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Preparations of Echinacea are widely used as alternative remedies to prevent the common cold and
infections in the upper respiratory tract. After extraction, fractionation, and isolation, the antioxidant
activity of three extracts, one alkamide fraction, four polysaccharide-containing fractions, and three
caffeic acid derivatives from Echinacea purpurea root was evaluated by measuring their inhibition of
in vitro Cu(ll)-catalyzed oxidation of human low-density lipoprotein (LDL). The antioxidant activities
of the isolated caffeic acid derivatives were compared to those of echinacoside, caffeic acid, and
rosmarinic acid for reference. The order of antioxidant activity of the tested substances was cichoric
acid > echinacoside > derivative Il > caffeic acid = rosmarinic acid > derivative |. Among the extracts
the 80% aqueous ethanolic extract exhibited a 10 times longer lag phase prolongation (LPP) than
the 50% ethanolic extract, which in turn exhibited a longer LPP than the water extract. Following
ion-exchange chromatography of the water extract, the majority of its antioxidant activity was found
in the latest eluted fraction (H,O-acidic 3). The antioxidant activity of the tested Echinacea extracts,
fractions, and isolated compounds was dose dependent. Synergistic antioxidant effects of Echinacea
constituents were found when cichoric acid (major caffeic acid derivative in E. purpurea) or
echinacoside (major caffeic acid derivative in Echinacea pallida and Echinacea angustifolia) were
combined with a natural mixture of alkamides and/or a water extract containing the high molecular
weight compounds. This contributes to the hypothesis that the physiologically beneficial effects of
Echinacea are exerted by the multitude of constituents present in the preparations.

KEYWORDS: Echinacea purpurea ; phenylpropanoids; cichoric acid; echinacoside; alkamides; alkyla-
mides; caffeic acid derivatives; polysaccharide fractions; antioxidant; LDL oxidation; synergy

INTRODUCTION Echinaceas experiencing increasing attention in North Africa,
Preparations oEchinaceaspecies are widely used as immu- S0uth America, and China (2). Three specie&dfiinaceaare

nostimulants to prevent/cure the common cold and infections NOW used worldwide for medicinal preparatiorts: purpurea,

in the upper respiratory tract. In Eurogehinaceawas the 10th E. pallida, andE. angustifolia[= E. pallida ssp.angustifolia

most important medicinal plant sold in 1998, with annual sales 5, 6)] ).

of 120 million U.S.$ (, 2). In the United StateBchinaceaanks Investigations of antimicrobial, antiviral, antioxidant, and

as number three among the top-selling herbal dietary supple-general immunostimulating effects have been in focus as

ments, and with a value of annual sales of more than 32 million mechanisms explaining the putative effects Bthinacea

U.S.$ Echinaceaproducts account for10% of the sales in  preparations on upper respiratory tract infectionsg). In the

U.S. conventional food, drug, and mass market retail st@es ( search for the active principles chinacea, four groups of

In Australia Echinaceais a market leader, too2( 4), and substances are referred to as the most important: phenylpro-

panoids, alkamides, polysaccharides, and glycoprotedfs (

* Author to whom correspondence should be adressed (telephdbe Phenylpropanoids are phenolics and known to be good anti-

3530 6335 fﬁX‘G45 35 50 80 41, e-mailtpml@%df_uni-dk)- oxidants, whereas little is known about the antioxidant activity
§Un?ver23'ys of S;Yg_rs' y of Fharmaceutical Seiences. of the other important constituents &ichinacea. The major
#The Technical University of Denmark. phenylpropanoids are caffeic acid derivatives; for example, in
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Figure 1. Chemical structures of cichoric acid (major caffeic acid derivative
in E. purpurea) and echinacoside (major caffeic acid derivative in E.
angustifolia and E. pallida).

E. purpurea cichoric acid (R,3R-dicaffeoyl tartaric acid)
dominates Figure 1), whereas in bothE. pallida and E.
angustifoliaechinacoside is the major caffeic acid derivative
(Figure 1) (10). Among the known minor constituents in

Dalby-Brown et al.

The radical scavenging activity of some of the major
phenylpropanoids found iEchinaceaspecies has been deter-
mined using the DPPtassay 19), the ABTS™ assay 20), and
the Briggs—Rauscher method (22), but to our knowledge not
in the LDL CuSQ assay.

To model the structure—activity relationship between phen-
olics, different benzoic and cinnamic acid derivatives have been
tested in the LDL CuS@Qassay by several authors (23—25),
who found that the antioxidative properties largely depend on
the substitution in the aromatic ring: “the antioxidant activity
improves as the number of hydroxyl or methoxyl groups
increases, and particularly the presence obtadéhydroxy group
in the phenolic ring, as in caffeic acid, consistently enhances
antioxidant activity” (23).

Previous work has focused on the antioxidant activity of
extracts or individual caffeic acid derivatives. Recently, Thulin
and Thygesen26, 27) found indications of a synergistic effect
when testing a combination of cichoric acid and an alkamide
mixture in an antioxidant assay measuring the oxygen consump-
tion in a peroxidating lipid emulsion. The antioxidant activity

Echinacea, the flavonoids and anthocyanins are known to haveof cichoric acid alone was found to be comparable with that of
antioxidant properties, but a systematic study of the antioxidant rosmarinic acid; the alkamide mixture alone showed prooxida-
activity of the mixture of these substances foundEzhinacea tive or no antioxidant activity, whereas a combination of cichoric
is not available 1). Nevertheless, the high level of caffeic acid acid with the alkamide mixture resulted in higher antioxidant
derivatives has paved the way for the hypothesis that some ofactivity of the combination than for cichoric acid alone. This

the physiological effects oEchinaceamay be related to the
antioxidative activity of these compoundi2(13). Free radicals

in high amounts are deleterious to the immune function, but at
the same time the generation of free radicals by, for example,
neutrofils is used by the immune system to kill invading

finding is very interesting because the observed activity of
preparations oEchinaceaoften has been hypothesized as being
the result of a synergistic or additive effect of the constituents
in the extract.

Hu and Kitts (21) documented some antioxidant activity of

pathogens; hence, antioxidants can increase immune responseschinaceaextracts on human LDL oxidation in vitro, but no
by balancing the amount of free radicals and thereby preservingattempts were made to correlate the antioxidant activity with

immune cells (14).

The previous literature oBchinaceaand antioxidant activity
can be conveniently divided into three groups: (1) screenings
in which Echinaceaextracts are compared to extracts of other
medicinal or aromatic plants, (2) comparisons of free radical
scavenging activity of various extracts of the commercial
Echinaceaspecies, and (3) comparisons of the antioxidant
activity in different antioxidant test model systems of some of
the individual phenolics found i&chinacea.

The antioxidant and radical scavenging activities of extracts
of Echinaceahave thus been compared to those of extracts of
other medicinal, aromatic, and food plants using various
methods: -carotene—linoleate (1315, 16), scavenging of
DPPH (13, 17), scavenging of ABTS (17, 18), ferric reducing
ability of plasma 12), and scavenging of hydroxyl radicals
investigated with electron paramagnetic resonance (EPR) (
Generally, the testet. purpureaextracts showed medium to
low activity compared to the other investigated medicinal and
aromatic plants.

Comparisons of the antioxidant activities of extracts of the
three commercially growrEchinaceaspecies determined the
order of radical scavenging activity of root extracts totbe
purpurea> E. pallida> E. angustifoliain the DPPHaccording
to Pellati et al. (19) and in the ABTSassay according to Sloley
et al. 0), whereas Hu and Kitt2() found that their methanolic
root extract ofE. pallida had the highest ABTS and DPPH

scavenging activities and the highest reducing power and gave

the best protection against peroxyl radical induced peroxidation
of liposomes compared . purpureaandE. angustifolia The
extracts of all three species Bthinaceavere found to exhibit
similar protection against Ctrinduced oxidation of human low-
density lipoproteins (LDL) (21).

the presence in the extracts of specific substances. There are
no data available on the specific effects of the individual types
of substances present lEchinaceaon human LDL oxidation.
Because oxidative modification of LDL is conducive to
atherosclerosis, and thus linked to heart disease, any indications
that Echinaceasubstances may protect human LDL from
oxidation could provide inspiration for studying the effect of
Echinaceaon other cardioprotective markers and, hence, point
at possible new physiologically beneficial effectsmhinacea

The purpose of the present study was therefore to investigate
the antioxidant activity, and possible synergistic effects, of
extracts, fractions, and pure compounds friénpurpurearoot
in the LDL CuSQ oxidation assay.

MATERIALS AND METHODS

Plant Material. Four freshly harvestedE. purpurearoots were
supplied by Hans Peter Abrahamsen (Mercurialis, Sorg, Zealand,
Denmark). The plants were grown with biodynamic (organic) compost
as fertilizer on heavy clay soil at Mercurialis. They were propagated
from seeds (Bingenheimer Saatgut AG, Partie 0323702) in a greenhouse
for 7 weeks before planting in June 2002. The roots were harvested
and washed in cold tap water in March 2003. They were stored dry at
a temperature below & for 4 days during transport to Oslo, Norway,
where they were stored in ethanol (96% ethanol, &C% overnight
for preservation. The ethanol was discarded, and the roots were
lyophilized until stable weight, pulverized to a fine powder by a
mechanical grinder, and stored in closed vessels betd® °C until
extraction.

Extraction. The extraction and fractionation procedure is outlined
in Scheme 1. All extractions were performed under reflux and with
stirring (in a giant rotavapor without suction). The extracts were filtered
through Whatman GF/A glass fiber filter.

80% Ethanol Extract. The relatively lipophilic constituents such
as phenolics and alkamides were removed from the root matertal of
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Scheme 1. Flowchart of Extraction and Fractionation Procedure

[ Powdered root of E. purpurea J

extracted with (8 L) 80% ethanol

80% ethanol extract

red. to dryness,

lig./lig. extraction :
Root material
1 1 extracted with (8 L)
0,
[ Alkamide J [ Caffeic acid J 50% ethanol

mixture derivatives

50% ethanol Root material
extract extracted with (6 L)
Decantedffiltered water (100 °C)

50% ethanol supernatant || 50% ethanol precipitate H,O-extract Root material
Not tested dialysis, lon exchange

chromatography

H20-neutral
(“H,0-N")

H20-acidic1

H20-acidic2

H20-acidic3

Table 1. Yield (Dry Weight) and Cichoric Acid and Alkamide Content mL was lyophilized (yield in 50 ml= 2.2046 g~ total yield= 11.023
in Extracts and Fractions g, Table 1). This dry sample, called “50% ethanol supern”, was stored
in the dark at room temperature and used for testing. The precipitate
yield content, mg/g of root? (% of dry extract) was not tested in the LDL CuS@xidation assay.
extract/fraction gb (%) %  cichoric acid alkamide 2 alkamide 8/9 H-0 Extract. Finally, the residual root material was extracted three

times with 2 L of boiling water for 1 h, to obtain the ethanol-insoluble

0/ c
80% ethanol ex 514 (346) 6197 136(39) = 17(049) ﬁds (0.68) compounds such as polysaccharides. The combined water extracts were

50% ethanol supern 11.023 (12.1) 21.7¢ 1.8(1.47) nd?

50%ethanolprep 4.3 (4.7) g.5¢ concentrated in vacuo (at 380 °C) and dialyzed at a cutoff of 3500
H,0-ex 4.00 (4.4) 7.9 nd nd nd Da to remove low molecular compounds. After dialysis, the extract
total extractable 50.723 (55.9) 100 was diluted with water to a volume of 500 mL. From this an aliquot of

100 mL was lyophilized (yield in 100 ml= 0.800 g~ total yield

HON 0.5875 1922 4.00 g,Table 1); this dry sample called “¥D-ex” was stored at room
H,0-acidic 1 0.2842 10.2¢ ; ; L
H,0-acidic 2 11175 39.9¢ temperature in the dark and used for testing. The remaining water extract
H,0-acidic 3 0.1654 5.9¢ was divided into aliquots and stored-aii8 °C.
lon-Exchange Chromatography of the HO Extract. An aliquot

2 Determined by HPLC. © Yield, dry weight g (%) obtained from 90.8 g of dry of 100 mL of HO-ex filtered through an Acro S0A b filter (Gelman
root material. ¢ Percent of extractable. @Not detected. € Percent of the 2.8 g of Sciences) and thereafter through a Millex-HA O48-filter (Millipore)
H;0-ex applied in total on the ion exchange-column. was applied by pumping to a DEAE-Sepharose fast-flow column (&

=5 cm,L = 14.5 cm; Amersham Pharmacia). The column was washed
purpurea (90.8 g) by extraction wit 2 L of boiling 80% aqueous with ~600 mL of water, resulting in one neutral fraction ¢B-N").
ethanol four times for 1+until only neglible colorization of the last ~ Elution of the column with a gradient from 0 to 1 M NaCl in 2 L, at
extract. The combined 80% ethanolic extracts were reduced in vacuo2 ML/min, resulted in three acidic polysaccharide fractions@+acidic
to <200 mL, whereby a precipitate formed, which was not possible to 1", “Hz0-acidic 2", “HO-acidic 3”) The carbohydrate profile was
separate from the extract by centrifugation/filtration. The concentrated determined using the phenedulfuric acid method28). The absorption
extract (with precipitate) was diluted with water and ethanol (added at 490 nm was plotted as a function of elution volume (Sigeire 2),
for preservation of the low molecular compounds) to give 500 mL of and the fractions were separated according to this. The procedure was
a water/ethanol (1:1) solution called “80% ethanol ex”. This solution repeated another three times (2.8 g applied in total). The elution profile
was stored at 5C in a brown glass bottle and thoroughly mixed before Was reproducible, and the relevant fractions were pooled. The acidic
being used for testing. The concentration, determined to be 62.74 g/L fractions were dialyzed (cutoff 3500 Da) to remove NacCl. All four
(Table 1, 3.137 g of dry weight in 50 mL), was used in calculations of fractions were reduced in vacuo, lyophilized, weighed, and stored in

the dilution factor. brown glass containers at room temperature. The yields are given in
50% Ethanol Extract. The residual root material was extracted with ~ Table 1. o _ 3 _
2 L of boiling 50% aqueous ethanol four times fbh toremove the Determination of Monosaccharide Composition by Methanolysis

less lipophilic compounds and polysaccharides soluble in 50% ethanolic and GC. The polysaccharide samples were subjected to methanolysis
solutions (further compounds expected to be present in common with 4 M HCI in anhydrous methanol for 24 h at 8C as described
commercial ethanolic tinctures). During storage of the combined 50% by Chambers and Clam®g). Mannitol was added as an internal
ethanol extracts at 8C a precipitate formed. The supernatant was standard. The trimethylsilyl derivatives were subjected to gas chroma-
separated from the precipitate (“50% ethanol prcp”) by decanting/ tography as described by Samuelsen et al. (30).

centrifugation and then reduced in vacuo to a volume<@D0 mL Quantitative Determination of Total Amounts of Phenolic

and diluted with water to a known volume of 250 mL; an aliquot of 50 Compounds.The amount of total phenolics was determined according
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Figure 2. Carbohydrate profile from the ion-exchange chromatography of the H,0 extract from E. purpurea root, using the phenol—sulfuric acid method.
Absorbance at 490 nm as a function of elution volume, and NaCl concentration (molar) in the eluate as a function of elution volume. The fractions

H,0-acidic 1, H,O-acidic 2, and H,O-acidic 3 were collected as illustrated.

to the Folin—Ciocalteu assay (31) and modified as described by
Rombouts et al.32). The absorbance was measured at 750 nm in a
4049 Novaspec spectrophotometer (LKB Biochrom). The standard
curve was plotted using ferulic acid. The total phenolic content was
determined as ferulic acid equivalents (FA/sampte)00%.

References and Pure Compound<Cichoric acid and a mixture of
alkamides was obtained from the 80% ethanol extract by liquid/liquid
extraction and pH adjustment as described by Bergeron eB83). (
followed by preparative HPLC to obtain pure cichoric acid and
derivatives | and Il. The alkamide mixture was stored in solution (ethyl
acetate) in the dark at®. Before testing, an aliquot was dried by N

Preparation of LDL. The LDL was isolated from a pool of plasma
samples stemming from blood samples obtained from a large group
(>50 persons) of healthy, nonsmoking volunteers, who had not been
restricted in their fruit and vegetable consumption prior to blood
sampling (Gentofte hospital, Denmark). The LDL (densityl.019—
1.063 g/mL) was isolated from the plasma collected in EDTA (1 mg/
mL) by density ultracentrifugation (18 h at 40000 rpm,/@ in a
Beckman, L8-70M Ultracentrifuge, Beckman, Palo Alto, CA) following
the procedure described by Princen et &5)( The LDL protein
concentration of the combined purified samples was determined using
the Lowry method 36), and the sample was deoxygenated by flushing

flow, and the residue was weighed and redissolved in ethanol/water gently with N> and stored at 4C. To minimize the loss of lipophilic
(1:1). Echinacoside was isolated according to a method developed in@ntioxidants, the LDL was not dialyzed prior to oxidati@7); A fresh
the Department of Pharmacognosy, School of Pharmacy, University Stock solution of 0.2 mg/mL LDL in 0.01 mol/L phosphate-buffered

of Oslo, Norway (to be published). Briefly, 80% ethanol exEopallida

saline (PBS) 0.15 mol/L NaCl, pH 7.4, was prepared every morning

was taken to dryness and partitioned between water and organicand stored at 4C under N between assays.

solvents. The butanol fraction was chromatographed over Diaion-HP-

Antioxidant Activity of Samples in Vitro. In quartz cuvettes PBS

20 using a water—methanol gradient. Fractions were combined asand LDL stock solution was mixed with 2@ of diluted sample. The

indicated by TLC, and the echinacoside fraction was further purified
by polyamide column chromatography. Identity and approximate purity
(>95%) of isolated echinacoside were determined by NMR spectro-

scopy. Rosmarinic acid was from Extrasynthése (Genay, France).

Caffeic acid and gallic acid were purchased from Sigma-Aldrich (St.
Louis, MO).

HPLC analysiswas performed as described by Mglgaard et3) (
(Figure 3).

Preparative HPLC was performed on a Dionex system (ASI-100
automated sample injector, P580 pump, Foxy Junior fraction collector,
Chromeleon Client v. 6.30 software; Dionex, Sunnyvale, CA) equipped
with a Supelco Discovery fgcolumn (25 cmx 21.2 mm, Sum) using
the following gradient elution: from O to 35 min, isocratic=B20%);
from 35 to 50 min, a linear gradient to 80% B; from 50 to 55 min,
isocratic B= 80%; from 55 to 56 min, linear gradient to 20% B; and
finally equilibration at 20% B for 9 min. Eluent A was acetonitrile/
water/trifluoracetic acid (50:949:1), and B was acetonitrile/water (95:
5) (acetonitrile was HPLC far-UV quality from Labscan, Dublin,
Ireland; water was Milli-Q; trifluoracetic acid was spectranal from
Riedel de Haen, Seelze, Germany). With a flow rate of 10 mL/min
and an injection volume of 200L the cichoric acid and derivatives
were collected in the 1840 min interval. The fractions collected from

cuvettes were thermostated at°87in a thermostat-controlled automatic
sample charger in a UV—vis spectrophotometer (md@€l, Perkin-
Elmer, Norwalk, CT), and the oxidation was initiated by adding CuSO
solution followed by short mixing (giving final concentrations of 0.05
mg of LDL protein/mL and Sumol of CuSQ/L). The oxidation was
evaluated by monitoring the formation of conjugated diene lipid
hydroperoxide, by recording the absorbance at 234 nm every 30 s during
5 h. To obtain doseresponse results as presentedFigure 4 or
combination results as presentedrigures 5and®6, the total sample
volume was increased to 20 or 80, and the PBS volume was reduced
accordingly to give the same final volume. Parallel with all samples a
corresponding amount (10, 20, or Q) of water or ethanol/water
(2:1) was run as negative control. Gallic acid (in a final concentration
of 2 uM) was run at least once a day as a positive control.

The lag time of the tested samples was determined graphically as
the x-intercept of the tangent to the propagation curve, using Excel
(seeFigure 4). As a measure of the antioxidant activity the net lag
phase prolongation (LPP) was calculated as lag ¢ime) — lag
tir‘ne(control)-

For the investigation of the antioxidant activity of combinations of
Echinaceaconstituents, cichoric acid and echinacoside were chosen
to represent the caffeic acid derivatives because they are the major

29 injections were combined fractionwise, and the eluent was removed caffeic acid derivatives in the three commerdtahinaceaspecies. The

in vacuo followed by lyophilization. The purity of the isolated

alkamides were represented by the alkamide mixture fopurpurea

compounds was estimated by analytical HPLC, and their identity was root, and the high molecular compounds, polysaccharides and glyco-

tentatively determined by 1D and 2D NMR.

proteins, were represented by the dialyzed lyophilized water extract,
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Figure 3. HPLC chromatogram of 80% ethanol ex. HPLC method was as described by Mglgaard et al. (34); the detection wavelength was 290 nm for
t < 35 min and 260 nm for t > 35 min. I.S. (internal standard) = naringenin. [Alkamide numbers as in Bauer (9): alkamide 2, undeca-2Z4E-dien-8,-
10-diynoic acid isobutylamide; alkamide 8/9, dodeca-2E,4E,82,10E/Z-tetraenoic acid isobutylamide.]

H.0-ex, fromE. purpurearoot (seeScheme 1). The constituents were  preparative HPLC that were tested in the LDL Cu®Qidation
tested in concentrations showing an individual LPP 688 min in assay were (yield, purity determined by analytical HPLC)
the earlier investigations (that is, 0.20M cichoric acid, 0.10uM cichoric acid (30 mg, 99.5%), derivative | (6.5 mg, 92%), and

echinacoside, 0.56 mg/L alkamide mixture, and 5.56 mg#D+éx). - o . . . S
The hypothetical additive LPP of a combination was calculated as derivative Il (10 mg, 84%). The cichoric acid derivatives | and

the sum of the mean of the LPP of the individual substances in the !l (58€ peak assignmentifigure 3) were tentatively determined
combination. The LPP achieved by a combination was compared to by comparison of NMR spectra with the literatu@8(-41) to
the hypothetical additive LPP with an unpairetkst using GraphPad  be |, 2-caffeoyl-3p-coumaroyl tartaric acid, and Il, 2-caffeoyl-
Prism (v. 3.0, GraphPad Software, San Diego, CA). 3-feruloyl tartaric acid.

The carbohydrate percentage of dry weight increased as
expected with increasing water content in the extractant (see
Analysis of Materials. The E. purpurearoot material used Table 2): The 80% ethanol extract contained 26.1% of
in the present study contained cichoric acid (15.4 mg/g of dry carbohydrate, mainly glucose, whereas the 50% ethanol extract
root, Table 1), alkamide 2 (1.7 mg/g of dry roctable 1), and contained 44.7% of carbohydrate dominated by galacturonic
alkamide8/9 (2.3 mg/g of dry rootTable 1). The total amount  acid, arabinose, glucose, and galactose, and the water extract
of alkamides (calculated as alkami@g in the 80% ethanol (H,0-ex) contained 79.8% of carbohydrate dominated by
extract was estimated to be 11 mg/g of dry root material. The 5rahinose and galacturonic acid. Following ion exchange of the
levels of alkamides and cichoric acid found in the root material H,O-ex the amount and profile of the carbohydrates were
used in.this study agree well with previously .publish.ed data unevenly distributed among the four fractiongd4N containing

for Danlsh-grov_vnE. p_urpurea(34). The HPLC fingerprint of 39.2% of carbohydrates,B®-acidic 1 containing~100%, HO-

the alkamide mixture isolated from the 80% ethanol extract was acidic 2 containina 93 2’0/ and.B-acidic 3 containin ’49 6%

identical with the alkamide part of the HPLC chromatogram of g J5.27, 2 . . g439.57%
of carbohydrates (seBable 2 for profiles). Previously, a raw

the total 80% ethanol extract ¢ 35 min inFigure 3); hence, : ; ;
the obtained alkamide mixture was representative of the POlysaccharide fraction has been isolated fidnpurpurearoot

alkamides in the 80% ethanol extract®f purpurearoot. The (42); detailed characterization of this fraction has not been
presence of trace amounts of caffeic acid derivatives in the Published, but it is believedj to be similar in composition to
alkamide mixture cannot be excluded, because small peaks withthe polysaccharides from the arial parts. Two polysaccharides
t, < 25 min were observed (results not shown) but were not have been isolated from the agueous extract of the arial parts:
quantifiable. PSI (a 40-methyl-glucoronoarabinoxylaml, ~ 35 000 Da)

The yield and purity of the cichoric acid derivatives isolated and PSII (an acidic arbinorhamnogalactih, ~ 450 000 Da)
from the 80% ethanol extract by liquid/liquid extraction and (9). From the roots of. purpureaand E. angustifoliathree

RESULTS AND DISCUSSION
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Figure 4. Inhibition of Cu(ll)-catalyzed LDL oxidation by (A) cichoric acid and (B) echinacoside at three levels (Axssnm Versus time) (representative
examples) compared with zero antioxidant addition. The formation of conjugated dienes (Azssnm) during oxidation results in an increase in the absorbance.
The lag time was determined as the x-intercept of the tangent to the propagation curve. The lag-phase prolongation was determined as lag timesampie)
= lag time(control without antioxidany- Data such as these were used to calculate the dose—response relationships in Table 5.
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Figure 5. Antioxidant activity of combinations of (A) cichoric acid (0.10 M), (C) alkamides (0.56 mg/L), and (D) H,O extract containing polysaccharides
(5.56 mg/L) measured as lag phase prolongation of LDL samples during copper-induced oxidation. All combinations were significantly more active than
expected from addition of the individual antioxidant activities (unpaired ¢ test using GraphPad Prism; *, P < 0.05; **, P < 0.01).

=

glycoproteins i, 17 000, 21 000, and 30 000 Da) were isolated; published polysaccharides fro. purpurea herba or the

the dominant sugars in these were arabinose, galactose, andlycoproteins fronE. purpureaandE. angustifoliaroot, further
glucosamines (9). Although our fractions seem to contain the characterizations of our fractions are needed to confirm or reject
relevant monosaccharides to be of similarity to the previously this.



Synergy in Antioxidant Activity of Echinacea J. Agric. Food Chem., Vol. 53, No. 24, 2005 9419

100
90 -

80

70 - P =0.0026

P =0.0277

IF}

60

50 *

40

Lag phase prolongation [min]

30

20

10 4

M\

B+C expected B+C B+D expected B+D B+C+D expected B+C+D
Figure 6. Antioxidant activity of combinations of (B) echinacoside (0.10 x«M), (C) alkamides (0.56 mg/L), and (D) H,O extract containing polysaccharides
(5.56 mg/L) measured as LPP of LDL samples during copper-induced oxidation. All combinations were significantly more active than expected from
addition of the individual antioxidant activities (unpaired ¢ test using GraphPad Prism; *, P < 0.05; **, P < 0.01).

Table 2. Monosaccharide Composition (Percent of Total Carbohydrate Table 3. Antioxidant Activity of Caffeic Acid Derivatives from
Content) and Total Phenol (Percent) of Extracts and Fractions from E. Echinacea, LPP at Three Concentrations?
purpurea Root
0.01 uM 0.10 uM 1.00 uM
80%  50%  50% i ani
ethanol ethanol ethanol H,0- H0-  HO-  Hy0- cf'iffem_ a(:|q 17410 4917 227.0+18.6
ex supern prcp  ex H,O-N acidic 1 acidic 2 acidic 3 cichoric acid 49+17 28.8+57 >300
derivative | -1.7+31 23+21 101.0+2.6

Ara 00 250 73 490 806 3897 347 508 derivative Il 32+11 10922 2232+ 224
Rha 00 44 13 59 00 120 70 90 echinacoside ~15+03 11.4+69 2416 +20.0
Xyl 0.0 17 0.0 14 00 6.0 0.6 2.0
Man 0.7 2.2 19 01 00 0.2 0.0 0.0
Gal 10.5 9.0 5.3 6.2 102 15.3 73 156 0.25 uM 0.50 uM 1.00 uM
g{; . 821 oo 322 g(l’ zég 4gg o rosmarinic acid 425452 107.7 2103+34.2
GlcA 0.0 0.0 0.0 00 31 0.0 0.6 0.0
total amountof ~ 260.7 4469 534 9575 4315 14765 9315 4958 2 Caffeic acid and rosmarinic acid were included for comparison. The positive

carbohydrate control, 2 uM gallic acid, gave a LPP of 74.6 + 15 min; 1 uM caffeic acid equals

in sample (.g) 0.18 mg/L, 1 uM rosmarinic acid equals 0.36 mg/L, 1 uM cichoric acid equals
carbohydrate 261 447 53 798 39.2 ~100 932 496 ’ i . . ' o S HM A

(% of dry wt) 0.47 mglL, and 1 uM echinacoside equals 0.79 mg/L. Dilutions of derivatives |
total phenolics? 26 trace  trace trace 3.0 and Il were made using the M, for cichoric acid.

(% of dry wt)

tested dose levels (1, 0.1, and O:M addition levels, se&able

3). Hence, at M cichoric acid totally inhibited the Cd-

induced LDL oxidation during the measured time period of 300

) o . min. Rosmarinic acid, caffeic acid, derivative Il, and echina-

_ The light brown color of the kD-acidic 3 fraction led us o ¢qsjde showed intermediate activity, whereas derivative | was

investigate the total phenolic content of the(Hex and its 1 |east potent antioxidanT4ble 3). Hence, the order of

fractions: the HO-ex and the RHD-acidic 3 contained 2.6 and  gptioxidant activity of the tested phenylpropanoids in the LDL

3.0% of phenolics, respectively, whereas the oth#® Hactions oxidation assay was cichoric acidechinacoside= derivative

contallne.d only trace levels of phenohc;s (@Ie ?)' . Il > caffeic acid> rosmarinic acid> derivative |. The change
Antioxidant Activity of Isolated Caffeic Acid Derivatives. in order of activity between cichoric acid and echinacoside and

An increase in the concentration of antioxidant present in the petween rosmarinic acid and echinacoside, when compared to

cuvette during CuS@induced oxidation of LDL will resultin  the previously reported order of antioxidant activity (echina-

alonger lag time before oxidation of the LDL. All of the tested  coside> cichoric acid> cynarin> chlorogenic acid> caffeic

compounds exerted a dose—response effect in the LDL assayacid > caftaric acid) in the DPPHassay (19) and (rosmarinic

(as exemplified for cichoric acid and echinacosiddg-igure acid> ... > echinacoside) in the BriggsRauscher metho®p),

4). is most likely due to differences between the assays used. This
Cichoric acid was by far the most potent antioxidant, and its difference may result in different antioxidant mechanisms being

antioxidant activity surpassed that of the others at all of the dominant, for example, the DPPtassay measures radical

aThe value is beyond the linear range of the standard curve. ? Determined as
ferulic acid equivalents (FA/sample) x 100%.
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Table 4. Antioxidant Activity of Extracts and Fractions, LPP at Three acid and gallic acid both inhibited the €uinduced oxidation
Concentrations of LDL for the entire measured time period, and hence a ranking
056 mall 5 55 mall 2922 Ml of the two from these data was not possible.
Py— 6'4 mlgs 24'73 mgm Gl Antioxidant Activity of Extracts and Fractions from E.
0 ethanol ex A4+l 3x21. i
alkamide mixture 64424 9975466 5300 purpurea Root. Amoong the extracts and fract|0n§ froEL
50% ethanol supern 16+0.9 932422 1544 +13.9 purpurearoot the 80% ethanol extract and the alkamide mixture
H0-ex 0209 11823 724%6.9 showed the highest antioxidant activitjgble 4). For the 80%
HON 10+ 142 29+11° ethanol extract the lag time at 5.56 mg/L was close to the limit
H;0-acidic 1 0221 08+05 of 300 min, and hence no measurement was made at 22.22 mg/
H,0-acidic 2 -1.8+05 0713
H,0-acidic 3 11+01 104+24 1174+ 14.6 L. Instead, the 80% ethanol extract was tested at 0.056 mg/L,
but no lag time prolongation was seen at this low concentration
aTested at 7.4 mg/L. b Tested at 29.6 mg/L. (results not shown). The high antioxidant acivity of the 80%

ethanol extract fronfe. purpurearoot was predictable because
scavenging in only a uniphasic, agueous system, whereas thdt was expected to contain the phenylpropanoids, well-known
inhibition of Cw?t-catalyzed LDL oxidation by caffeic acid as antioxidants. Knowing from HPLC analysiaple 1) that
derivatives represents both their metal chelation and radical 3.9% of the extract’s dry weight is cichoric acid and using the
scavenging abilities26). However, because the tested concen- dose—response relationship for cichoric acidTiable 5, a
trations of phenylpropanoids in our study did not exceed the theoretical LPP of 168 min can be calculated for the 80% ethanol
added concentration of copperg®), the observed antioxidant  extract at 5.56 mg/L; the experimental value is 24%.27.8
activity could not be solely due to metal chelation as suggested min. Hence, the majority of the antioxidant activity of the 80%
by Andreasen et al (23). The differences in the antioxidant ethanol extract can be explained by the cichoric acid content,
activities on LDL oxidation could also be ascribed to differences and the rest of the activity can probably be explained by the
in solubilities and partitioning behavior between the aqueous presence of other phenylpropanoids and/or the alkamides (see
and lipid phases in the LDL antioxidant test system: Hence, Figure 3).
the physicochemical properties of the different types of anti-  the glkamide mixture was effectively protecting the LDL
oxidant phytochemicals may have influenced their efficacy as 4gainst oxidation for more than the observed 300 min at the
previously descibed for antioxidant activity in oils versus in highest tested concentration (22.22 mg/l97 uM). The tested
etmultsmnl ;(systtems (43]2' “T‘ aciljc_if|ft|on, as prewomtjs_ly t?r%pos?d, concentrations of the alkamide mixture were estimated to be
structural teatures conterring difierences in protein binding 1o 5 4 54 ang 97M, respectively, using/,, (alkamide 2~ 230
tryptophan residues in the LDBtapolipoprotein B may also g/mol. The alkamide mixture at 24M (5.56 mg/L) resulted in
explain differences in antioxidant activity among phenolics in i . . ' S
SO T a LPP of~225 min (Table 4), which was similar to the LPP
inhibiting oxidation of human LDL (44). . L .
. o . . obtained by 1uM rosmarinic acid Table 3). Hence, the
Looking at the structureactivity relationship between the antioxidant activity of the alkamide mixture was weaker than
tested phenylpropanoids, the importance of thdihydroxy that of the tested y e id derivati bv a factor of 24. N
functionality to achieve good antioxidant activity is confirmed at ot the testea carteic acid derivatives by a factor of 24. No
antioxidant activity of the alkamide mixture frof. purpurea

by the order of activity of the cichoric acid derivatives: cichoric S
acid (2,3-dicaffeoyltartaric acid containing twadihydroxy root was expected because no former reports of good antioxidant
activity of alkamides had been published. On the contrary,

functionalities)> derivative 1l (2-caffeoyl-3-feruloyl tartaric acid . T
containing oneo-dihydroxy and one-hydroxymethoxy func- Thulin and Thygesen (2&7) detected no antioxidative effect
of a similar alkamide mixture from a commercial extracttof

tionality) > derivative | (2-caffeoyl-3-coumaroyltartaric acid ! ) ) o
containing one-dihydroxy and a single hydroxy functionality). ~ Purpurearoot. Hu and Kitts found no radical scavenging activity
However, other structural features besidestiuthydroxy must ~ in the CHCb extracts ofEchinaceaspecies, and hence they
play a part because caffeic acid (with omedihydroxy), suggest that the alkamides “are not likely to be the principal
rosmarinic acid, and echinacoside (both containing two  Components contributing to free radical scavenging activity”
dihydroxy groups) all show antioxidant activity similar to that (21). It must be admitted that trace amounts of caffeic acid
of derivative II. derivatives present in the alkamide mixture may contribute to

All of the testedEchinacegphenylpropanoids showed higher some extent to the unprecedented antioxidant effect of the
antioxidant activity (at uM) than the positive control gallic ~ alkamide mixture seen in the present study. However, the
acid (at 2uM), which corresponded well with the findings in  lipophilic nature of the alkamides may also suggest that the
the literature (25) that cinnamic acid derivatives tended to be effect of the alkamide mixture could be due to their ability to
better antioxidants than their benzoic acid counterparts. At the mix with the LDL and, perhaps, indirectly modify its ability to
concentrations tested by Andreasen et28) (5-40uM) caffeic be oxidated.

Table 5. Linear Relationship, Y = oX - 3, between Lag Time Prolongation (LPP) and Antioxidant Concentration, where Y Is the Resulting LPP, the
Slope Is the Lag Time Increase per Micromolar Antioxidant, X Is the Concentration of Antioxidant (Micromolar), and /3 Is the Intercept on the Y
Axis?

constituent fipp [Min] = rnP
cichoric acid (A) (367.3 = 21.3 [min/uM]) x (concn [uM] — 3.9 + 3.4 [min]) 0.974, <0.0001
echinacoside (B) (249.9 + 8.4 [min/uM]) x (conen [uM] — 4.9 + 3.5 [min]) 0.990, <0.0001
alkamide mixture (C) (42.1 + 1.8 [min/(mg/L)]) % (concn [mg/L] — 19.0 £ 4.3[min]) 0.986, <0.0001
H,0 extract (D) (3.9 £ 0.3 [min/(mg/L)]) x (concn [mg/L] — 2.9 + 3.5 [min]) 0.948, <0.0001

@ Letters in parentheses refer to Figures 5 and 6. Regression was based on data for cichoric acid at 0, 0.01, 0.10, 0.20, and 0.30 xM; echinacoside at 0, 0.01, 0.10,
0.20, 0.30, and 1.0 uM; the alkamide mixture at 0, 0.56, 1.11, 1.67, and 5.56 mg/L; and the H,O extract at 0, 0.56, 5.56, 11.11, 16.67, and 22.22 mgiL.
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The 50% ethanol supernatant, thgCHextract, and the $D- Table 6. Antioxidant Activity of Individual Constituents and
acidic 3 fraction showed a dose-dependent low to medium Combinations of Constituents from Echinacea.
antioxidant activity. The kD-acidic 1, HO-acidic 2, and EHO-N '
fractions were tested only at the two highest concentrations ~ constituent

. inati b (mi
because they showed very low or no LPP. The antioxidant __c°mPbination® LPP® (min)
activity of the 50% ethanol supernatant was low compared to A cichoric acid (0.1 «M) 227 i3-02
the expected LPP; for example, at 5.56 mg/L the experimental 2 echinacoside (0.1 M) 68+6.9
. C alkamide mixture (0.56 mg/L ~ 2.4 uM) 55+33
value was 23.2- 2.2 min, whereas the expected value was 63 p H,0-ex (5.56 mglL) 125437
min (calculated using a cichoric acid content of 1.47P4able A+C cichoric acid and alkamide mixture 375+17
1, and the dose response relationship for cichoric acicisie A+D cichoric acid and Hx0-ex 49.9+15
5). This could be due to antagonistic effects of other constituents A*+C+D C'ChHorg acid, alkamide mixture, and 1765
. o .. . . 20-ex
in Fhe_ 50% ethanol iupematant or to decompos_ltlon of cichoric B+C echinacoside and alkamide mixture 207444
acid in the dried 50% ethanol supernatant during storage. B+D echinacoside and H,0-ex 442 +101
The water extract and fractions contained acidic polysaccha- B+C+D echinacoside, alkamide mixture, and 50.1+26
rides, and it is well-known that acidic polysaccharides with a H0-ex
C+D alkamide mixture and H,0-ex 29.1+£35

high content of uronic acid can be responsible for some heavy
metal chelation (45). The antioxidant activity exhibited by the
Hzo_ei( and the bD_.a?IdIC 3 s not “k.ely to be due to Chelat.lqn standard deviation. ¢ The difference in the results for echinacoside and cichoric
of Cu2 by these aC_IdIC polysacchar_ldes, bgcause no Slgnlflcantacid at 0.1 «M when compared to the results in Table 3 is expected to be due to
activity was found in the other acidic fractions from the water iterent LDL pools used.

extract (HO-acidic 1 and HO-acidic 2). The difference in
antioxidant activity of the KO extract and fractions could well
be due to the presence of 2.6 and 3% phenolics in #@-&k

and HO-acidic 3, respectively Table 2). The antioxidant
activity of the phenolics associated with the polysaccharides in
these fractions was not comparable to that of cichoric acid,
because the expected LPP (calculated as 5.56 mg/L containin
3% cichoric acid and using the dose response relation for
cichoric acid inTable 5) was 129 min compared to the

experimental results of 118 2.3 min for HO-ex and 10.4: be associated with the polysaccharides. The alkamide mixture
2.4 min for HO-acidic 3 (Table 4). contained only unquantifiable trace amounts of phenolics, and
The order of activity of the tested extracts and fractions (at hence their contribution to the activity of the alkamide mixture
a concentration of 5.56 mg of dry weigth/L) was 80% ethanol s expected to be relatively small, but perhaps enhanced by the
ex > alkamide mixture> 50% ethanol supersr H>O-ex > lipophilic nature of the alkamides. Hence, the observed syner-
H20-acidic 3> H,O-N ~ HyO-acidic 1~ H,O-acidic 2. The gistic effects between the pure cichoric acid (or echinacoside)
same pattern was seen at 22.22 mg/L, although at thisand the HO-ex and/or the alkamide mixture are expected to

a Capital letters refer to Figures 5 and 6. ®Mean of three determinations +

possible trace amounts of phenolics in the alkamide mixture,
may suggest that part of the synergistic antioxidative activity
might also be a result of positive synergistic actions among
phenolics in the extracts. However, due to the extraction
rocedure, the phenolics found in the@®tex must be either
ery polar (they are present in the®tex, not in the ethanolic
extracts) and very acidic, because they elute with the latest
eluting fraction on ion-exchange §B-acidic 3), or they must

concentration bD-acidic 3 exhibited a higher activity than@- be caused by the constituents present in the extracts and
ex. fractions. Further studies with a different study design and
Antioxidant Activity of Combinations of Cichoric Acid analytical setup are required to permit firm conclusions to be

or Echinacoside with Alkamides and/or Polysaccharide drawn regarding the mechanism behind the synergistic effect
Fractions. When tested separately, cichoric acid, echinacoside, between the purified chichoric acid and echinacoside and the
the alkamide mixture, and the,B extract showed a dose- extracts and fractions.

dependent LPP as described by the respective functioretile The antioxidant activity of various extracts &vchinacea
5. In various combinations they all showed a significantly higher species has previously been tested (19-22), but to our
LPP than expected from addition of the individual valuEsie knowledge this is the first time that (re)combinations of three

6 andFigures 5and6). The combination of cichoric acid and  groups ofEchinaceaconstituents have been tested and the first
alkamides exhibited a 33% higher activity relative to the time that synergistic effects between caffeic acid derivatives,
expected additive LPP; cichoric acid and theCHextract in alkamides, and polysaccharide fractions have been demonstrated.
combination resulted in a 42% relative increase, whereas all The amount of literature hypothesizing synergistic effects of
three (cichoric acid, alkamides, and®tex) combined resulted  the constituents in extracts is immense, but very few results
in a relative increase of 91%-igure 5). The combination of have in fact been published on the subject. Recently, Milde et
alkamides and bD-ex resulted in a 61% increaskigure 5). al. (46) found a synergistic effect of rutin combined with
Echinacoside and alkamides in combination resulted in a 142%ascorbic acid oty-terpinene on LPP in Cd-mediated LDL
increase as compared to the hypothetical additive effect, andoxidation. Previously, an antagonistic effect of caffeic acid and
echinacoside and #D-ex resulted in a 130% increase, whereas catechin or cyanidin has been reportdd)( Synergistic anti-

all three (echinacoside, alkamides, angDex) resulted in a  oxidant effects of ferulic acid and ascorbic acid and antagonistic
138% increase (Figure 6). Hence, all other things being equal, interactions of ferulic acid witle-tocopherol of3-carotene in
including endogenousi-tocopherol levels in the LDL, we  rat liver microsomal membranes have recently been reported
conclude that the constituents of tEehinaceapreparations 47).

exhibit significant synergistic antioxidant effects in the LDL The concentrations tested in combination in vitro in our
Cw?* oxidation assay and, in turn, that the antioxidant activity investigation were chosen, for practical reasons, to give a LPP
of complex mixtures such d&&chinacegreparations are caused between 5 and 30 min. The relationship between cichoric acid
by a synergistic effect of the constituents in tRehinacea (0.2 uM = 0.474 mg/L), the alkamide mixture (0.56 mg/L),
extract. The presence of phenolics in theO-ex, and the and the water-extractable polysaccharides/glycoproteins (5.56
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mg/L) tested was 0.85:1:10. This appeared to be in the same (5) Binns, S. E.; Baum, B. R.; Arnason, J. T. A taxonomic revision

order of magnitude as the relationship found in the root material

(1.54, 1.1, and 4.4%, respectively). The tested concentrations

of Echinacea (Asteraceae: Helianthea®yst. Bot.2002, 27,
610—632.

were on average 10 000 times more dilute than the concentra- (6) Binns, S. E.; Arnason, J. T.; Baum, B. R. Taxonomic History

tions found in the root material. Practically nothing is known
about absorption and distribution in the human body of
substances after intake &chinaceaextracts. Matthias et al.

recently found high permeability in a Caco-2 cell model of
intestinal uptake for alkamides and cinnamic acid, but low
permeability for the more complex caffeic acid derivatives such

and Revision of the Genulschinacealn Echinacea: The Genus
Echinacea; Miller, S. C., Yu, H., Eds.; CRC Press LCC: Boca
Raton, FL, 2004.

(7) Echinacea: The Genus Echinace@RC Press: Boca Raton,
FL, 2004.

(8) Hobbs, C.The Echinacea Handbook; Eclectic Medicinal Pub-
lications: Portland, OR, 1989.

as cichoric acid and echinacoside. The polysaccharides were (9) Bauer, R. Chemistry, analysis and immunological investigations

not investigated48). It is very likely that the phenylpropanoid
esters (such as cichoric acid and echinacoside) will be chemi-
cally hydrolyzed by gastric acid or by esterases yielding the

of Echinacea phytopharmaceuticals. Iimmunomodulatory
Agents from Plants; Wagner, H., Ed.; Birkhduser: Berlin,
Germany, 1999.

more easily absorbed phenylpropanoids. Cinnamic acid deriva- (10) Bauer, R.; Wagner, Hchinacea-Handbuch fu Arzte, Apothek-

tives are ionized at physiological pH (pH 7.4) and thus are highly
hydrophilic (LogD74 < —1), decreasing the likely volume of
distribution to the plasma, that is, in an adult human, 5 L. The
in vitro data obtained in this study cannot be immediately
transformed to probable in vivo results. However, if just
hypothesizing, it is very interesting to note that using a
hypothetical bioavailability of 100% and the above estimated
distribution volume of 5 L, the hypothetical concentration of
cichoric acid in an adult human being would be 2.4 mg of
cichoric acid/L, when the recommended daily dose of 3 mL of
an extract is consumed, which contains, for example, 4 mg of
cichoric acid/mL [concentration of cichoric acid found in a
commercial extract by Mglgaard et al34)]. Hence, the

concentrations tested in the present study were of the same order

of magnitude as this very rough estimate of a hypothetical in
vivo concentration. Before direct conclusions about in vivo

activity can be made, further studies investigating the uptake,
distribution, and metabolism of the active constituents from
Echinaceaare needed. However, because this is the first time
that actual synergistic effects of the three groupEdifinacea

er und andere Naturwissenschaftl®issenschaftliche Verlags-
gesellshaft mbH: Stuttgart, Germany, 1990.

(11) Hu, C.; Kitts, D. D.; Zawistowski, J. The Chemistry of
Antioxidant Constituents ofchinacea. InEchinacea: The
Genus Echinacea; Miller, S. C., Yu, H., Eds.; CRC Press LCC:
Boca Raton, FL, 2004.

(12) Dragland, S.; Senoo, H.; Wake, K.; Holte, K.; Blomhoff, R.
Several culinary and medicinal herbs are important sources of
dietary antioxidantsJ. Nutr.2003,133, 1286—1290.

(13) Amarowicz, R.; Pegg, R. B.; Rahimi-Moghaddam, P.; Barl, B.;
Weil, J. A. Free-radical scavenging capacity and antioxidant
activity of selected plant species from the Canadian prafiesd
Chem.2004,84, 551—562.

(14) Inserra, P. F.; Ardestani, S. K.; Watson, R. R. Antioxidants and
Immune Function. InAntioxidants and Disease Prevention;
Garewal, H. S., Ed.; CRC Press LLC: Boca Raton, FL, 1997.

(15) Velioglu, Y. S.; Mazza, G.; Gao, L.; Oomah, B. D. Antioxidant
Activity and Total Phenolics in Selected Fruits, Vegetables, and
Grain ProductsJ. Agric. Food Chem1998,46, 4113—-4117.

(16) Amarowicz, R.; Pegg, R. B.; Barl, B. Antioxidant activity of
extracts of phenolic compounds from selected plant species.
Special Publ. R. Soc. Chei2001,No. 269, 345—348.

constituents have been documented, we find the results to be (17) Miliauskas, G.; Venskutonis, P. R.; van Beek, T. A. Screening

very promising.

ABBREVIATIONS USED

ABTS'*, 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
radical cation; DPPH 1,1-diphenyl-2-picrylhydrazyl radical;
LDL, low-density lipoprotein; LPP, net lag phase prolongation.
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