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Inhibition of prostaglandin E, (PGE;) production in lipopolysaccharide-stimulated RAW264.7 mouse
macrophage cells was assessed with an enzyme immunoassay following treatments with Echinacea
extracts or synthesized alkamides. Results indicated that ethanol extracts diluted in media to a
concentration of 15 ug/mL from E. angustifolia, E. pallida, E. simulata, and E. sanguinea significantly
inhibited PGE, production. In further studies, PGE, production was significantly reduced by all
synthesized alkamides assayed at 50 uM, by Bauer alkamides 8, 12A analogue, and 14, Chen
alkamide 2, and Chen alkamide 2 analogue at 25 «M and by Bauer alkamide 14 at 10 M. Cytotoxicity
did not play a role in the noted reduction of PGE;, production in either the Echinacea extracts or
synthesized alkamides. High-performance liquid chromatography analysis identified individual
alkamides present at concentrations below 2.8 M in the extracts from the six Echinacea species
(15 ng/mL crude extract). Because active extracts contained <2.8 uM of specific alkamide and the
results showed that synthetic alkamides must have a minimum concentration of 10 «M to inhibit
PGE,, it is likely that alkamides may contribute toward the anti-inflammatory activity of Echinacea in
a synergistic or additive manner.

KEYWORDS: Echinacea purpurea ; Echinacea angustifolia ; Echinacea pallida ; Echinacea tennesseensis ;
Echinacea simulata ; Echinacea sanguinea ; anti-inflammatory; cytotoxicity

INTRODUCTION medicinal effect. Three speciel, purpurea,E. angustifolia,

The use ofEchinaceaas a medicinal herb is prominent in @nd E. pallida, are commonly used in current botanical
the United States, with sales encompassing approximately 109Preparations (medicinal species). The use of these medicinal
of the total U.S. market in botanical supplemerts With the species originated from Native American peoplt_as vx_/ho utilized
increasing popularity oEchinacea, it is important to identify Echinacearoots, aboveground parts, or a combination of both

its active constituents and determine extraction methods that@S treatments for different ailments ranging from toothache to

yield the proper doses of active constituents to elicit the desired 'eumatism and as an antidote for poisons a”(_i ven_djbns (_ .
Four classes of active compounds have been identified within
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294-9873; e-mail dbirt@iastate.edul]. species (3). It has been hypothesized that alkamides, caffeic
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S Department of Food Science and Human Nutrition, lowa State cea(4). Echinacea purpure@ontains alkamides, caffeic acid

University. . . . . . '
#Depayrtment of Genetics, Development, and Cell Biology, lowa State esters (in particular CIChquC acid), polysaccharldes, and poly-
University. acetylenes, whereas chinacea pallidalkamides are mostly
! Department of Chemistry, lowa State University. absent and the most abundanat caffeic acid ester is echinacoside
Department of Statistics, lowa State University. . .
© Daejin University. (5). Furthermore, levels of constituents vary during growth and
4 Sunchon National University. across development (3).
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effective in treating colds and other respiratory infectiodis (
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8 days at 38C in a forced-air dryer with constant humidity. The dried

Inconsistent results have been obtained from several placebo-material was ground with a 40-mesh screen and store@@t’C until

controlled studies designed to determine whetBehinacea
preparations were effective in the prevention of the common
cold and other upper respiratory infections. These conflicting

results were perhaps due to the use of different species and plan
parts, different preparations and doses, inconsistent times of

treatment initiation, and different virus types and dosg$j.

extraction. Extractions were made by ugif g of dried Echinacea
root per population.
Extracts were prepared by one of two methods, either the Soxhlet
ethod (6 h) or room temperature shaking (24 h). Solvents ranging in
ydrophobicity were used for extraction, consisting of ethanol (70, 95,
or 100%), water, chloroform (100%), hexane (100%), or sequential
extractions. Sequential extractions were performed by extraction first

Some studies revealed a shorter duration of cold symptoms aftekyith chloroform (70, 95, or 100%) or hexane (70%), removal of the

Echinaceatreatment in comparison to placebg 8), whereas

solvent, and then evaporation. The residue plant material was re-

others showed no significant differences between treatment andextracted with ethanol. FNPC plant material was extracted with either

placebo groups (910). Although the controversy regarding

100% ethanol using the Soxhlet method (heating solvent to its boiling

efficacy continues, studies are accumulating that indicate Point) or shaking with 70% ethanol at room temperature. The Soxhlet

Echinaceamay have antiviral, antioxidant, and anti-inflamma-
tory properties, making it a very promising medicinal botanical
(4,11, 12).

Alkamides, also known as alkylamides, are a major group of
lipophilic, bioactive phytochemicals found abundantly in certain

method was determined to yield optimal material and was therefore
used to extract NCRPISchinaceamaterial with 95% ethanol. Upon
complete drying of the extract by evaporation, the residue was
redissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis,
MO) at the highest concentration that was soluble. Extracts were stored
at —30 °C in the dark and used as stock solutions.

species oEchinacea. Evidence indicates that alkamides possess  Endotoxin. Echinaceaextracts from NCRPIS were all screened for

anti-inflammatory properties because they have been shown toendotoxin by using the Limulus Amebocyte Lysate Test (BioWhittaker,
significantly reduce nitric oxide production in lipopolysaccharide Inc., Walkersville, MD) according to the manufacturer’s specifications
(LPS) stimulated RAW264.7 macrophagd®). Thus, much for a microplate assay. After accounting for the dilutions used in the
attention is being directed toward alkamides to better understandPGE: assay, the range of endotoxin levels presented to RAW264.7
their potential use as anti-inflammatory agents as well as how macrophage cells varied from undetectable to 0.0082 EU/mL. At these

they interact with other constituents foundHichinacea(12).
Prostaglandin £(PGE) is a critical inflammatory mediator

that is produced through the arachidonic acid cascade. Two

cyclooxygenase isoforms, COX-1 and COX-2, catalyze the

levels the endotoxin found was well below the required amount needed
(>5 EU/mL) to induce the production of PGEh RAW264.7 cells
(15).

Cell Culture. RAW264.7 mouse monocyte/macrophage cells were
obtained from American Type Culture Collection (catalog no. TIB-71,

reaction converting arachidonic acid, released by phospholipaseyjanassas, VA) and cultured as described by Hammer et%). KIH/

A, to PGE. LPS is a common endotoxin used to stimulate
macrophage cells to produce P& Eimicking an inflammatory

response in vitro (13). The use of RAW264.7 mouse macro-

3T3 mouse fibroblast cells, SW480 human colon cancer cells, and
HaCaT human skin cancer cells were cultured according to procedures
described by Schmitt et al. (16).

phage cells has been established as a reliable cell model for Alkamide Synthesis.Chemical synthesis of Bauet4) and Chen

purposes of identifying anti-inflammatory activity (12).

alkamides (12) were conducted according to the procedures outlined

The purpose of our study was to compare the bioactivities Py Wu etal. (7), Kraus and Bael@), and the thesis of Jaehoon Bae

of species oEchinaceaand assess levels of variability on the

basis of repeat extractions and different harvest years. It was
also important to determine whether specific alkamides play a

clear role in the anti-inflammatory properties of &khinacea

(lowa State University, 2006)1L0). The synthesized alkamides allowed
for the comparison of activity of purified alkamide constituents, both
those found inEchinaceaand derivatives of those alkamides.
Measurement of Prostaglandin k. Echinaceeaextract and alkamide
treatments of RAW264.7 cells and the PGéhzyme immunoassay

Spec_ies. To this end, we have_ Conducted_ (to our knowledge) (EIA) used to detect the amount of PG&BE Biosciences, Piscataway,
the first large-scale screen of nine synthesized alkamides foundnJ) were previously described by Hammer et &6)( Preparations of

in Echinacea, three synthesized analogues, two of Bauer E. purpureaextracts from FNPC were extracted with several solvents

alkamide 12 {4) and one of Chen alkamide 2, and one
synthesized isomer of Chen alkamide 1 (12) for their ability to
reduce LPS-stimulated PGlroduction.

MATERIALS AND METHODS

Plant Material and Extraction. Plant samples were provided by
Frontier Natural Products Co-op (FNPC, Norway, IA) and the North
Central Regional Plant Introduction Station (NCRPIS, Ames, IA) of
the Agricultural Research Service of the U.S. Department of Agriculture.
The FNPC supplieé. purpurea, which had been harvested during its
budding stage in Bulgaria in 1999, where it was air-dried and, in 2001,
shipped to FNPC. Roots of plants representing the following 10

including Soxhlet EtOH, room temperature (RT) EtOH, Soxhlet
chloroform, and Soxhlet hexane, as well as sequential Soxhlet extracts
with chloroform/EtOH and hexane/EtOH. Initial screens for BGE
production comparing different solvents resulted in significant increases
in PGE levels with all solvents except Soxhlet EtOH, RT EtOH, and
Soxhlet chloroform in the absence of LPS. These results as well as the
common use of ethanol in herbal supplements guided our laboratory
to use Soxhlet EtOH extract preparations in our assays. Also, Soxhlet
EtOH extracts performed optimally in our assays, compared to water
extracts that generally had higher endotoxin contamination (data not
shown). Work conducted by Bauer et dl4) supports the use of ethanol
extractions oEchinacea, which allow for the enrichment of lipophilic
compounds including the ethanol-soluble alkamides (20). Baicalein

Echinaceaaccessions were obtained from the NCRPIS, where they were (5,6,7-trihydroxyflavone), found in the Chinese medicinal hgdoitel-
harvested in October 2003, November 2004, and November 2005: laria baicalensisand quercetin (3,5,78-pentahydroxy flavon), present

cultivated populations oE. purpurea(Ames 28189)E. angustifolia
(Ames 28187), and. pallida (Ames 28188), all originally acquired
from Johnny’s Selected Seeds (Winslow, ME), and wild populations
of E. purpurea(Pl 631307 and Pl 633665, angustifolia(Pl 631285),

E. pallida (Pl 631293),E. simulata(Pl 631251),E. sanguineaPI
633672), andE. tennesseensi@l 631250). Information about the

in the aboveground parts &. purpurea(21), are flavonoids that are
known to exert anti-inflammatory as well as antioxidant effects and
were used as positive controls for the R@Esay due to these properties
(baicalein was synthesized by lowa State University, and quercetin was
purchased from Sigma-Aldrich).

Cytotoxicity. Celltiter96 Aqueous One Solution Cell Proliferation

specific provenance of all accessions obtained from the NCRPIS is Assay (Promega Corp., Madison, WI) was used to analyze cytotoxicity
available on the Germplasm Resources Information Network databasefollowing a modified version of Schmitt et al.’'s protocol§).

at http://www.ars-grin.gov/npgs/acc/acc_queries.html. Roots were har- RAW264.7 cells were plated into 48-well plates at a density 0f>0.5
vested, and the plant material was prepared for storage by drying for 10°cells/well and incubated at 37C for 24 h before treatment.
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Treatments were prepared by dilutingeth g of Echinaceaextract or W -1 vomiLes

alkamide in DMSO and then further diluting with media to the o il ugimi ™
concentrations specified under Results. The stock extracts diluted to & Y o & o o B 10
1% of the total treatment concentration (0.1% if shown to be cytotoxic _ 2.5

at 1%) or synthesized alkamide diluted to 0.1% of the total treatment % SR BN et e e e e e e e
concentration were randomly assigned to plate wells and incubated for £ 4 5

24 h (8 h if shown to be cytotoxic at 24 h) along with pure media and & 1 A “
DMSO as solvent controls. Ursolic acid, a triterpenoid known for its & - A B @ - o b

cytotoxic activities 22), was used as a positive control at concentrations
of 10, 30, and 5(M, yielding significant cytotoxicity |p < 0.0001) at
the two higher concentrations. Following the 24 h incubation period,

0
Media Media' E. purpurea 'E. angustifolia
4+ PEMIOT S PEMZES  JS

DMSO

E. pallida
PIE31283 S

Baicalein  Quercetin

treatment solutions were removed, and fresh media and Celltiter96 dye _ o )
were added for 195 min, which was found to be the optimal incubation Figure 1. Inhibition of PGE; production by Soxhlet ethanol extracts of
time for this study. The metabolized dye solutions were then transferred Medicinal species of Echinacea treated at their highest concentration (6
to 96-well plates for absorbance measurement at 562 nm. The numberd Of extract diluted initially in DMSO and then prepared as 0.1% of the

of viable cells for each treatment was compared to the mediMSO
control, and the percent of control survival was determined for each
extract or alkamide.

High-Performance Liquid Chromatography Analysis. The HPLC
method was described in previously published wdrk, 3). Briefly,

media). Each bar represents three replicates + standard 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
indicative of accessions from NCRPIS. %, p < 0.05, and *x, p < 0.001,
for comparison of extract to control. Media + DMSO and media + DMSO

into 320 uL of Echinaceaextracts were added 4. (1 mg/mL) of
N-isobutylundeca-2-ene-8,10-diynamide4d;,0,) and 40uL (1 mg/
mL) of 3,5-dimethoxy-4-hydroxycinnamic acid {{€1,,0s) as internal
standards for quantification of lipophilic metabolites and hydrophilic

metabolites, respectively. Fifteen microliters of each extract was injected . . . )
into a HPLC. The instrumentation and solvent system for HPLC PGE levels after stimulation with LPSHgure 1). E. angus

separation were the same as those previously publiskdyd For tifolia_and E. pal!lda__extract_s f_rqm NCRPIS and Johnny's
compound identification, Bauer alkamides 8/9, cichoric acid, echina- Selected Seeds significantly inhibited PG3&vels at concentra-
coside, caftaric acid, and cynarin were purchased from Phytolab tions above 2kg/mL. NeitherE. purpureaaccession screened
(Vestenbergsgreuth, Germany); chlorogenic acid was purchased fromin Figure 1 significantly inhibited PGE (28 ug/mL of extract
Sigma-Aldrich; and Bauer alkamides 2 and-13+ and ketones 20 from NCRPIS and 24g/mL of extract from Johnny’s Selected
22 were synthesizedl{, 18). Peaks were identified according to  Seeds). Treatments analyzed without the addition of LPS
retention time and mass spectra obtained from LC-MS and/or GC-MS. reduced PGE levels in E. purpurea and E. angustifolia

In the absence of standards, Bauer alkamides 1, 3, 4, 5, 7, 15, 16, an¢gompared to medig- DMSO control. Baicalein and quercetin
17 and ketone 24 were identified by HPLC fractionation coupled with were included as positive controls for every PG&periment.

GC-MS analysis. Specifically, eluted HPLC fractions were collected A ; d
and subsequently subjected to GC-MS analysis; six replicate runs WereAfter initial screening, the extracts were diluted to Ag/mL

carried out, and appropriate peaks were pooled to ensure sufficient yieIdIn DMSQ for aCF'V'ty comparisons across species. Ther.e was
of each alkamide. Compounds contained in each pooled fraction wereN0 significant difference among harvest year, accession, or
identified by comparing their recorded mass spectra and online Uv Soxhlet EtOH extract preparation f&r purpurea(six extracts),
spectra with those from published literatu4), Compounds were E. angustifolia(four extracts),E. pallida (four extracts),E.
quantified on the basis of internal standards. The percent repeatability sanguinea(two extracts),E. simulata(two extracts) or E.
and limits of detection for HPLC quantification of Bauer alkamides 2, tennesseens{gwo extracts), which allowed data to be pooled.
8/9, 10, 11, 12, 13, and 14, ketones 20, 21, and 22, caftaric acid, Of the three medicinal specieg, angustifoliaandE. pallida
chlorogenic acid, cynarin, echinacoside, %nd cichoric acid with reference significantly inhibited PGElevels < 0.05) Figure 2). Three
standards range between 1.64 and 2.86% and between@d2 and nonmedicinal species were also screened for anti-inflammatory
0.16ug/mL, respectively. The repeatability was determined by analyz- L . . o
ing repeated injections of the standard solutior=6). The standard activity. E. sa_ngumeaand E. S|mulata5|gn|f|cantly_ reduced
deviation values of the repeatability ar@9%, illustrating the precision PGB production (p= 0.001 andp < 0.05, respectively). Of
the six species being compared in this stulypurpureaand

of the HPLC method. . L )
Statistical Analysis. For both PGE data and cytotoxicty data, in - tennesseensshowed the least activity in this assay. Of the

separate analyses, the results were log transformed and normalized t§our active species that reduced PGgfoduction, none was
the mediat DMSO control allowing for the combination of treatments ~ Significantly more active than the other when confidence
on different plates. Cytotoxicity was analyzed by using a mixed model, intervals across species were compared.

in which the plate was considered a random effect. A two-way ANOVA Screening for Cytotoxicity of Extracts of Echinacea

was used followed by a Dunnett multiple-comparison 5j {or PGE Species.To determine whether any of the NCRPIS Soxhlet
and cytotoxicity assays. Data are represented as percent of media EtOH extracts had the ability to arrest metabolic activity in
DMSO control set to 100%. Statistical significance was defined as RAW264.7 macrophage cells and to provide further evidence

< 0.05, and 95% confidence intervals were used. PG&a from ) . .
alkamide treatments were analyzed the same aSt¢hmaceaextracts, that the observed PGEeduction with treatment dEchinacea

except data are expressed as mean percent reduction as compared @Xtracts was not due to cytotoxicity, a parallel study using the
media+ DMSO control set at 0%. The statistical program used for all Celltiter96 Aqueous One Solution Cell Proliferation Assay was
analyses was SAS 9.1 (SAS Institute Inc., Cary, NC). conductedTable 1 displays an initial screening of each extract
at a 1% concentration of extract diluted in media for a 24 h
incubation. This initial screening used 10-fold higher concentra-
tions than those used in the P&Eereens. All extracts showed
Extracts from EchinaceaSpecies Inhibit PGE, Production. significant cytotoxicity (p< 0.0001), with 25-72% survival
To assess the anti-inflammatory properties of Bohinacea at the 1% concentration (ranging from 240 to 13G#mL of
species, Soxhlet EtOH extracts were initially screened in extract) and 24 h of incubation.

+ LPS treatments are represented by gray and black bars, respectively.

RAW?264.7 cells at their highest concentration (ranging in final
concentrations from 21 to 58y/mL) for their ability to reduce

RESULTS
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Figure 2. Inhibition of PGE, production by extracts of three medicinal and three nonmedicinal species of Echinacea (diluted to 15 ug/mL of extract in
DMSO) obtained from NCRPIS with different harvest dates and accession numbers. Each species mean is represented by a bar (two to six replicates
each), and variability is represented as 95% confidence intervals of the mean. Treatments analyzed without the addition of LPS did not affect PGE,
levels with values for PGE, as percent of media + DMSO control <20% (data not shown). One E. angustifolia extract, from the 2004 harvest, treated
without LPS, was excluded from the analysis on the basis of the optical density data point being outside the standard curve. x, p < 0.05, and s, p <
0.001, for comparison of extract to control (media + DMSO + LPS).

Table 1. Cytotoxicity Screening of Soxhlet EtOH Extracts from Six Echinacea Species?

harvest 1% concn % survival (95% ClI), 0.1% concn % survival (95% ClI),
species year accession (ug/mL) p value (ug/mL) p value

E. angustifolia 2005 JS 535 71 (53, 97), 0.0166 54 92 (74, 116), 0.9792
E. purpurea 2003 Pl 633665 518 65 (48, 88), 0.0004 52 104 (79, 139), 1.0000
E. purpurea 2005 JS 240 72 (53,97),0.0181 24 105 (78, 139), 1.0000
E. pallida 2003 P1631293 579 68 (50, 92), 0.0021 58 75 (56, 99), 0.0365
E. pallida 2005 JS 359 32 (26, 40), <0.0001 36 133 (100, 177), 0.0457
E. tennesseensis 2003 PI 631250 950 66 (53, 83), <0.0001 95 112 (84, 149), 0.9431
E. simulata 2003 P1631251 1101 25 (20, 32), <0.0001 110 102 (77, 136), 1.0000
E. simulata 2004 P1631251 1102 25 (20, 30), <0.0001 110 110 (83, 146), 0.9817
E. sanguinea 2003 Pl 633672 834 36 (28, 45), <0.0001 83 93 (74, 116), 0.9874
E. sanguinea 2004 Pl 633672 672 34 (27, 43), <0.0001 67 96 (73, 128), 1.0000

a Cytotoxicity (percent of control compared to vehicle control-treated RAW264.7 cells) of Echinacea extracts screened via the Celltiter96 Aqueous One Solution Cytotoxicity
assay (n = 3-4). Pl numbers denote NCRIPS accessions, whereas JS denotes accessions from Johnny's Selected Seeds. All extract stocks were prepared from 6 g of
dried root plant material by Soxhlet 95% EtOH extraction, were diluted in DMSO and included as 1% of the cell culture medium or, if significantly cytotoxic at 1%, diluted
to 0.1%. The treatment concentration listed for each extract (xg/mL) is the amount of extract residue used in the assay after extraction and dilution in DMSO. p value for
comparison of extract treatment to control (media + DMSO). Boldface p values represent statistical significance with p < 0.05.

All extracts cytotoxic at the 1% concentration were screened with the exception of one extract showing significant cytotox-
again at the 0.1% concentration of extract diluted in media icity (p < 0.01) at 39ug/mL [(RT) 70% hexane 24 h, SW480
(concentrations ranging from 24 to 14@/mL of extract) after cells]. This extract protocol was not used in further studies.
a 24 h incubation. Results rable 1 show that only one extract  Results from these data indicate that all other extracts prepared
of E. pallida from the 2003 harvest (Pl 631293) remained from FNPCE. purpureashowed little or no cytotoxicity in the
significantly cytotoxic at the 0.1% dilution after a 24 h three different cell lines at concentrations ©100 ug/mL.
incubation, but when this same extract was screened for Synthesized Alkamides fromEchinacea Species Inhibit
cytotoxicity at the same dilution after an 8 h incubation, PGE, Production. To further probe the inhibition of PGE
equivalent to the incubation period in the PG&ssay, no production in RAW264.7 cells observed with treatments of
significant cytotoxicity remained (= 0.9968). The screens  Echinaceaextracts, another PGEcreening was conducted on
conducted at 0.1% concentration matched concentrations usedhemically synthesized alkamides, oneEthinacea’s major
in PGE screens. classes of bioactive constituents. Data fréable 2 show that

Cytotoxicity Screen of FNPCE. purpurea Extracts. Vi- all of the synthesized alkamides screened significantly inhibited
ability of NIH/3T3 mouse fibroblast cells, SW480 human colon the production of PGEp < 0.001) at 5:M. At 25 uM, Bauer
cancer cells, and HaCaT human skin cancer cells treated withalkamide 8, Bauer alkamide 12A analogue, Bauer alkamide 14,
FNPCE. purpureaextracts was assessed by using the Celltiter96 Chen alkamide 2, and Chen alkamide 2 analogue significantly
Aqueous One Solution Cell Proliferation Assay. Cytotoxicity reduced PGElevels (p < 0.05). Only Bauer alkamide 14
was not observed in any of the FNRE purpureaextracts at significantly inhibited PGE production at 1Q«M (p < 0.05).

a concentration of 1Qug/mL. Significant cytotoxicity was A subsequent PGEEIA experiment was conducted to attempt
observed only at high concentratiors95 ug/mL of extract), to determine if PGEcould inhibit at concentrations of10
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Table 2. Inhibition of PGE;, Production by Alkamides

% Reduction (95% CI)
p-value *
Alkamide Alkamide 50 25 10
Name Structure uM M UM
Bauer alkamide 2
Undeca-2Z7, 4F- F X 55(30,71) 32 (-6, 56) 22 (-21,50)
diene-8,10-diynoic & _H 0.0023 0.1371 0.3463
acid isobutylamide H O [}]B
Bu
Bauer alkamide 8
Dodeca-2FE, 4, 8Z, o 87 (76, 93) 75 (53, 87) 46 (-0.8, 71)
10E-tetraenoic acid —__ SN H <0.0001 <0.0001 0.0730
isobutylamide N
iBu
Bauer alkamide 10
Dodeca-2E, 4E, 87- o 90 (81, 95) 46 (-2, 71) 42 (-8, 69)
trienoic acid SN~ H <0.0001 00781 0.1110
isobutylamide ‘Bu
Bauer alkamide 11
Dodeca-2F, 4E- o 71 (46, 84) 24 (-42, 59) 45 (-3,71)
dienoic acid /\/\/\/\/\)L H 0.0004 0.4281 0.0816
isobutylamide N
iBu
Bauer alkamide 12
Undeca-2E-ene-8, Y 59 (41, 72) 35(-2,58) 39(5,61)
10-diynoic acid = X N»H <0.0001 0.1029 0.0580
H H = |
isobutylamide = iBu
Bauer alkamide
12A analogue + 0O 90 (82, 95) 73 (50, 86) 39 (-13, 68)
Trideca-10, 12- x JH <0.0001 0.0002 0.1448
diynoic acid A '}‘
isobutylamide & Bu
Bauer alkamide 12B
analogue + O 56 (19, 77) 35 (-22, 63) 29 (-32, 62)
2, 3dihydro Bauer = N’H 0.0163 0.2110 0.3110
amide 12 e .
=
Bauer alkamide 13
Undeca-2Z-ene-8, 10- /\/\/j\ 74 (51, 86) 48 (3, 72) 30(-32, 62)
diynoic acid F _H 0.0001 0.0555 0.3089
isobutylamide H o N
iBu
Bauer alkamide 14
Dodeca-2E-ene-8, G 74 (59, 83) 71 (54, 81) 45 (14, 64)
10-diynoic acid = X N‘H <0.0001 <0.0001 0.0240
. . / h
isobutylamide = 'Bu
**Chen alkamide 1
Dodeca-2Z, 4E, 10Z- — o] 74 (51, 86) 32 (-28, 63) 29 (-32, 62)
trien-8-ynoic acid x A~ 4 0.0001 0.2710 0.3129
isobutylamide r\ul
iBu
Chen alkamide
1 isomer + 65 (34, 81) 31(-29,63) 27 (-37, 61)
Dodeca-2E, 4F, 10Z2- P H 0.0026 0.2751 0.3675
trien-8-ynoic acid F N
isobutylamide — Bu
**Chen alkamide 2
Dodeca-27, 4E- O 84 (70, 92) 54 (15, 76) 24 (-42, 59)
diene-8, 10-diynoic . A — N’H <0.0001 0.0234 0.4248
acid isobutylamide _ !
iBu
Chen alkamide
2 analogue + o) 89 (80, 94) 78 (59, 88) 40 (-11, 68)
Dodeca-27, 4E- \/\/\/\%E)J\ H <0.0001 <0.0001 0.1332
dienoic acid N
isobutylamide iBu

LalLone et al.

*p value for comparison of alkamide treatment to control (media + DMSO + LPS). Boldface p values represent statistical significance as defined as a p value of <0.05. Media + DMSO
+ LPS control set to 0% reduction. There was no difference between extracts in medium alone having an overall percent reduction (95% CI) of 2 (-27, 24) and media + DMSO controls.
Baicalein (6 «M) and quercetin (10 M) were used as positive controls having overall percent reductions (95% CI) of 72 (62, 79) and 88 (85, 91), respectively. All samples in the table
are treated with 1 ug/mL LPS. Alkamide treatments did not affect PGE; levels without LPS treatment (data not shown). Bauer alkamides are found in Bauer et al. (14) and **Chen
alkamides in Chen et al. (12). Isomers and analogues of naturally occurring alkamides are indicated with the + symbol and have not been detected to date from Echinacea species
extracts in our laboratories.
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Table 3. HPLC Analysis of Soxhlet EtOH Extracts of Echinacea Species (15 ug/mL)2

Species E. angustifolia E. pallida E. simulata | E. sanguinea E. purpurea E. tennesseensis
Accession (P163) | 1285 1285 | 1293 1293 1293 | 1251 1251 | 3672 3672 | 3665 3665 1307 1307 1307 | 1250 1250
Harvest Date 2003 2003 | 2003 2003 2004 | 2003 2004 | 2003 2004 | 2003 2004 2003 2003 2004 | 2003 2004
Bauer Alkamide 1 | 0.050 0.051 | 0.024 0.008 0.006| - 0.003|0.071 0.165 |0.254 0.265 0.595 0.296 0.153| 0.030 0.029
Bauer Alkamide 2 | 0.124 0.040 [0.132 0.014 0.023 |0.051 0.044| 0.048 0.082 |0.253 0.265 0.590 0.848 0.600 - -
Bauer Alkamide 3 [ 0.155 0.101 | 0.069 -  0.012|0.008 0.009 [ 0.160 0.403 [0.327 0.395 1.280 0.250 0.375 - -
Bauer Alkamide 4 - - - - - - - - - 0.085 0.079 0.071 0.039 0.048 - -
Bauer Alkamide 5 | 0.082 0.092 [ 0.019 0.004 0.004| - - [ 0.014 0.034 [0.083 0.088 0.205 0.089 0.065 - -
Bauer Alkamide 7 | 0.032  0.009 | 0.018 0.005 0.019 - - 0.046 0.105 [0.173 0.199 0.250 0.065 0.131 - -
Bauer Alkamide 8 [ 0.331 0206 | - - - - - [ 0223 0.610 (0263 0.269 0.902 0.770 0.458| 0.011 0.011
Bauer Alkamide 9 [ 2.800 1.642 | - - - - - | 0458 1.151 (0403 0420 1612 1.687 0.866| 0.027 0.057
Bauer Alkamide 10| 0.166 0.137 - - - - - [ 0.031 0.075 |0.064 0.064 0.035 0.016 0.013] 0.009 -
Bauer Alkamide 11| 0.430 0.403 - - - - - 0.01§ 0.044 |0.047 0.050 0.052 0.020 0.010] 0.006 0.013
Bauer Alkamide 12| 0.395 0244 | - - - - - (0292 0549 | - - - - - 0.307 0336
Bauer Alkamide 13| 0.386 0.140 [ - - . - - 10276 0500 - = = = . 0.622 0.677
Bauer Alkamide 14| 0.156 0.086 - - - - - 10430 0.741 - - - - - 0.087  0.095
Bauer Alkamide 15| - B 0.009 0.005 0.011 - - - S 0.022 0.023 0.009 0.017 0.010 - -
Bauer Alkamide 16| - - - - - - - 0.027 - - - - - - 0.096 = 0.100
Bauer Alkamide 17| 0.044 0.016 | - - - - - 0169 0327 | - - - - - 0.021  0.023
Chen Alkamide 2 | 0.026 0.009 | 0.037 0.018 0.0130.023 0.024| 0.059 0.148 | 0.075 0.087 0.190 0.114 0.129 - -
Ketone 20 - - 0.099 0.057 [0.300[0.069 0.120| - 0.026 | - - - - - - -
Ketone 21 - - 0.030 0.021 0.047[0.014 0.015] - - - - - - - - -
Ketone 22 - - 0.653 0.432 0.153 [0.148 0.137| - - - - - - - - -
Ketone 24 0.032 0.018 | 0.810 0.360 0.1310.079 0.076| 0.052 0.095 | - - - - - - -
Caftaric acid - - 0.003 0.008 0.004 [0.009 0.004| 0.007 0.002 |0.034 0.011 0.022 0.045 0.026 - -
Chlorogenic acid | 0.010 0.008 | 0.004 0.004 0.011|0.003 0.001| 0.073 0.037 {0.026 0.007 0.003 0.005 0.004| 0.021 0.009
Cynarin 0.072  0.034 - - - - - [ 0.008 0.001 {0.017 0.002 0.007 0.017 0.009| 0.078 0.027
Echinacoside 0.040 0.037 | 0.104 0.111 0.075]0.079 0.040] 0.015 0.011 - - - - - - -
Cichoric acid - - - - - - - - - |0.289 0.075 0.078 0.127 0.089 - -

@The units for values in the table are all uM. The HPLC analysis identifies three main classes of constituents found in the species of Echinacea extracts (15 ug/mL
of extract) obtained from NCRPIS, namely, alkamides, ketones, and caffeic acid derivatives. Shaded cells identify compounds for which concentrations exceed 0.1 uM. Due
to the repeatability of our HPLC method, described under Materials and Methods, constituents are represented by an N = 1; therefore, no statistical analysis was performed
on these data. Dashes represent values below instrumental detection limits. Structures and nomenclature of Bauer alkamides 2, 8, and 10—14 presented in the above table
were previously shown in Table 2, and other alkamides and ketones can be found in Bauer et al. (14). Structures of caffeic acid derivatives have previously been reported.

uM. After storage of Bauer alkamide 14 aR4 °C for 1 year,
HPLC analysis indicated that it had degraded to 31% of the
original concentration. The concentrations screened for PGE
production were 3.1 and 0.23M, and Bauer alkamide 14 was
unable to significantly inhibit PGEat these concentrations (data
not shown).

Screening for Cytotoxicity of Synthesized Alkamides.
Parallel cytotoxicity screenings were carried out for the alka-
mides by using the Celltiter96 Aqueous One Solution Cell

of each accession from the 2003 harvestEofpurpurea E.
tennesseensi003 and 2004 harvests) contained Bauer alka-
mide 12 at concentrations &f0.3 M and Bauer alkamide 13

at concentrations of 0.6 uM. Two specieskE. pallidaandE.
simulata, were determined to possess greater amounts of ketones
than of alkamidesE. pallidahad concentrations exceeding 0.1
uM for ketones 22 and 24. Ketone 22 was also preseit.in
simulataextracts ¢0.1uM of ketone). Chen alkamide 1, Chen
alkamide 1 isomer, Chen alkamide 2 analogue, Bauer alkamide

Proliferation Assay in RAW264.7 mouse macrophage cells. The 12A analogue, and Bauer alkamide 12B analogue fi@ile

alkamides were all screened at BM for a 24 h incubation.

None of the 13 alkamides demonstrated any significant cyto-

toxicity (85—113% survival), indicating that cell death was not
a factor in the data obtained from the P{&€reening (data not
shown).

HPLC Analysis of EchinaceaExtracts at 15ug/mL. HPLC
was performed with 15g/mL of Echinaceaextracts from
NCRPIS to identify and analyze innate concentrations of known
constituents Table 3). E. angustifolia E. sanguinea E.
purpurea, ance. tennesseensgontained greater quantities of
Bauer alkamides than of ketones or caffeic acid derivatives.
Bauer alkamides 3 and-8.3 were present ik. angustifoliaat
concentrations oF0.1 uM, with Bauer alkamide 9 reaching
concentrations of 2.8 and 1.8/ in the two extracts analyzed.
All accessions oE. sanguinealso contained Bauer alkamides
3, 8,9, 12-14, and 17 at concentrations ranging from 0.16 to
1.15uM. Two different accessions d. purpurea(Pl 63665
and Pl 631307) were analyzed by HPLC and were found to
both contain similar alkamides, including Bauer alkamide8 1
and 7—9 ¢0.1 uM). Cichoric acid was present in one extract

2 were not detected in this analysis, but may be present in
concentrations below the detection limits of our instrument.

Some alkamides, ketones, and caffeic acid derivatives were
present in only certain extracts within the species and are
identified in Table 3.

DISCUSSION

The results presented in this study demonstrate the inhibition
of PGE by severalEchinaceaspecies, which may be one
process contributing to the reported anti-inflammatory capabili-
ties of these herbdR). All Soxhlet EtOH extracts from the six
species screened, when tested at their highest concentration,
reduced PGElevels, excepE. purpurea To compare inhibition
potential among these species, extracts were diluted togl5
mL in DMSO, with E. angustifolia,E. pallida, E. sanguinea,
andE. simulatasignificantly inhibiting the production of PGE
in LPS-induced RAW264.7 mouse macrophage céllspur-
pureaextracts (15«g/mL) did not significantly inhibit PGE
which was notable because mamchinaceasupplements
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contain E. purpureaas a major ingredient (21). Another tives and their ability to inhibit the oxidation of low-density
interesting finding was that variability between species was lipoproteins, as an indicator of antioxidant activitg).( Our
greater than that observed between repeat extractions or harvediPLC analysis revealed no clear pattern of identifiable con-
years. Results obtained from screenkghinaceaextracts in stituents that led to the observed inhibition of Pl extracts
RAW264.7 cells for cytotoxicity coincide with observations from E. angustifolia,E. pallida, E. simulata, ofE. sanguinea,
from NIH/3T3 mouse fibroblast cells, SW480 human colon indicating that more research is needed to understand the
cancer cells, and HaCaT human skin cancer cells, which showedcomplex nature of interacting constituents within each species
these extracts to be cytotoxic only at high concentratier1Q and to determine mechanisms behind the identified PGE
ug/mL of extract). inhibition. A possible explanation for the resemblance of
Alkamides have become a major focus for researchers constituents found ii. pallidaandE. simulatamay be related
studyingEchinaceadue to their abundance in both aboveground to the hypothesis thakE. simulatais one of the diploid
and underground parts of the plant in most species. Studies linkprogenitors of the tetraploid specids, pallida (30). A PGE
this class of compounds to a vast repertoire of immunomodu- screening of synthesized ketones and caffeic acid derivatives
latory activities, including antiviral, antimicrobial, antibacterial, individually may lead to a better understandingsmhinacea’s
and antioxidant as well as anti-inflammatory properti2g)( anti-inflammatory capabilities.
Alkamides may be best known through recent studies indicating A study performed by Chen et allZ) indicated that
their ability to modulate the immune system, potentially, by alkamides had anti-inflammatory activity as measured by
binding to the cannabinoid 2 receptor (CB2Y). This receptor inhibition of nitric oxide (NO) production in LPS-stimulated
has been shown to be expressed in many types of inflammatoryRAW264.7 cells. NO is a pro-inflammatory mediator that was
and immune-competent cells, and it has been suggested thasignificantly reduced by total alkamide (a mixture consisting
the CB2 receptor may play a part in inflammatory reactions of several alkamides) ranging from 1.6 to 89/mL. Chen et
(28). Alkamides have been shown, through the use of CB1 andal. (12) also examined individual alkamides and inhibition doses
CB2 antagonists and signal transduction pathway inhibitors, to that caused reduction of LPS-mediated NO production in
up-regulate TNF-omRNA and increase cAMP, p38/MAPK,  comparison to an LPS control. Thed§¥or Bauer alkamide 2
and JNK signaling, as well as activate NF-kB through the CB2 was 54uM, that for Bauer alkamide 8 was 24M, that for

receptor in human monocyte/macrophage cells (29). Bauer alkamide 10 was 4fM, that for Bauer alkamide 11 was
Our results provide further support to previous studies 24uM, that for Bauer alkamide 13 was 1@8/, that for Chen
indicating that alkamides are key constituents founBdéhina- alkamide 1 was 4@%M, and that for Chen alkamide 2 was 35

ceathat possess anti-inflammatory properties. Our experiments«M. The inhibition of NO measured by the §pcorresponds
indicated that alkamides are consistent inhibitors of PGE to our PGE data in that our results show significant inhibition
production at a concentration of &M, with selected alkamides ~ of another inflammatory mediator, P@Eat 50 «M for all
having the capability to significantly inhibit PGHevels at alkamides screened, as well as Bauer alkamide 8 and Chen
concentrations of 25M or even 10uM. Although many alkamide 2 significantly inhibiting at 26M. Also, in that study
alkamides have been identified, it is possible that undescribed(12), cytotoxicity sufficient to cause 50% cell death was reported
isomers as well as analogues of many of the known alkamidesfor individual alkamides ranging in concentration from 50 to
may exist naturally in some of thechinaceaspecies, and on  217uM. Only Bauer alkamide 11 showed 50% cell death at 50
the basis of our results, some of these may also be inhibitors ofuM in the Chen et al. study, which contradicts our results
inflammatory mediators. Cytotoxicity did not appear to con- showing Bauer alkamide 11 to produce 94% survival in the
tribute to reduced PGEproduction by extracts or alkamides, Celltiter96 Aqueous One Solution Cell Proliferation Assay at
suggesting that the observed inhibition was a true inhibition of the same concentration. All other alkamides screened by Chen
PGE and not an artifact due to cell death. The data presentedet al. (12) were at concentrations higher than those screened by
strengthen the research indicating that alkamides present inour laboratory for cytotoxicity, perhaps accounting for the
Echinaceacontribute to immunomodulatory properties dealing cytotoxicity noted in their study.
with regulation of inflammation (27). Studies are providing convincing evidence that alkamides can
Questions as to how alkamides act together and in concertplay important roles in the bioactivity observedHEchinacea
with other constituents arise from our HPLC analysis. Our data species, and questions about the bioavailability of this class of
identify alkamides present in crudEchinaceaextracts at constituents are still being answered. Alkamides have been
concentrations below 2,8M, which is well under the 1M shown to be readily bioavailable through the Caco-2 cell
concentration observed for inhibitory activity of P&&een with monolayer, more so than other active compounds, such as the
chemically synthesized Bauer alkamide 14. Regardless, severataffeic acid derivatives found iBchinaceg31). Another study
of the crude extracts oEchinacea, containing a variety of had previously supported these data by finding th&t4E,8Z-
alkamides, ketones, and caffeic acid derivatives at low concen-10Z)-N-isobutyldodeca-2,4,8,10-tetraenamide could be com-
trations, were able to significantly inhibit PGRroduction. For pletely transported from the apical to the basolateral side of
example E. sanguineaxtracts at 15g/mL, containing Bauer  the Caco-2 monolayer, with no significant metabolism occurring
alkamides 8 and 1214, at higher concentrations than other (32). Results from a study investigating the metabolism of
constituents present, showed the greatest inhibition of PGE natural and synthetic alkylamides froEchinaceaby using
among the species we evaluated, with a percent reduction ofhuman liver microsomes determined that cytochrome P450
59%, whereas none of these alkamides would be able to inhibit mediated epoxidation, hydroxylation, and dealkylation of alk-
PGE production alone at such low concentrations. Therefore, ylamides occurred (33). A recent human study analyzed 11
we hypothesize that the noted inhibition of PG&nd, by human subjects for bioavailability of an oral administration of
extension, the anti-inflammatory properties foundthinacea a 60% ethanolic extract oE. angustifoliaroot, which was
extracts were not simply due to one constituent, but several known to contain six identified alkamides, showing that after
acting in a synergistic or additive manner. Synergism has been30 min one of the six alkamides, dodeda;2E,8Z,10E/Z-
reported previously between alkamides and caffeic acid deriva- tetraenoic acid isobutylamide, appeared in plasma samples at
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10.88 ng/mL for a 2.5 mL dose34). Another human study
analyzed nine volunteers who consumed tablets of 675 mg of
E. purpureaand 600 mg ofE. angustifolia after a high-fat
breakfast or after a fast, for alkamide content in their plasma
(35). Total 2,4-diene alkamides were found in the plasma from
the high-fat group with a maximum concentration ranging from
60 to 1137 ng/mL. Although it is becoming increasingly evident
that alkamides are bioavailable, more experimentation is war-
ranted to determine whether alkamides can exert anti-inflam-
matory or other immunomodulatory effects at the low concen-
tration of 10uM, which was the lowest concentration found to
be bioactive in our PGEstudies. Without more definitive
bioavailablility data, a difficulty arises in making assumptions
about alkamides’ anti-inflammatory properties based on cell
culture data.

In summary, this study indicates tHathinaceaextracts may
be able to modulate inflammation through their inhibitory
activity on PGER production and that alkamides are possible
key constituents in the observed anti-inflammatory properties,
most likely acting additively or synergistically with other
constituents. Therefore, because innate concentrations of indi-
vidual alkamides found in crude extracts do not reach concen-
trations shown to have significant P@ihibition capabilities
found from tests of pure, synthesized alkamides, it is clear that
the presence of individual alkamides alone cannot explain the
observed anti-inflammatory activity.

ABBREVIATIONS USED

E., EchinaceaPl, Plant Introduction; FNPC, Frontier Natural
Products Co-op; NCRPIS, North Central Regional Plant Intro-
duction Station; PGE prostaglandin E LPS, lipopolysaccha-
ride.

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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