does not predict how these produbtsactig
in vivo. We focused on only one cell type in the inflammatory reaction therefore fgimgpli
our results by not accounting for the other interactions that occur betweenTaeflarther
the knowledge of identified bioactive constituents fiéaninaceaother cell lines or animal
models would be necessary for studies looking at inflammatory endpoints. Without knowing
the bioavailability status of the constituents when treated to the RAW264.7tasllsaid to
draw concrete conclusions as to what concentrations of constituents arenydoeslgzt the

desired effect. More studies on bioavailability are necessary to bettestamder
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physiologically relevant concentrationsthinaceaextracts and constituents. Literature
related to bioavailability studies wittchinaceaextracts and constituents can be found in
Chapter 2 of this dissertation.

Prostaglandin E2 and nitric oxide production were the two inflammatory endpoints
chosen for screenirigchinacegproducts for anti-inflammatory activity in our studies. We
realize that other endpoints would be necessary to fully understand the inflagnmator
response of the RAW?264.7 and that our conclusions are limited by relying on two
inflammatory endpoints. Ongoing studies are utilizing multiplex technotogisb examine
a panel of 32 cytokines/chemokines, which will give a broader look at the inflanymator
response and allow the studies presented in this dissertation to integratedvit sh the
effect ofEchinacegproducts on influenza.

Researchers studying the botanieahinaceahave limited access to chemically
synthesized commercially availatfehinaceaconstituents. For our studies we were able to
use synthetic alkylamides and ketones to delve into the particular roles ofdhsstuents
in the modulation of PGEand NO production, and attempt to delineate their mechanisms of
action. We did not have available to us all of the alkylamides or ketones pretenplant,
not to mention that there are several unknown compounds that have not been identified in the
complex mixture of afEchinaceaextract or fraction. Therefore, a limitation would be that
with all of our studies there could be other, either unknown or unavailable constituents,
present that are able to explain the bioactivities that were analyzed dis$ertation. In
order to obtain the strongest data possible we worked diligently to isolate compoueds pres
in the greatest quantity from the most bioactehinaceaspecies extracts and target those
compounds for synthesis.

A difficulty that we have encountered with our studies was that of stabilitly. O

studies determined that over tinke,angustifoliafractions that were previously capable of
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significant PGE inhibition lost their ability to inhibit this endpoi®). We had also
determined that the concentrations of major alkylamides and ketones in toa frgete not
changing, indicating an important role for unidentified constituents. To addsass isf
instability we aliquotedchinaceasamples into several glass vials in order to reduce the
number of freeze-thaw cycles when performing bioactivity assays. Alsssucesstability
of Echinacedtractions and synthetic constituents we froze samples 4G-8dder argon
gas.

A limitation of the studies conducted in this dissertation that must be acknowledged is
that all of our studies were conducted on the root material Ercinmaceatherefore it is
possible that preparations from aerial parts oBtieinacegplant could produce
significantly different data than what we have observed, although severalooingtéuents
found in the root material are also present in the aerial @grte\nother limitation was that
a Soxhlet method of extraction was used to prepare all species extracts, inttladengsed
for fractionation. Due to the aggressive nature of this extraction procedur,indlicdes
high heating temperatures, it is possible that certain compounds were destraijtered to
a non-natural state. These non-natural compounds could have had an effect on our bioassays,
perhaps accounting for the inability of Bauer alkylamide 11 to explain aityabthe PGE
inhibition capabilities identified with the third roud angustifoliafraction 3E40, where
alkylamide 11 made up approximately 96% of the fraction by dry weight. In order to
circumvent the possibility of potentially creating non-natural compounds, perhagga m
gentle method of extraction could be utilized.

The method of bioactivity-guided fractionation allows for the separation of
constituents irEchinaceaextracts to identify which compounds may be important for noted
bioactivity. This method provides a limitation in that when fractionation and therefore

separation of constituents occurs, these divisions could potentially separaiteieoissthat
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must be present together to illicit a specific response. For example d&maused semi-
preparative reverse-phased HPLC for fractionation which separategwsmtstin the extract
based on hydrophobic properties, perhaps the phenolics that come out in the earbasfracti
and the alkylamides which come out in later fractions could act as strongetoirshdsi
PGE/NO/TNF-o. production had they not been separated in different fractions.
Follow-up Studies

The initial results we obtained from ddchinaceaspecies extract data indicate that
E. sanguineavas the most active species measured via the inhibition of p@G&uction. It
would be interesting to examine this alkylamide rich species further tofydlesy
constituents leading to the noted bioactivity through fractionation studies.

From our gRT-PCR time course studies it was determinedtttamtgustifolia
fraction 3, enriched fraction 3, the combination of Bauer alkylamide 11 and Bauer R8tone
and these constituents individually coincubated with LPS significantly inhib#da gene
expression at 24 hours compared to the media + DMSO + LPS control in the RAW264.7
cells. The literature on TN&-andEchinaceasuggests that alkylamides bind cannabinoid
receptor 2 to mediate the modulation of TBt nanomolar concentrations, through the
activation of cAMP, p38/MAPK, JNK, and NiB signaling(10). It would be interesting to
use qRT-PCR to examine treatments listed above after using a cannaboepidr 2
antagonists (SR144528) to determine if this receptor plays a role in the TdBEulation
we identified. Cannabinoid receptor 2 has been identified in the RAW264.7 mouse
macrophage cells induced with 100ng/ml LPS and cannabinoid receptor 1 was not detected
(11). Pathways important for the inhibition of TNFgene expression could be analyzed
using specific synthetic inhibitors such as, PD98059 for MAPK/MEKK, U0126 for MEK1/2,
SB203580 and SB202190 for p38/MAPK, SP600125 for JNK, and parthenolide idB.NF-

Our studies showed that tBehinaceareatments inhibited gene expression of TiN&fter a
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24 hr treatment and therefore this time point would be a relevant starting poiomdorctng
studies with receptor and signaling inhibitors. The microarray study c@udincthis
dissertation examined gene expression after an 8 hr incubatimhiolacea angustifolia
samples with the RAW264.7 cells, consistent with the time point whereg prGéuction
was analyzed. From our gRT-PCR studies it would appear that the more infertina¢
point may be 24 hr treatments for the microarray. Therefore, we would proposdubat f
microarray studies dealing wittchinaceareatments in the RAW264.7 cell model be
carried out after a 24 hr treatment. Information gathered from microandy & the 24 hr
time point would also be relevant for the elucidation of pathways important for théiorhi
of NO and TNFe.

We determined that the combination of synthetic Bauer alkylamide 11 and Bauer
ketone 23, as well as these constituents individually were capable of signiftuaition of
nitric oxide production, whereas tke angustifoliafraction and enriched fraction were not.
We also determined that the enriched fraction was increasing the mRélé ¢ iINOS,
whereas the fraction and constituents had no effect. Also, the INOS western blot data
indicates that the enriched fraction, combined constituents, nor the constituentkiaityi
affected the protein levels. To better understand how thetseaceareatments are
inhibiting NO production we would propose looking at INOS activity levels in the
RAW264.7 cells after treatment with LPS. Nitric oxide is produced through tloa adti
nitric oxide synthases through the conversation of L-arginine to L-citr{dR)e Nitric oxide
acts as a signaling molecule and a free radical that can react witlfireéhexdicals to form
more potent radicals like peroxynitrite and other lipid peroxides and has been shown to be
involved in the inflammatory response of macrophages. We would propose parallel studies

to analyze the effect &chinaceareatments on arginase enzyme, which converts L-arginine
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into L-ornithine leading the way to the production of polyamines and L-proline that is
involved in cell growth and wound healing.

Previously in this chapter a model was proposed to explain the acttmhioiacea
treatments to inhibit COX-2 activity and therefore B@Ebduction, as well as to explain the
induction in COX-2 protein identified after treatmentd&ofingustifoliafraction or Bauer
ketone 23 to the LPS induced RAW264.7 cells. The active site of the COX-2 enzyme
contains specific residues, specifically Arg-120, Tyr-355, and GIutB24 Predictive
computer modeling of the COX-2 enzyme could provide information as to whether
compounds oEchinaceahave the potential to bind to the active site of this enzyme stably
and therefore compete with arachidonic acid for the binding site (Insight®slbued7.0).
This modeling could also show possible ubiquitination sites and predict wkethieacea
compounds could block these sites. After verification of possible interactions of the
Echinaceaconstituents with the COX-2 enzyme, biological assays could examine the
proposed competition between arachidonic acidestdnacedractions/constituents for the
active site of COX-2 through competitive binding assays. To assess ubiduitisiaitus of
COX-2 enzyme we propose using recombinant COX-2 protein and co-transfect the
RAW264.7 mouse macrophage cells with Flag-COX-2 and His-Xpress-Ub. Flag-GMX-2-
conjugates could be pulled down with Flag-beads and detected by western blot asalgsis
anti-Xpress antibody. In general, isolation of the COX isoforms, which a&gratt
membrane proteins, have been successful using microsomal preparations frocelissec
expressing recombinant protein using detergent solubilization followed bicatiofh to
yield an apo-enzyme that can be reconstituted with henmiafin Successful His tagging
methods have lead to the purification of active native COX enzymes.

Overall Conclusions
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The data presented in this dissertation advances the knowledge and understanding of
the anti-inflammatory potential of the botani€alhinaceaand due to the simplicity of the
model chosen for these studies can be used as an initial study to guide futuch easgar
development oEchinacegproducts for immune modulation. All together, these studies
draw attention to the complex nature of studying botanical supplements and ttieatare
must be taken to identify key components relevant to specific bioactivities.ndpeiets
chosen for screening, P@&nd NO, play broad roles in the inflammatory response for many
disease states and therefore our research does not target a speasi loiggemains in
context with howEchinaceas utilized by consumers for the treatment of cold or upper
respiratory tract infections.

As stated in chapter one of this dissertation the hypothesis that drove thewmlioécti
this research was thethinaceaextracts, fractions, and pure constituents, such as
alkylamides and ketones, are capable of inhibiting prostaglandin E2 production through the
inhibition of the NF-kB signal transduction pathway, which therefore inhibits thegsipn
of COX-2 in a RAW264.7 mouse macrophage model. Our mechanistic studies disproved
this hypothesis, indicating that the identified inhibition of B@Bduction after treatment
with Echinacedfractions and selected constituents in LPS induced RAW264.7 cells was due
to an inhibition of COX-2 activity, not acting at the gene expression level. Therefer
unlikely that NF«B signaling events are disrupted Bghinacegproducts to inhibit PGE
Initially we proposed that the NO inhibition caused byHlhinacegproducts was also due
to the inhibition of NF-kB signal transduction leading to an inhibition of INOS gene
expression, but it appears that from our qRT-PCR data that this is most likely nate¢he c
We determined that the combination of Bauer alkylamide 11 and Bauer ketone 23, as well a
each constituent individually was able to significantly inhibit NO production, b thas

no effect on INOS gene expression over a 24 hr time course, or iINOS protein levels at an 8 hr
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time point. Therefore, INOS activity may be the target of these treatarehfsllow-up

studies addressing this issue will need to be conducted.

Literature Cited

1.

Borchers, A. T.; Keen, C. L.; Stern, J. S.; Gershwin, M. E., Inflammation and Native
American medicine: the role of botanicalsn J Clin Nutr2000, 72, (2), 339-47.
Blumenthal, M; Ferrier, G.; Cavaliere, C., Total Sales of Herbal Supplenments i
United States Show Steady Growiline Journal of the American Botanical Council
2006, 71, 64-66.

Binns, S.; Hudson, J.; Merali, S.; Arnason, J., Antiviral activity of characterized
extracts fromEchinaceaspp. (Heliantheae: Asteraceae) agatatpes simplexirus
(HSV-1). Planta Med2002, 68, 780-783.

Chen, Y.; Fu, T.; Tao, T.; Yang, J.; Chang, Y.; Wang, M.; Kim, L.; Qu, L.; Cassady,
J.; Scalzo, R.; Wang, X., Macrophage activating effects of new alkylarfroi@ the
roots ofEchinaceaspecies.J Nat Prod2005, 68, 773-776.

Dalby-Brown, L.; Barsett, H.; Landbo, A.; Mayer, A.; Molgaard, P., Synecgist
antioxidative effects of alkylamides, caffeic acid derivatives, and paiisaide
fractions fromEchinacegpurpureaon in vitro oxidation of human low-density
lipoproteins. J Agric Food Chen2005, 53, 9413-9423.

Neuss, H.; Huang, X.; Hetfeld, B. K. J.; Deva, R.; Heklein, Petra.; Nigam, Santosh.;
Mall, J. W.; Schwenk, W.; Dubiel, W., The ubiquitin- and proteasome-dependent
degradation of COX-2 is regulated by the COP9 signalosome and differentially
influenced by coxibsJ Mol Med2007, 85, 961-970.

. Rockwell, P.; Yuan, H.; Magnusson, R.; Rigueredo-Pereira, M. E., Proteasome

Inhibition in Neuronal Cells Induces a Proinflammatory Response Manifegted b

www.manaraa.com



193

Upregulation of Cyclooxygenase-2, Its Accumulation as Ubiquitin Conjugates, and
Production of the Prostaglandin P& Erch Biochem Biophy2000, 374, 325-333.

8. Lalone, C. A.; Rizshsky, L.; Hammer, K. D.; Wu, L.; Solco, A. K.; Yum, M.;
Nikolau, B. J.; Wurtele, E. S.; Murphy, P. A.; Kim, M.; Birt, D. F., Endogenous
levels of Echinacea alkylamides and ketones are important contributors to the
inhibition of prostaglandin E2 and nitric oxide production in cultured macrophages.
Agric Food Chen2009, 57, (19), 8820-30.

9. Upton, R.; Graff, A.; Swisher, D.; McGuffin, M.; Pizzorno, J.; Prill, R., Echinacea
purpurea Root: Echinacea purpurea (L.) Moench. Standards of Analysis, Quality
Control, and Therapeuticdmerican Herbal Pharmacopoeia and Therapeutic
Compendium Scotts Valley, CA; 2004, 1-53.

10.Gertsch, J.; Schoop, R.; Kuenzle, U.; Suter, A., Echinacea alkylamides modulate
TNF-alpha gene expression via cannabinoid receptor CB2 and multiple signal
transduction pathwaySEBS Let2004, 577, (3), 563-9.

11.Carlisle, S. J.; Marciano-Cabral, F.; Staab, A.; Ludwick, C.; Cabral, G. A.,
Differential expression of the CB2 cannabinoid receptor by rodent macrophages and
macrophage-like cells in relation to cell activatibrt.Immunopharmaca2002, (1),
69-82.

12.Zhai, Z.; Solco, A.; Wu, L.; Wurtele, E. S.; Kohut, M. L.; Murphy, P. A.; Cunnick, J.
E., Echinacea increases arginase activity and has anti-inflammatperipes in
RAW 264.7 macrophage cells, indicative of alternative macrophage activation.
Ethnopharmaco2009, 122, (1), 76-85.

13.Rowlinson, S. W.; Kiefer, J. R.; Prusakiewicz, J. J.; Pawlitz, J. L.; Kozak, K. R.;
Kalgutkar, A. S.; Stallings, W. C.; Kurumbalil, R. G.; Marnett, L. J., A Novel

www.manaraa.com



194

Mechanism of Cyclooxygenase-2 Inhibition Involving Interactions with Ser-530 and
Tyr-385.J Biol Chem2003, 278, (46), 45763-45769.
14.Garavito, F. M.; Malkowski, M. G.; DeWitt, D. L., The structures of prostaglandin

endoperoxide H synthases-1 andRfbstaglandins and other Lipid Mediator2002,

68-69, 129-152.

www.manharaa.com




	2009
	Identification of key anti-inflammatory Echinacea constituents and their mechanism leading to the inhibition of prostaglandin E2
	Carlie Ann Lalone
	Recommended Citation


	Microsoft Word - $ASQ34387_supp_87762E4C-DBAD-11DE-8260-11693012225A.doc

