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I. INTRODUCTION

Echinacea (pronounced ek-a-NAY-sha) or purple coneflower is a perennial
plant in the Compositae or daisy family (Foster, 1985). Traditional literature
has reported that nine species of Echinacea exists in nature. However, under a
new reclassification system, eight varieties are categorized under only four
species (Binns et al., 2002a). Echinacea (E.) pallida var. angustifolia
(hereafter referred to as E. angustifolia) and E. purpurea are the most
common species of Echinacea. E. angustifolia is a wild flower in North
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Dakota and other parts of the North American great plains that range from
Texas to Saskatchewan whereas E. purpurea can be found from Georgia to
Michigan and into Kansas in the west (Foster, 1991). The flower size and color
vary among species of Echinacea but in general they can be characterized by
hues of purple ray florets that surround an orange-brown colored head
containing numerous achene, i.e., fruiting bodies that contain seeds (Foster,
1985; Schulthess et al., 1991). E. purpurea (L.) Moench., E. angustifolia DC,
and E. pallida var. pallida Nutt. (hereafter referred to as E. pallida) are the
Echinacea species most widely used for medicinal purposes and are
commercially cultivated. In the western United States and Canada,
E. purpurea (L) Moench. and E. angustifolia DC. account for 80 and 20%,
respectively, of the cultivated Echinacea (Li, 1998). Other species
(E. laevigata, E. atrorubens) and varieties (E. tennesseensis, E. sanguinea,
E. simulata, and E. paradox) are adapted to specific growing regions and are
thus not exploited commercially.

In 1909, the American Medical Association dropped Echinacea from
the list of approved medicinal agents (Wills et al., 2000). In contrast, the
European Community embraced Echinacea as a pharmaceutical agent. By
1930, German researchers began exploring the chemical constituents of
Echinacea in the hope of identifying the component(s) responsible for the
biological activity (Wills et al., 2000). Over the past 70 years, a number of
components have been identified as having biological activity. It is widely
accepted today that the active constituents are grouped into the unsaturated
lipophilic compounds (Figure 1), caffeic acid phenols (Figure 2), and
polysaccharides (Figure 3) categories. However, synergistic activities may
exist with other components of Echinacea to provide bioactivity.

Around the turn of the 20th century, Echinacea was being prescribed as a
treatment for a number of aliments, which included snake bites, typhus,
dysentery and cancer (Wills et al., 2000). Today, Echinacea is promoted as an
immunostimulatory agent (Bauer, 1999a, 2000) and is one of the most
popular dietary supplements in the United States. In addition, Echinacea has
been used successfully in Germany as evidenced by the two million
prescriptions filled by German physicians annually (Barrett et al., 1999).
Supplements or preparations of Echinacea are derived from the herbal
(including seeds or flowers) and root or rhizome parts of the plant. Numerous
preparations exist in the market, which include fresh and dried plant
materials, expressed juices, ethanol tinctures and glycerin extracts.

Most of the available Echinacea preparations could be incorporated into
food systems to create a functional food. Teas, beverages, and confections, for
example, have been targeted as delivery agents of Echinacea phytochemicals
in food systems (Wills et al., 2000). The use of Echinacea as a component in
functional foods has come under fire because Echinacea is not considered
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FIG. 1 Alkamides and ketoalkenes/alkynes identified in Echinacea. Numbers in
parentheses refer to the numbers assigned by Bauer and Remiger (1989).
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a “generally recognized as safe” (GRAS) ingredient in the United States.

However, Health Canada does support the use of Echinacea in food products

and functional foods could be developed for the Canadian market (Health

Canada, 1999). The economic importance of Echinacea in the dietary and

medicinal markets is significant, and thorough studies need to be completed to

assess the risk/benefits of consuming Echinacea. In addition, phytochemical

stability assessments are critical if Echinacea is to be incorporated into food

systems. This chapter will highlight the phytochemical constituents of

Echinacea and will include information relevant to the biological activity,

FIG. 2 Major caffeic acid phenols (CAP) found in Echinacea.

C. HALL III116



potential safety concerns, detection methods and the effects of processing on
phytochemicals, including potential functional activities such as antioxidant
and antimicrobial activities. Limited information will be provided for
growing and harvesting of Echinacea. It is the author’s goal to present the
most current information; thus a great number of studies may not be presented
in which the author suggests that the reader seek for additional background. In
addition, a variety of studies showing both positive and negative results have
been presented in the hope that a more standard method be adopted for
assessing the biological activity of Echinacea.

II. PHYTOCHEMICAL CONSTITUENTS

A. GENERAL

Unsaturated lipophilic compounds, caffeic acid phenols (CAP) and
polysaccharides are believed to be responsible for the observed immunos-
timulatory activity. The alkamides and ketoalkenes/alkynes (Figure 1) are the
two major groups in the unsaturated lipophilic compound category.

FIG. 3 Example of polysaccharide obtained from Echinacea and cell cultures of
Echinacea. Partially characterized structures (adapted from Wagner et al., 1988; Melchart
and Linde, 1999).
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Approximately, 20 alkamides and seven ketoalkenes/alkynes have been
characterized (Bohlmann and Hoffman, 1983; Bauer et al., 1987; Bauer and
Remiger, 1989; He et al., 1998; Dietz and Bauer, 2001). Twelve (12) CAP
(Figure 2) have been characterized and classified as quinyl esters of caffeic
acid, tartaric acid derivatives, or phenylpropanoid glycosides (Becker et al.,
1982; Becker and Hsieh, 1985; Bauer et al., 1988a,b; Cheminat et al., 1988).
In addition, at least eight phenolic acids have been identified (Glowniak et al.,
1996). The polysaccharides are the least characterized of the three main
categories; however, approximately five polysaccharides and three glyco-
proteins have been characterized (Proksch and Wagner, 1987; Wagner et al.,
1988; Roesler et al., 1991a; Bauer, 1999a; Classen et al., 2000). Other
components such as flavonoids and essential oils are present in various parts
of the plant and could act to enhance the biological activity of Echinacea.

B. LIPOPHILIC COMPOUNDS

1. Concentrations and composition

The immune-enhancing activity of the lipophilic compounds is attributed to
the alkamides. Isobutylamides and 2-methylbutylamides are the two general
classes of alkamides (Bauer and Remiger, 1989) based on the isobutyl or
methylbutyl moiety linked via an amide bond to an unsaturated hydrocarbon
(Figure 1). The ketoalkenes/alkynes lack the butylamide moiety and could be
artifacts formed during storage (Bauer et al., 1987). The most common
methods for the extraction of lipophilic constituents include the use of hexane
(Bauer et al., 1989; He et al., 1998) or acetonitrile (Perry et al., 1997). Most
researchers use HPLC to separate the alkamides. Typical conditions include a
reverse-phase column and a mobile phase of water and acetonitrile (40–80%,
gradient) and detection at 254 nm (Bauer et al., 1988c, 1989).

Total alkamide levels in Echinacea are variable and limited data are
available for direct comparisons between laboratories (Table I). However,
most researchers agree that the roots contain higher alkamide levels than the
aerial parts (Bauer and Remiger, 1989; Perry et al., 1997; Wills and Stuart,
1999; Stuart and Wills, 2000a,b; Binns et al., 2002b). Stuart and Wills
(2000a) reported that approximately 70% of the alkamides were found in the
roots followed by the flower (20%), stem (10%) and leaves (1%). Further
dissection of the Echinacea plant gave similar alkamide distributions with
24% of the alkamides being obtained from the reproductive stem, followed by
the roots (22%), flowers (19%), rhizomes (17%), vegetative stems (14%) and
leaves (4%) (Perry et al., 1997).

Wills and Stuart (1999) and Stuart and Wills (2000a) completed a series of
experiments to evaluate alkamide levels in E. purpurea grown in Australia.
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Of the 62 commercial samples tested, 50% of the samples had alkamide levels

in the range 6–9 mg/g roots (d.w.b.) and 35% fell in the range 3–

6 mg alkamide/g root material. In addition, 90% of the samples derived from

the aerial parts (leaves, stems, flowers) had alkamide levels in the range

0.2–1.4 mg/g dried aerial parts (Wills and Stuart, 1999). This same study

showed that alkamide levels were higher in samples obtained in the areas north

of the 328S latitude in Australia. Further studies showed that coastal (328S

latitude, sea level, 13–238C) growing sites had slightly higher, but not

significant, levels of alkamides than the sub-tropic tableland (328S latitude,

1030 m altitude, 13–238C) during the first growing season (Stuart and Wills,

2000a). However, the level of alkamides in the tableland flower tissue collected

during the second season, and at the mature growth stage, was significantly

higher than the alkamide levels from flower tissue of coastal E. purpurea.

Stuart and Wills (2000a) also found that alkamide levels decreased as the tissue

aged during the growing season. For example, the concentration of alkamides

dropped from 11.7 mg/g root tissue, collected at the pre-flowering stage, to

10.2, 9.5, and 9.0 mg/g during the flowering, mature and senescent growth

stages, respectively. However, an overall accumulation of alkamides was

found per plant due to an increase in biomass during the growing season.

Rogers et al. (1998) reported alkamide levels in E. purpurea between

0.24 and 1.1 mg/g aerial parts for samples collected at various locations

within Australia. Again, the growing location did not have a significant effect

TABLE I
AVERAGE ALKAMIDE CONTENT (mg/g PLANT PART DRY WEIGHT) OF VARIOUS PLANT PARTS OF

E. PURPUREA

Plant part

Location Roots Rhizome Flower Leaf Veg. stema Rep. stemb

Australiac 8.9 n/r 2.6 0.10 n/r 0.75
Australiad 3.9e n/r 0.66 f – f – e – f

New Zealandg 6.2 8.0 2.9 0.24 19.0 1.52
United Statesh 12.9 n/r 5.63i n/r n/r – i

aVegetative stem.
bReproductive stem; n/r ¼ not reported.
cWills and Stuart (1999).
dRogers et al. (1998).
eIncludes vegetative stems.
fReported as aerial parts but may include flower, leaf and reproductive stem parts.
gPerry et al. (1997).
hBinns et al. (2002a).
iReported as inflorescences (flower and reproductive stem parts).
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on alkamide formation. These authors also noted that the vegetative stem and
root portions gave higher alkamide levels (3.9 mg/g), which is in agreement
with the other researchers. The average alkamide levels in the root of
E. angustifolia grown in the United States and Australia were 1.2 and
0.59 mg/g root, respectively (Rogers et al., 1998). However, only a few
samples were evaluated in this study and in one Australian sample the
alkamide level of 1.1 mg/g root was found, again indicating that the growing
location may not significantly influence alkamide concentrations.

Binns et al. (2002b) evaluated the alkamide levels in cultivated and wild
populations of various Echinacea species and varieties. In most samples, the
concentration of alkamides was highest in the root material. However, no
clear trend was observed across all species and varieties under all growing
conditions. Only the flowering parts of E. pallida obtained from plants grown
from wild-harvested seeds in the greenhouse (referred to as germlings) had
alkamide levels higher than the root material of the same plant. With the
exceptions of E. purpurea and pallida, the roots of the germlings had total
alkamide levels higher than wild-harvested roots (Table II). Transplanting of
the wild species/varieties and growing under greenhouse conditions
generally favored the production of alkamides (Binns et al., 2002b).
The most interesting samples were that of E. atrorubens var. atrorubens.
The cultivated samples had significantly higher alkamide levels than the
wild-harvested samples. For example, the cultivated samples had alkamide
levels of 59.5 and 22.6 mg/g root tissue for the germlings and transplants,
respectively; whereas, the wild-harvested had only 4.9 mg alkamides/g
root tissue (Table II). For a general summary of the total alkamides in the
roots of Echinacea, please see Table II and for additional details please
refer to the report by Binns et al. (2002b). In addition, wild-harvested

TABLE II
AVERAGE TOTAL ALKAMIDEa CONTENT (mg/g DRY ROOT) OF VARIOUS ECHINACEA SPECIES AND

VARIETIES GROWN UNDER CULTIVATED AND WILD ENVIRONMENTS

Germlingsb Wild-harvested Wild-transplant

E. purpurea 12.9 14.2 17.4
E. pallida var angustifolia 11.1 10.7 24.1
E. pallida var pallida 1.3 8.6 2.3
E. pallida var sanguinea 53.1 36.1 14.3
E. pallida var tennesseensis 28.6 14.2 16.2
E. atrorubens var atrorubens 59.5 4.9 22.6

Adapted from Binns et al. (2002a).
aEstimated average total alkamide levels.
bPlants grown from wild-harvested seeds in a greenhouse.
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E. atrorubens var. paradox and E. atrorubens var. neglecta had significantly
higher levels of ketoalkenes/alkynes than other wild-harvested Echinacea
(Binns et al., 2002b). Cultivating the E. atrorubens var. neglecta in the
greenhouse had little effect on the production of the ketoalkenes/alkynes, as
noted by the slight reduction in root alkamide levels from 6.7 to 4.3 mg/g in
wild-harvested and cultivated samples, respectively. In contrast, cultivating
of E. pallida slightly promoted the formation of ketoalkenes/alkynes from 1.0
in wild-harvested to 1.9 and 3.3 mg/g root tissue for transplants and germ-
lings, respectively. For most other Echinacea species/varieties, the cultivated
samples had lower ketoalkenes/alkynes levels than the wild-harvested plants.
Similar to the alkamide, the root tissue had higher concentrations of the
ketoalkenes/alkynes than did the flower tissue (Binns et al., 2002b).

The concentration of individual alkamides appeared to depend more on the
tissue type than on the growing location and conditions. Twenty (20)
alkamides have been identified in Echinacea and not one species/variety
contains all 20 alkamides (Bohlmann and Hoffman, 1983; Bauer et al., 1987;
Bauer and Remiger, 1989; He et al., 1998; Dietz and Bauer, 2001). In general,
alkamides in E. purpurea possess a 2,4-dienoic moiety, whereas the
2-monene moiety is more common in E. angustifolia. The 2-ketoalkenes
and 2-alkynes lack an isobutylamide moiety and are common for E. pallida
(Bauer et al., 1988c; Bauer and Remiger, 1989; Schulthess et al., 1991).
Regardless of species/variety, the roots appear to have a more diverse
alkamide profile than the herbal/aerial parts. However, dodeca-2E,4E,8Z,
10Z-tetraenoic acid isobutylamide and dodeca-2E,4E,8Z,10E-tetraenoic acid
isobutylamide (hereafter referred to as the tetraenoic alkamides) are the major
alkamides in Echinacea.

Bauer and Remiger (1989) reported that the tetraenoic alkamides content
was 0.04–0.39 mg/g root of E. purpurea and 0.09–1.51 mg/g root of
E. angustifolia. The aerial parts had less than 0.01–0.3 mg/g of these
alkamides in samples obtained from the United States and Europe. Rogers
et al. (1998) found similar levels of tetraenoic alkamides in Australian-grown
E. purpurea and E. angustifolia. Perry et al. (1997) observed that the
tetraenoic alkamides accounted for 27% of the alkamides in the roots, 71% in
the rhizome and 74% in the vegetative stem. These three parts are
often harvested as a root and thus collectively the root system accounted
for 84% of the total tetraenoic alkamides in the E. purpurea plant tissue.
In the aerial parts of the plant, 64% of tetraenoic alkamides were found in
the flower, and 31 and 5% were found in the reproductive stem and
leaves, respectively. In E. purpurea, the tetraenoic alkamides accounted for
45 and 76% of the alkamides from the roots and aerial parts, respectively
(Wills and Stuart, 1999). Additional research showed that the tetraenoic
alkamides dodeca-2E, 4E, 8Z, 10Z-tetraenoic acid isobutylamide and
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dodeca-2E, 4E, 8Z, 10E-tetraenoic acid isobutylamide accounted for 13 and
32% of the total alkamides in the root tissue (or 29 and 71% of tetraenoic
alkamides), respectively (Stuart and Wills, 2000a). Binns et al. (2002b) also
reported that the tetraenoic alkamides were the predominant alkamides in all
Echinacea species/varieties except E. pallida var. tennesseensis. In this
particular variety, undeca-2Z-ene-8, 10-diynoic acid isobutylamide was the
major (45%) alkamide in the root tissue. However, the tetraenoic alkamides
were the predominant alkamides in the aerial parts in all the species/varieties.
With a few exceptions, the alkamide distribution was similar between the
cultivated and wild-harvested plants (Binns et al., 2002b).

Other predominant alkamides include undeca-2Z, 4E-diene-8, 10-diynoic
acid isobutylamide and dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide
(Wills and Stuart, 1999; Stuart and Wills, 2000a; Binns et al., 2002b). In
E. purpurea, these alkamides accounted for 15–25 and 13–27% of the root
alkamides, respectively. However, neither compound was found in the aerial
parts (Wills and Stuart, 1999; Stuart and Wills, 2000a; Binns et al., 2002b).
Undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide accounted for 20% of
the alkamides in the aerial parts and only 6% in the root of E. purpurea (Wills
and Stuart, 1999). This observation was further supported by Binns et al.
(2002b) who found that undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide
was predominantly present in the aerial parts for most species/varieties tested.
These authors found that this alkamide accounted for 29% of the total
alkamides from the aerial parts of E. atrorubens var. atrorubens, which was
the highest average percentage among the plants tested. Additionally, they
found that this alkamide was more prevalent in the cultivated plants and that
most wild Echinacea plants tested lacked this alkamide (Binns et al., 2002b).
The cultivation of Echinacea is widely practiced and the higher alkamide
levels found in cultivated plants provide sufficient evidence to eliminate the
wild-harvesting practices.

2. Alkamide isolation and key structural features

Although a great number of advances have been made in the understanding of
Echinacea, only limited information is available on the health benefits,
chemical interaction, and safety of individual components or mixtures of
components. From a practical perspective, using single components has little
significance considering the make-up of Echinacea preparations currently
used for pharmaceutical purposes. However, from a basic scientific
perspective many additional questions are still not fully answered, such as
the bioavailability and characterization of potential degradation products.
Information on the isolation and characterization of components for basic
studies is provided below. Additional information on how the components
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are affected by processing/extraction of Echinacea will be discussed in later
sections.

Two of the most common methods for the extraction of alkamides involve
the use of hexane (Bauer et al., 1989; He et al., 1998) or acetonitrile (Perry
et al., 1997); however, ethanol-based extractions have also proven successful
(Livesey et al., 1999; Stuart and Wills, 2000b). In our laboratory at North
Dakota State University, we use a series of solvents starting with hexane, then
ethanol and finally 70% ethanol to extract the various families of compounds
(e.g., lipophilic). Regardless of the extraction method, separation of
individual alkamides can be completed using the thin layer chromatography
(TLC) method of Bauer and Remiger (1989). Typically, hexane extracts are
yellow and can be fractionated over silica gel using ethyl acetate–hexane
(1:5) or by TLC using ethyl acetate–hexane (1:2). Bauer and Remiger (1989)
used silica gel plates containing fluorescence indicator (F254) and anisalde-
hyde/sulfuric acid spray, for detection, as a screening method on fractions
collected during column chromatography. They found that the 2-mono-
enamide structures gave a yellow color while a violet color was formed when
2,4-dienamides were present. The 2,4-dienamides fluoresce at 254 nm, thus
the plate can be viewed under UV light and used as a method for preliminary
identification. Further purification of the alkamides can be completed on
a reverse-phase semi-preparative column using water and acetonitrile
(40–80%) gradient and detected at 254 nm (Bauer et al., 1988c, 1989).
When separating natural products, confirmation of the structural features is
needed if an authentic source is not readily available. Nuclear magnetic
resonance (NMR) data for the alkamides are similar because most contain an
isobutylamide moiety and an unsaturated carbon chain. The variation in NMR
data reflects the position and type of chemical bonds present in the alkamide.

The isobutylamide region of the alkamides (Figure 1) is unique and can be
used to characterize the alkamides from the 2-methyl alkamides and other
olefins. The broad singlet at ca. 5.5 ppm represents the proton on the nitrogen
(N–H) whereas the doublet at 0.93 ppm represents the methyl protons
(2CH3). The methylene proton next to the nitrogen (–NH–CH2–) is re-
presented by a double doublet at 3.18 ppm and the multiplet signal at 1.80 ppm
represents the methine protons (–NH–CH2–CH–). If the isobutylamide
feature were replaced by a 2-methyl-butylamide substitution (Figure 1), the
most obvious change would be the additional triplet signal at 0.91 ppm, which
represents the protons of the methyl group adjacent to the methylene group.
The presence of a multiplet signal at 1.41 and 1.16 ppm represents the
methylene protons adjacent to the methyl and methine groups. The proton
signal at 1.58 ppm represents the methine group next to nitrogen.

The unsaturated carbon moiety will produce signals in two primary
regions. The signals between 5.87 and 7.51 ppm represent the olefin protons
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while the allylic methylene protons resonate at 2.18 and 2.55 ppm. A proton
on terminal acetylene (i.e., triple bond) would have a signal near 1.98 ppm.
Coupling constants of 11 and 15 Hz correspond to the Z and E configurations,
hand are thus important for establishing the stereochemistry of the alkamide.
For additional discussion on proton NMR for the alkamides, see Bauer et al.
(1988c, 1989). Perry et al. (1997) provided 13C NMR data that showed a
characteristic carbonyl carbon at 166 ppm, which corresponds to the carbon
attached to the nitrogen via an amide bond. The aliphatic carbon signals
can be found between 11 and 47 ppm whereas carbon signals associated with
the double and triple bonds of the unsaturated chain can be found between
119–136 and 64–77 ppm, respectively.

Mass spectral data is a useful analytical tool for characterizing structural
features of the alkamides. Typically, the mass to charge (m/z) ratios ranged
from 229 to 278 for the alkamides (He et al., 1998). The isobutylamides and
2-methyl-butylamides can be differentiated by evaluating the fragmentation
patterns. Isobutylamides include [M 2 57]þ, [M 2 72]þ, and [M 2 100]þ,
while 2-methyl-butylamides have [M 2 29]þ, [M 2 86]þ, and [M 2 114]þ.
The loss of 57, 72 and 100 mass units indicates a loss of the isobutyl group
[C4H9]þ, [C4H10N]þ and [C4H10NCO]þ, respectively. The loss of 29 mass
units from 2-methyl-butylamides represents a [C2H5]þ or ethyl (–CH2–CH3)
unit. The loss of [C5H12N]þ and [C5H12NCO]þ are indicated by a loss of 86
and 144 m/z units from the parent ion.

3. Role of processing on alkamide recovery and stability

Because of the unsaturated nature of the alkamides, the oxidative stability of
the alkamides may be a potential concern during the storage and processing of
Echinacea. Bauer et al. (1988b) found a reduced alkamide level in stored
E. pallida. They also noted that the ketoalkenes/alkynes undergo oxidative
reactions, particularly in chopped samples. The storage of herbal medicines
containing Echinacea, in dry form, would be expected to have similar
alkamide reductions. Thus, reducing the potential for oxidation during
storage and processing is critical for maintaining optimal alkamide levels in
Echinacea-containing products.

Alkamide concentrations increased when Echinacea was subjected to
various physical treatments that included cutting, compression or crushing
(Wills and Stuart, 2000). The alkamide concentration increased from
6.0 mg/g in undamaged plant tissue to 9.6 mg/g in cut plant tissue. Bruising
of the tissue prior to drying did not enhance alkamide retention; however,
bruising followed by cutting significantly enhanced alkamide retention to
about 9.2 mg/g (Wills and Stuart, 2000). These authors hypothesized that the
higher alkamide concentrations observed in the physically abused samples
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were due to the faster drying time as opposed to a biosynthetic production of
alkamides. The physically abused samples were dried to less than 12%
moisture in 12 h at 408C whereas the whole plant required 48 h to reach the
same moisture level. Kabganian et al. (2002) observed that the drying rate had
two phases in which the moisture reduction was initially slow, but increased
rapidly when the moisture content of the plant material was approximately
35%. These authors attributed the increase in drying rate to a cell-disruption
phenomenon such that during the initial drying process a molecular diffusion
across membranes was the mechanism for dehydration. The second phase of
drying was attributed to a convective mass transfer where the cells disrupt
allowing for the release and evaporation of water more quickly, thus
increasing the drying rate. For example, drying Echinacea from 57 to 10%
moisture at 308C required 103.4 h whereas 5.3 h was required for drying
at 708C.

In addition, Kabganian et al. (2002) reported that the alkamide levels were
not significantly affected by the drying process, which supports the findings of
Wills and Stuart (2000) who found that the more rapid the drying time, the
greater the alkamide retention. Total alkamide levels of E. purpurea roots
were not significantly affected by drying (328C for 48 h) from 69.2 to 6.8%
moisture (Perry et al., 2000). However, a significant reduction in the
concentrations of two alkamides was found in the chopped E. purpurea roots.
Dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamides and dodeca-2E,4Z-
diene-8,10-diynoic acid isobutylamide levels each dropped by 13% simply by
chopping the root and rhizome tissue. A greater reduction (16 and 23%,
respectively) was found after the samples had been chopped and then dried
for 48 h.

The storage length and temperature are critical factors in the oxidative
stability of polyunsaturated compounds. This also held true for the alkamides.
Bauer et al. (1988b) noted that 8-hydroxy-9-ene derivatives were formed
during the storage of E. pallida. They noted that the ketoalkenes/alkynes
undergo oxidative reactions and suggested that the root remains whole and
that the extract remains in solution to prevent oxidative degradation. Rogers
et al. (1998) found that the storage of powdered E. angustifolia roots in a
sealed bag at room temperature, under desiccation, resulted in a reduction in
alkamide levels by 13%. A loss of 40, 55 and 80% in alkamide levels were
found in the chopped E. purpurea samples stored at 218, 3 or 248C
respectively for 64 weeks, (Figure 4; Perry et al., 2000). Livesey et al. (1999)
reported a significant loss in the alkamide levels in powdered E. purpurea
roots as temperatures increased from 220 to 408C. These authors reported
alkamide levels of 7.5 mg/g root for powders stored at 2208C; whereas,
alkamide levels of 1.1 and 0.2 mg/g root were found in samples stored at 25
and 408C, respectively. In contrast, no significant reductions of alkamides
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were found when alkamides were stored under acetonitrile (Perry et al., 2000)
or methanol (He et al., 1998), which is further supported by the observation
that alkamide stored under dry conditions (i.e., free of solvent) were unstable
(Jacobson, 1954). Although acetonitrile would not be used in tinctures, the
alkamides may behave in a similar manner under ethanol-preserved tinctures
as demonstrated by Stuart and Wills (2000b). No significant change in
alkamide levels were found in ethanol (55%) extracts stored at temperatures
between 220 and 408C (Livesey et al., 1999).

Alkamide concentration increased during storage of E. purpurea roots at
208C and 60% relative humidity (RH) over a 20-day storage period (Wills
and Stuart, 2000). However, a loss, although not significant, of alkamides
was reported after an additional 10-day storage. Storage of the aerial parts
under the same conditions did not affect the alkamide retention over the
30-day storage. In contrast, 70 and 55% reductions in alkamide
concentrations were found in dried, crushed E. purpurea stored at 208C in
the presence of light or at 308C in the dark over 60 days, respectively (Wills
and Stuart, 2000).

In addition to storage length, the method of drying plant tissue can have
an impact on alkamide retention. Freeze-dried E. purpurea roots had
significantly higher total alkamide levels compared to vacuum (50 mmHg)
microwave-dried, air-dried at 708C, and vacuum microwave-dried at partial
vacuum (200 mmHg) products Kim et al. (2000a). In the partial vacuum-
dried samples, the total alkamides and tetraenoic acid isobutylamides were
significantly lower than other dried samples. In contrast, the total alkamide
concentrations were higher in the air-dried (508C) E. purpurea leaves than for
the freeze-dried and vacuum microwave-dried samples.

FIG. 4 The effect of storage time (days) and processing (chopped (C) or unchopped
(UC)) conditions on alkamide retention (adapted from Perry et al., 2000).
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Bauer (1999b) found that the alkamide, dodeca-2E,4E,8Z,10E/Z-tetra-
enoic acid isobutylamide, level was influenced by the preparation method.
Nonthermal preparations appeared to have slightly higher levels of the
tested alkamide than thermally treated products. Thus, the drying process
may not be the best method for preparing Echinacea products. Pressing of
the plant material to obtain an expressed juice is a common preparation
method; however, preservation of the juice with ethanol is required. Direct
ethanol extraction of the plant material can be used in place of the pressing
operation.

Stuart and Wills (2000b) evaluated a series of ethanol:water mixtures as
well as solvent:solute ratio and extraction temperatures as a means to identify
the optimal solvent extraction conditions. These authors found that high
ethanol levels favored alkamide extractions and that the 90:10 (ethanol:water
v/v) removed 70 and 50% of the alkamides in the roots and aerial parts,
respectively (Figure 5). In general, higher alkamide recovery was reported for
the root tissue as compared to the aerial tissue. Although the alkamide
recovery was quite high, the phenolic content of the extract was poor
suggesting that only optimal extraction conditions were met for the
alkamides. In general, the authors suggested a solvent ratio of 60:40
(ethanol:water v/v) for optimal extraction of alkamides and phenolic
compounds. Dropping the ethanol content from 90 to 60% resulted in a 9%
reduction in alkamide extraction (Stuart and Wills, 2000b). These
observations were similar to the findings of Bergeron et al. (2000) and
Binns et al. (2002b) who reported that a 70% ethanol solution was optimal
for extracting various Echinacea phytochemicals; however, 95% ethanol was
ideal for extracting alkamides. Sun et al. (2002) reported that the presence of

FIG. 5 The effect of ethanol concentration on alkamide recovery from Echinacea tissue
(adapted from Stuart and Wills (2000b)).
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water hindered the extraction of alkamides by supercritical fluid (SF) carbon
dioxide. However, no difference in alkamide extraction was noted for roots
having moisture contents of 8.4 and 4.9%. They hypothesized that the
presence of water (75%) in the fresh Echinacea sample altered the polarity of
the supercritical carbon dioxide, thus reducing the extraction of the lipophilic
alkamides.

The ratio of solvent:solute is also important as noted by Stuart and Wills
(2000b). They noted that as the solvent:solute ratio increased from 2:1 to 8:1,
alkamide in the extract increased from 37 to 68% for the roots and from 27 to
53% for the aerial parts. As the ratio of solvent:solute increases, so does
the ethanol level thus enhancing alkamide recovery. In SF extractions,
the addition of ethanol (10–12%) as a modifier to the supercritical carbon
dioxide enhances the total extract or oleoresin yield but does not significantly
influence the alkamide concentrations (Catchpole et al., 2002). Sun et al.
(2002) also noted that a 5% ethanol addition did not significantly affect the
alkamide recovery.

Stuart and Wills (2000b) also reported that an extraction temperature
of 208C was optimal for extracting alkamides when a 60:40 ratio of
ethanol:water was used as the solvent. Under these conditions, 61 and 45%
of the alkamides were extracted from the roots and aerial tissues, respectively
(Figure 6). In contrast, Sun et al. (2002) reported the higher temperatures
favored alkamide extraction during SF extraction of E. angustifolia under
constant pressures. These authors estimated that 2–3 times more alkamides
could be extracted as the temperature of the SF extractor increased from 45 to
608C, regardless of the vessel pressure. Catchpole et al. (2002) also reported
similar findings in that increasing the temperature favored alkamide extraction
when constant pressures were maintained in the SF extractor.

FIG. 6 The effect of temperature on alkamide recovery from Echinacea tissue (adapted
from Stuart and Wills (2000b)).
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Stuart and Wills (2000b) reported a decrease, from 60 to 15%, in alkamide
content of extracts prepared from Echinacea root with increasing particle
size, from 300 to 4000 mm. Particle size is also important in SF extractions as
noted by Sun et al. (2002). These authors noted a 10-fold increase in alkamide
extraction simply due to grinding the sample.

C. CAFFEIC ACID PHENOLS

1. Concentrations and composition

Caffeic acid phenols (CAP; Figure 2) make up the largest percentage of the
Echinacea phenolic compounds with flavonoids, phenolic acids, and
anthocyanins contributing a smaller percentage. The tartaric acid derivatives
of the CAP are believed to be responsible for some of the immune-enhancing
activity of Echinacea, with cichoric (also referred to as chicoric) acid being
the most important (Bauer et al., 1989). Chlorogenic acid, verbascoside and
echinacoside are present in significant quantities but have no immune-
enhancing activity. However, these compounds do possess antioxidant
activity and are hence potentially important phytochemicals that could act as
synergists to enhance the biological activity of Echinacea.

A qualitative determination of the CAP in E. pallida showed that the roots
contain high echinacoside levels; whereas, cichoric acid was the predominant
CAP in the flowers and leaves (Cheminat et al., 1988). This qualitative
evaluation is a reasonable approximation of the CAP distribution in plant
tissue; however, the level of the individual CAP is dictated by the Echinacea
species evaluated. Pietta et al. (1998) presented a qualitative evaluation on
the CAP in E. purpurea, E. pallida and E. angustifolia using micellar
electrokinetic chromatography (MEKC). These authors noted that echinaco-
side was present in the roots and aerial parts of the E. pallida and
E. angustifolia, but not E. purpurea. Cichoric acid is the predominant CAP
in E. purpurea roots and aerial parts but is virtually absent in all parts of
E. angustifolia and roots of E. pallida. The presence of other CAP in plant
tissues is variable and species-variety-dependent (Tables III–V).

Becker and Hsieh (1985) reported that the roots and aerial parts contained
7.6 and 13 mg cichoric acid/g dried plant material, respectively. Bauer and
colleagues reported that the range of cichoric acid levels in aerial parts was
1.2–3.1% and, in roots, 0.6–2.1% for German-grown Echinacea (Bauer et al.,
1988a; Bauer and Wagner, 1990). Wills and Stuart (1999) reported that the
average cichoric acid levels for Australian E. purpurea roots and aerial parts
were 13.2 (1.32%) and 12.9 mg/g (1.29%), respectively. Furthermore,
chromatographic separation indicated that cichoric acid accounted for 63
and 67% of the phenols in the root and aerial parts, respectively. Similar to the
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alkamides, the Echinacea samples obtained from areas north of the 328S

latitude in Australia had higher levels of cichoric acid (Wills and Stuart,

1999). Fifty percent (50%) of the 62 samples tested had cichoric acid levels in

the range 10–15 mg/g roots and 90% fell in the range 5–25 mg cichoric acid/

g root material. In addition, 90% of the herbal samples had cichoric acid

levels in the range 5–20 mg/g dried aerial parts (Wills and Stuart, 1999).

TABLE III
AVERAGE CICHORIC ACID CONTENT (mg/g PLANT PART DRY WEIGHT) OF VARIOUS PLANT PARTS

OF E. PURPUREA

Plant part

Location Roots Flower Leaf Stema

Stuart and Wills (2000a) 21 34 19 7.5
Becker and Hseih (1985) 7.5 13b –b n/r
Bauer and colleaguesc 14 22 10 4
Binns et al. (2002a)d 8.3 6.6e n/r n/r

aVegetative and reproductive stem; n/r ¼ not reported.
bReported as aerial parts but may include flower, leaf and stem parts.
cBauer et al. (1988a) and Bauer and Wagner (1990).
dBinns et al. (2002a)—average cichoric acid content for E. purpurea grown under cultivated and wild

environments.
eReported as inflorescences (flower and reproductive stem parts).

TABLE IV
CONTENTa AND DISTRIBUTIONb OF CICHORIC ACID IN VARIOUS PLANT TISSUE OF MATURE

E. PURPUREA GROWN OVER TWO SEASONS AT DIFFERENT LOCATIONS IN AUSTRALIA

Location

Coastal Tableland

Plant Part Year 1 Year 2 Year 1 Year 2

Roots 37b 31 35 44
Flower 24 32 17 7
Leaf 24 15 34 43
Stem 16 22 14 6
Total cichoric acid/planta 1380 2120 847 2058

Adapted from Stuart and Wills (2000a).
amg/plant dry weight.
bContribution (%) to total cichoric acid/plant by each plant part.
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Bauer et al. (1988a) noted that the E. purpurea had higher levels of
cichoric acid than E. angustifolia DC. In addition, average cichoric acid
contents in mg/g plant tissue of E. purpurea were 22, 14, 10 and 4 for the
flower, root, leaf, and stem segments, respectively (Table III). The average
cichoric acid content in Australian-grown E. purpurea was 34, 21, 19, and
8 mg/g dried flower, root, leaf, and stem segments, respectively (Stuart and
Wills, 2000a). Binns et al. (2002b) also reported that the flowers had higher
concentrations of cichoric acid than the roots of wild-harvested Echinacea
obtained in the United States. Although the data suggests that geographic
location may have a slight effect on cichoric acid concentration, the
accumulation of cichoric acid in specific plant parts was not affected by
location. In these studies, the flowers had the highest level of cichoric acid at
all locations, followed by root, leaf, and stem segments (Table III).

E. purpurea grown in the coastal (328S latitude, sea level, 13–238C) and
sub-tropic tableland (328S latitude, 1030 m altitude, 13–238C) growing sites
in Australia had similar cichoric acid levels (Stuart and Wills, 2000a). The
average cichoric acid levels were 34, 23, 20 and 9 mg/g plant part for the
flowers, roots, leaves and stems, respectively, in mature E. purpurea plants
grown in coastal areas. The tableland-grown, mature E. purpurea had average
cichoric acid levels of 31, 18, 17 and 8 mg/g plant part for the flowers, roots,
leaves and stems, respectively. In contrast, significantly higher levels of
cichoric acid per plant were found in E. purpurea plants grown in coastal
areas, due in part to the higher plant mass. Stuart and Wills (2000a) reported a
total cichoric acid content of 1750 and 1452 mg/plant for E. purpurea grown
in coastal and tableland areas, respectively (Table IV). The contribution of
each plant part to the total cichoric acid level was similar between growing
locations. The root tissue accounted for 37 and 35% of the total cichoric acid

TABLE V
AVERAGE TOTAL CAFFEIC ACID PHENOL CONTENT (mg/g DRY ROOT) OF VARIOUS ECHINACEA

SPECIES AND VARIETIES GROWN UNDER CULTIVATED AND WILD ENVIRONMENTSa

Germlingsb Wild-harvested Wild-transplant

E. purpurea 10.5 8.0 6.5
E. pallida var angustifolia 12.9 3.2 2.0
E. pallida var pallida 2.5 2.5 0.5
E. pallida var sanguinea 0.2 1.0 0.5
E. pallida var tennesseensis 6.7 0.8 0.2
E. atrorubens var atrorubens 0.2 0.3 0.6

aAdapted from Binns et al. (2002a). Estimated total alkamide levels.
bPlants grown from wild-harvested seeds in a greenhouse.
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in coastal and tableland grown plants, respectively, harvested at the mature
stage of growth, followed by the stem (24 and 34%), flowers (23 and 17%),
and leaves (16 and 14%). However, the contribution of each plant part
harvested at the mature stage varied between two growing seasons (Stuart and
Wills, 2000a). For example, the flower tissue accounted for 8% of the total
cichoric acid levels in year one and 32% after the second growing season
(Table IV). In general, cichoric acid levels decreased as the plant entered the
senescent stage of the growing cycle (Stuart and Wills, 2000a). Kim et al.
(2000b) noted a slight reduction in CAP in the samples harvested between
August and October. Cichoric acid decreased significantly in freeze-dried
samples between harvest periods, again indicating the importance of
harvesting at the correct stage of the growing cycle. Perry et al. (2001)
reported that cichoric acid contents were highest in summer and lowest in
autumn-harvested plants, thus supporting the trends observed by other
researchers. The mean cichoric acid levels of 2.0 and 2.3 mg/g root or aerial
parts, respectively, were found in E. purpurea during the summer harvest, but
decreased to 1.7 and 0.34 mg/g root or aerial parts, respectively, in the
autumn-harvested E. purpurea (Perry et al., 2001). These studies indicate the
importance of harvest time on CAP retention.

Binns et al. (2002b) determined the CAP levels in cultivated and wild
populations of various Echinacea species and varieties. Similar to the
alkamides, no clear trend was observed across all species and varieties under
all growing conditions (Table V). The CAP concentration was highest in the
flower tissue in most samples. The flowers of the wild-harvested samples had
the highest CAP levels, followed by the transplants and lastly the germlings.
In contrast, the roots of the germlings had the highest CAP levels followed by
wild-harvested samples and lastly the transplants (Binns et al., 2002b). With a
few exceptions, the CAP concentration was highest in E. purpurea samples
and ranged from 6.5 to 10.5 mg/g of root material. Cichoric acid was the
predominant CAP in E. purpurea roots; whereas, echinacoside predominated
in all the other species and varieties tested (Table V). Cynarin also accounted
for a significant proportion of the CAP in root tissue of cultivated
E. angustifolia and E. pallida var. tennesseensis but contributed to a lesser
proportion of the CAP in the flowers of these varieties (Binns et al., 2002b).
Cichoric acid was the predominant flower CAP in all Echinacea samples
evaluated except E. atrorubens var. atrorubens, where chlorogenic acid was
the predominant CAP. Dietz and Bauer (2001) reported similar findings for
this species but did not observe cichoric acid or echinacoside, as did Binns
et al. (2002b). Other E. atrorubens varieties contained significant levels of
chlorogenic acid, which supports the work of Bauer and Foster (1991) who
noted the presence of chlorogenic acid and echinacoside, but no cichoric acid,
in the roots of E. atrorubens var. paradox. Chlorogenic acid was also in
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significant levels in the flowers of E. angustifolia and E. pallida (Binns et al.,
2002b). E. purpurea had a chlorogenic acid content at 125 mg/g; whereas,
26 mg/g was found in E. angustifolia (Glowniak et al., 1996).

Phenolic acids are structurally similar to the CAP. A phenolic acid content
of 190 and 870 mg/g was reported for E. angustifolia and E. purpurea,
respectively (Glowniak et al., 1996). Caffeic acid is part of the structural
features of the CAP but can also be found as a free acid. Binns et al. (2002b)
reported caffeic acid levels of 10 and 70 mg/g root in E. purpurea and
E. pallida var. tennesseensis, respectively. These authors also noted that
E. pallida var. tennesseensis contained 70 mg caffeic acid/g flower. However,
substantially higher (320 mg/g) caffeic acid levels were reported in the aerial
parts of E. purpurea (Glowniak et al., 1996). Vanillic acid was present in the
aerial parts of E. angustifolia but not E. purpurea. In contrast, 86 mg of
vanillic acid/g roots of E. purpurea was found using an analytical method
which utilized MEKC (Pomponio et al., 2002). Protocatechuic, p-hydro-
xybenzoic, p-coumaric and ferulic acids were common to both E. angustifolia
and E. purpurea.

2. CAP isolation and key structural features

The extraction of CAP can be completed using alcohol or alcohol/water
mixtures (Bauer et al., 1988b; Cheminat et al., 1988; Wills and Stuart, 1999;
Bergeron et al., 2000). A common extraction approach uses a Soxhlet
apparatus, methanol, and an extraction time of 12–24 h. Cheminat et al.
(1988) completed an in-depth structural evaluation of 12 CAP isolated from
Echinacea using NMR and grouped the CAP as quinyl esters of caffeic acid,
tartaric acid derivatives, and phenylpropanoid glycosides. This grouping can
be advantageous to individuals interested in obtaining standards because
preliminary fractionation can be based on groups of similar compounds
instead of single components. Recently, a chemical synthesis of cichoric acid
has been reported (Lamidey et al., 2002), thus providing an alternative source
of cichoric acid for biological and stability studies.

The extraction and separation of the CAP can best be accomplished using
the protocol of Cheminat et al. (1988), unless a preparative HPLC is available
for separations. In this protocol, Echinacea was extracted with methanol:
water (4:1) for 12 h followed by removal of methanol and extraction of the
remaining aqueous phase with petroleum ether and chloroform. The aqueous
phase was acidified, extracted with ethyl acetate and then n-butanol. After
concentration of the ethyl acetate and n-butanol fractions, CAP were
fractionated over a Sephadex LH20 column using methanol:water (4:1)
followed by separation over silica gel, TLC or HPLC. Unlike other CAP,
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cichoric acid can be isolated in a purified form after separation on Sephadex
LH20 column. Echinacoside isolation can be achieved using a polyamide
column and eluting with water followed by ascending methanol
concentrations.

In our laboratory, we use a series of solvents to extract compounds with
similar physical properties. Typically, an extraction protocol includes
extracting the dried root or aerial parts with hexane to remove alkamides
followed by 100% ethanol and 70% ethanol for the removal of phenolic and
phenolic glycosides, respectively (Hall et al., 2001). Bergeron et al. (2000)
reported that 70% alcohol solutions were optimal for extracting the various
Echinacea phytochemicals. A unique feature of their method was the use of
ultrasound promoted extractions, which provided similar alkamide but higher
CAP than traditional Soxhlet. Unlike Cheminat et al. (1988), we (Hall et al.,
2001) used reverse-phase or C18 packing material as the stationary phase for
the separation of the CAP and a mobile phase of ethanol and 0.5% acetic acid
under gradient elution. Bergeron et al. (2000) reported the use of reverse-
phase stationary phase and gradient elution with methanol and water to purify
echinacoside. Johnson et al. (2002) reported a three-phase method for
concentrating an ethanol:water extract of Echinacea. In phase one, ethanol
was removed via pervaporation followed by precipitation of the alkamides by
microfiltration and osmotic distillation.

The variation in NMR data between CAP is due to the non-caffeic acid
moiety and should then be used as a part of the identification process. In
general, the caffeic acid moiety will have chemical shifts between 6.22 and
7.65 ppm with the aromatic proton ranging from 6.81 to 7.08 ppm. The
hydrogens on the carbons neighboring the aromatic ring have chemical shifts
near 7.59 ppm. The olefin hydrogens on the carbons next to the carbonyl have
chemical shifts around 6.25 ppm, and are readily observed by the large
associated coupling constants (,16 Hz) (Becker et al., 1982; Becker and
Hsieh, 1985; Cheminat et al., 1988). The tartaric acid moiety is characterized
by a proton resonance at 5.67 ppm. The elimination of one caffeic acid
molecule from the tartaric acid moiety (i.e., caftaric acid) results in two
chemical shifts at 4.57 and 5.34 ppm.

Echinacoside contains a caffeic acid, a b-(3,4-dihydroxyphenyl)-ethoxy
substitution, two glucose groups, and a rhamnose group. The caffeic acid
moiety has chemical shifts similar to those listed above while the aromatic
proton chemical shifts for the b-(3,4-dihydroxyphenyl)-ethoxy substitution
are found at 6.54, 6.66, and 6.67 ppm. The ethyl hydrogens on the carbon
attached to the aromatic ring produce a signal at 2.73 ppm, whereas chemical
shifts of 3.67 and 3.92 ppm are characteristic of protons on the carbon
attached to the glucose moiety. For the glucose and rhamnose moieties, the
majority of chemical shifts are between 3.14 and 3.75 ppm.
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Fast atom bombardment mass spectrometry (FAB-MS), in the negative-
ion mode, was used to elucidate the structure of CAP (Facino et al., 1993).
The negative ions ([M 2 H]2) of 473, 353, and 311 m/z correspond to
cichoric acid (MW 474), chlorogenic acid (MW 354) and caftaric acid
(MW 312), respectively. FAB-MS mass spectrometry (FAB-MS/MS) of
cichoric acid produced [M 2 H]2 daughter ions of 311, 293, 179, 149 and
113 m/z. Cleavage of the ester bond results in the release of caftaric acid and a
caffeoyl residue (160 m/z). The subsequent loss of a second caffeoyl or caffeic
acid results in 149 and 113 m/z ions, which correspond to the tartaric acid
moiety. Chlorogenic acid is a quinic acid ester of caffeic acid, thus, one would
expect the loss of a caffeoyl unit. A daughter ion at 191 m/z represents the loss
of caffeic acid from chlorogenic acid to give quinic acid. Minor ions at 309
and 147 m/z are indicative of a loss of carbon dioxide (44 m/z units) from
chlorogenic acid and quinic acid, respectively. Other CAP can be evaluated
using a similar approach.

3. Role of processing on CAP recovery and stability

A 1,2-dihydroxy moiety is a structural feature of molecules susceptible to the
enzymatic degradation by polyphenol oxidase (PPO). Cichoric acid contains
this structural feature and is thus susceptible to enzymatic degradation
(Bauer, 1997). The immunostimulatory activity of Echinacea is partly due to
the cichoric acid, and hence protection against enzymatic degradation is
critical for retaining the potency of Echinacea preparations.

Cichoric acid content of six commercially available E. purpurea expressed
juice preparations, preserved with ethanol (20%) or by thermal processing,
varied significantly between preservation methods (Bauer, 1999b). The
thermally treated preparations had an average cichoric acid content of
0.24 g/100 ml of extract. In contrast, the cichoric acid content of the five
ethanol preserved preparations was 0.075 g/100 ml extract. Several prep-
arations had no cichoric acid whereas one ethanol-preserved preparation
contained 0.14 g cichoric acid/100 ml extract. Within this preparation, the
cichoric acid content of several lots varied from 0 to 0.34 g/100 ml extract.
Bauer (1999b) hypothesized that the inactivation of PPO by heat may account
for the difference in cichoric acid content found between heated and non-
heated preparations. Any expressed juice would be expected to contain
enzyme inherent to the plant tissue; thus, additional processing of the
expressed juice preparation is critical for CAP retention.

Kreis et al. (2000) characterized a PPO from the aerial part of E. purpurea
as a diphenolase with a high affinity for caffeic acid. In addition, the PPO
lacked monophenolase activity. The PPO was reported to be a 47–54 kDa
protein having an optimal activity near pH 6.0 and reversibly inhibited by
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metal-chelating agents. Copper was found to be essential for activity as the
addition of excess copper could reverse the inactivation by metal chelators.
Bergeron et al. (2002) noted that the addition of the metal chelators, citric and
malic acids, greatly enhanced the stability of CAP in glycerin extracts of
E. purpurea. In the control (i.e., without chelators) glycerin extracts,
approximately 50, 72 and 80% reductions in caffeic, caftaric and cichoric
acids were found, respectively after 4 months of storage; whereas a 21%
increase in 2-O-feruloyl-tartaric acid was found during the same storage
period. Citric and malic acids were found to be the most effective in
preventing CAP degradation at the 0.5% level. A hibiscus extract at 15% was
also found to be an effective antioxidant (Bergeron et al., 2002). Cichoric acid
levels in hibiscus, citric acid and malic acid protected glycerin extracts
decreased by 44, 32 and 31%, respectively after 4 months of storage, which is
significantly better than the 80% loss observed in the control sample. Other
CAP were protected by the addition of the metal chelators/antioxidants.
Additional studies showed that the addition of ascorbic acid (AA) (50 mM) or
soaking of the plant material in a nitrogen-rich environment prevented
cichoric acid degradation (Nüsslein et al., 2000). These authors also found
that the degradation of cichoric acid was promoted by protein extracts of
E. purpurea during incubation at 408C whereas heat processing inactivated
the protein extract.

Perry et al. (2001) reported 50% reduction of cichoric acid and other
CAP within minutes after water had been added to ground roots and aerial
parts. They noted that the extraction solvent of 70% ethanol did not promote
degradation and theorized that the PPO had been denatured. Nüsslein et al.
(2000) reported that the ethanol concentration (22%) typically found in
alcohol-preserved preparations, plus ethanol levels as high as 40%, were not
able to prevent cichoric acid degradation. However, the addition of AA to the
ethanol extracts did reduce the rate of loss but did not inhibit the degradation
completely. Within 1 week, cichoric acid levels dropped by 20%, and by
4 weeks of storage 70% of the cichoric acid was gone from extracts
containing 22% ethanol and 100 mM AA. In contrast, 80 and 90% of the
cichoric acid in 30 and 40% ethanol-preserved extracts containing
AA remained after a 4-week study, respectively. Nüsslein et al. (2000)
recommended that 40% ethanol and 50 mM AA be used for the preservation
of expressed juice products. They observed that the cichoric acid level in the
chemically preserved preparations equalled those of thermal process
preparations. In contrast, the addition of 30% ethanol and 50 mM AA to
pressed juice was insufficient to inhibit the degradation of cichoric acid.
Nüsslein et al. (2000) proposed that the degradation was caused by an esterase
and not PPO. They observed an increase in caftaric and caffeic acids in stored
extracts, indicating the hydrolysis of the ester bond between the caffeoyl
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moiety and tartaric acid (Figure 7). If PPO were responsible for the
degradation, one would not expect to find caffeic acid in the extracts because
caffeic acid has been shown to be a very good substrate for PPO (Kreis et al.,
2000) and would undergo polymerization.

The loss of CAP during the growing season indicates that the enzymatic
activity exists in the plant and that handling of the plant could further the
degradation of CAP. Thus, handling of the plant is critical if high levels of
CAP are to be retained. Post-harvest handling of Echinacea is as important
for the production of dried products as is the thermal or extraction process is
to pressed juice products. E. purpurea processed using various drying
methods showed that freeze drying and vacuum microwave drying of flowers
had significantly higher total cichoric and caftaric acid levels compared to air
drying (Kim et al., 2000b). Significantly higher CAP were retained in the
samples air-dried at 408C than at 25 and 708C. Li and Wardle (2001) reported
that the cichoric acid levels were significantly higher in E. purpurea dried at
458C than at 40 or 358C. Similar results were reported for E. pallida except
that no significant differences in cichoric acid levels were found between 40
or 358C. No correlation was found between the drying temperature and
retention of echinacoside in dried E. angustifolia and E. pallida roots.
Compared to a freeze-dried control, no significant reduction in echinacoside
level was found in the roots of E. angustifolia dried at 238C (Kabganian et al.,
2002). However, a 28 and 55% reduction in echinacoside was found at dry
temperatures of 30 and 608C, respectively.

Wills and Stuart (2000) found that cichoric concentration was not
significantly altered when Echinacea was subjected to various physical
treatments that included cutting, compression or crushing. These results
appear to contradict other reports (Nüsslein et al., 2000; Perry et al., 2001)
regarding the instability of the cichoric acid after harvesting. However, the
method of damage may not have been sufficient to cause cell disruption
normally caused by the pressing operation. Subsequently, there may not have
been sufficient substrate–enzyme interactions to promote a high degree of

FIG. 7 The hydrolysis of the ester bond between the caffeoyl moiety and tartaric acid in
cichoric acid (1) to give caftaric (2) and caffeic (3) acids as proposed by Nüsslein et al.
(2000).
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browning, although Wills and Stuart (2000) did observe some enzymatic
browning. Kim et al. (2000b) reported that Echinacea product with a moisture
content of 9.3% had a significantly lower cichoric acid content compared to
the ones dried to 6.1% prior to storage. In contrast, Li and Wardle (2001)
noted that cichoric acid levels were the greatest for E. purpurea samples
having moisture contents of 10–15%. Although insignificant, higher
echinacoside levels were reported for E. angustifolia roots dried to 10%
moisture content. E. pallida roots dried to 5% moisture had significantly
lower echinacoside levels than those dried to 10–15%.

Storage of freshly harvested Echinacea at 208C and 60% RH did not
significantly affect the concentration of cichoric acid over a 30-day storage
period (Wills and Stuart, 2000). However, an 80% reduction in cichoric acid
was reported for samples stored at 58C and 80% RH. Although the storage
temperature was significantly lower, the higher RH was thought to be the main
reason for the enhanced cichoric acid degradation. For example, the moisture
content of dried Echinacea stored at 208C and 60% remained constant (10%)
over the course of 60 days. In contrast, the moisture content of the dried
sample stored at 58C and 80% RH increased from 10 to 25% over the 60-day
storage (Wills and Stuart, 2000). These authors proposed that drying
Echinacea to a moisture content of 10–12% was critical for inhibiting
enzyme activity. Alternatively, blanching prior to storage at 58C and 80% RH
can be an effective method for preserving cichoric acid (Wills and Stuart,
2000). Storage after 7 months showed that powdered extracts of E. purpurea
roots were more stable than a 55% ethanol preparation (Livesey et al., 1999).
In powdered samples, cichoric acid was not significantly affected during 7
months of storage. However, samples stored at higher temperatures did
contain lower levels of cichoric acid. For example, the cichoric acid level was
27% lower in samples stored at 258C as opposed to storage at 2208C. In
contrast, storage of the extracts was significantly affected by storage
temperature. The greatest cichoric acid reduction (78%) occurred in the
samples stored at 408C (Livesey et al., 1999).

Stuart and Wills (2000b) and Bergeron et al. (2000) evaluated several
extraction techniques and conditions that involved a series of alcohol:water
mixtures. Both groups of researchers found that alcohol levels of 60–70%
favored CAP removal. Cichoric acid was extracted slightly more efficiently by
70% methanol than 70% ethanol but both solvents were significantly more
efficient extraction solvents than their corresponding 100% counterparts
(Bergeron et al., 2000). Ultrasonic-promoted extractions significantly enhance
cichoric acid extraction when 70% alcohol was used as the solvent (Table VI).
In contrast, a reduction in cichoric acid extraction was found in the ultrasonic-
promoted extraction using 100% alcohol solvents. Echinacoside recovery was
not significantly affected by solvent type or extraction condition (Table VI).
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Stuart and Wills (2000b) reported that 60% ethanol was optimal for recovering

cichoric acid from the roots and aerial parts of E. purpurea. These authors

reported that cichoric acid accounted for 37% of the material in the 60%

ethanol extract for both the root and aerial parts, but only 23–25% of the extract

obtained from 70% ethanol extraction. Significant degradation of cichoric acid

was noted as the extraction residues contained very little cichoric acid. The

only exception to this trend was in the residues of the samples extracted with

100% ethanol (Stuart and Wills, 2000b). The denaturation of PPO probably

contributed to the stability of cichoric acid in the residue. Enzyme inactivation

further supported the observed increase in cichoric acid recovery as

temperatures during the extraction increased from 20 to 608C (Figure 8).

Furthermore, cichoric acid recoveries were enhanced by increasing the

solvent:solute ratio from 2:1 to 8:1 and by reducing the particle size from 4000

to 300 mm (Stuart and Wills, 2000b).

In contrast to alkamides, alternative extraction solvents such as SF carbon

dioxide appear to be ineffective as an extraction solvent for CAP removal

(Catchpole et al., 2002; Sun et al., 2002). Conditions evaluated by these

researchers include pressures of 31–55 MPa and temperatures between 41 and

608C. In both studies, ethanol was used as a solvent modifier, but the

supercritical carbon dioxide was not modified sufficiently to promote the

extraction of CAP. The addition of 10% methanol to the supercritical carbon

dioxide at 25 MPa and 608C was sufficient to promote the extraction of

rosmarinic acid, a compound with similar structure features as cichoric acid

(Bicchi et al., 2000). Thus, additional work is needed to determine if SFE can

be used as a method to remove CAP.

TABLE VI
COMPARISON BETWEEN SOXHLET AND ULTRASOUND-PROMOTED EXTRACTION OF CICHORIC

ACID AND ECHINACOSIDE FROM E. PURPUREA AND E. ANGUSTIFOLIA, RESPECTIVELY

E. angustifolia roots E. purpurea root E. purpurea top
Extraction condition Echinacoside Cichoric acid Cichoric acid

Soxhleta—100% MeOH 14.0b 19.5 19.0
Ultrasoundc—100% MeOH 13.5 12.0 14.0
Ultrasound—70% MeOH 14.0 43.0 30.0
Ultrasound—70% EtOH 13.5 38.0 27.0

Adapted from Bergeron et al. (2000).
aSoxhlet—1 h extraction in methanol (MeOH).
bmg/g tissue (approximations).
cUltrasound—sample extracted three times using methanol or ethanol (EtOH) under 5 min exposure to

ultrasound.
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D. GLYCOPROTEINS AND POLYSACCHARIDES

1. Concentrations and composition

Unlike the alkamides and CAP, the knowledge regarding concentrations and

composition of glycoproteins and polysaccharides is limited. The roots

of E. purpurea and E. angustifolia contain several glycoproteins in the

10–70 kDa MW range and recently a 1200 kDa glycoprotein has been

isolated (Bauer, 1999a, 2000; Classen et al., 2000). The glycoproteins of

molecular weights, 17, 21 and 30 kDa comprised approximately 3% protein

in which aspartate, glycine, glutamine and alanine are the predominant amino

acids (Beuscher et al., 1987). The sugar moieties include arabinose (64–

84%), galactose (1.9–5.3%) and glucosamine (6%) (Bauer, 1999a, 2000).

Classen et al. (2000) determined that the 1200 kDa glycoprotein was an

arabinogalactan-protein (AGP) with a protein content of approximately 7%.

Serine (16%) was the most abundant amino acid followed by alanine,

hydroxyproline, and aspartate (Table VII). These authors also estimated that

the AGP made up about 0.4% of the dry weight of the pressed juice. The AGP

was approximately 83% polysaccharide with galactose and arabinose

accounting for 90% of the monosaccharides (Table VIII). Reconstruction

of the purified AGP indicated that the carbohydrate moiety had an arabino-

3,6-galactan structure. The backbone of the polysaccharide consisted of b-D-

galactopyranosyl residues with a high degree of branching at the C-6 oxygen

via ð1 ! 6Þ to b-D-galactopyranosyl containing terminal a-L-arabinofurano-

syl residues (Classen et al., 2000). These authors estimated that 700 amino

acid and 7000 glycosyl residues make up the structural features of the AGP

FIG. 8 The effect of temperature on cichoric acid recovery from Echinacea tissue
(adapted from Stuart and Wills (2000b)).
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isolated and that the galactose and hydroxyproline residues link the

polysaccharide and protein moiety together.

The polysaccharides can be grouped into one of the three general

categories that include fructans, pectic polysaccharides or arabinogalactans.

A 35 kDa polysaccharide, 4-O-methyl-glucuronoarabinoxylan, isolated from

the hemicellulosic fraction of E. purpurea was characterized by Wagner et al.

(1984, 1985) and Proksch and Wagner (1987). These authors noted that

xylose, galactose and arabinose made up the largest proportion of the

TABLE VIII
MONOSACCHARIDE DISTRIBUTIONa IN AN ARABINOGALACTAN-PROTEIN FROM E. PURPUREA

Monosaccharide %

Galactose 59.1
Arabinose 33.2
Glucosamine 4.0
Mannose 2.6
Rhamnose 1.1

Adapted from Classen et al. (2000).
a% of isolated polysaccharide.

TABLE VII
AMINO ACID DISTRIBUTIONa IN AN ARABINOGALACTAN-PROTEIN FROM E. PURPUREA

Amino acid %

Serine 16.0
Alanine 12.5
Hydroxyproline 11.5
Asparagine/aspartic acid 10.6
Threonine 10.5
Glutamine/glutamic acid 9.4
Arginine 7.5
Glycine 4.6
Valine 4.1
Histidine 3.7
Lysine 3.3
Leucine 2.5
Isoleucine 2.2
Phenylalanine 1.6

Adapted from Classen et al. (2000).
a% of isolated protein.
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monosaccharides whereas glucose, mannose and rhamnose were minor
constituents. An arabinose:xylose ratio of 1:5 and a 4-O-methyl-glucuronic
acid:xylose of 1:5.7 were observed. b-(1 ! 4)Xylopyranosyl residues make
up the backbone of the acidic arabinoxylan, with branch points at C-2 and C-3
oxygens. Arabinofuranosyl residues are linked at the C-3 oxygen via a-
(1 ! 5) bonds while a b-linked 4-O-methyl-glucuronic occupied the C-2
location (Proksch and Wagner, 1987). Emmendörffer et al. (1999) stated that
a second immunostimulating polysaccharide, a 50 kDa acidic arabinorham-
nogalactan, was characterized from the herbal parts of E. purpurea. In this
polysaccharide, the molar ratios of monosaccharides were 1:0.8:0.6:0.6 for
arabinose, rhamnose, galactose and glucose, respectively.

An acidic arabinogalactan (75 kDa) and two fucogalactoxyloglucans (10
and 25 kDa) have been isolated from the cell cultures of E. purpurea and were
found to be characteristically different from the arabinogalactan from the
Echinacea plants (Wagner et al., 1988). An arabinose:xylose ratio of 1:1 and
approximately 16% galacturonic acid were observed in the cell culture-
derived arabinogalactan. Galactose accounted for 75% of the hexose sugars
and was predominantly linked 1 ! 3 to other galactose units to make up the
polygalactan backbone. The b-D-galactan backbone was linked 1 ! 6 to
galactose at branch points on every second galactose. Approximately, 7 ! 8
galactose residues in the side-chains are terminally linked 1 ! 3 to arabinose.
Other branch points may include a 1 ! 2 or 1 ! 4-linked rhamnosyl or
galacturonic acid residue, respectively (Wagner et al., 1988). These authors
also noted that larger arabinan side-chains existed and that 1 ! 5 linkages
predominated. The fucogalactoxyloglucans both had the same molar ratios of
glucose, xylose, galactose and fucose (1.5:1.0:0.4:0.1) and a 1 ! 4-linked
glucan backbone. Branch points were predominant (65%) at the C-6 oxygen.
Recently, a hexasaccharide identified by Wagner et al. (1988) has been
chemically synthesized (Csává et al., 2001). For additional discussion on the
polysaccharides, see Bauer (1999a, 2000) and Emmendörffer et al. (1999).

Inulin was identified as a major (5.9%) component of the roots of
E. angustifolia (Heyl and Stanley, 1914). Giger et al. (1989) noted that
polymerization of fructans occurred over the course of winter as observed by
the reduction in fructose from October and May. The rate of polymerization
was faster in E. purpurea than E. angustifolia, suggesting that other
polysaccharides may develop in a similar manner. Additional research is
needed to identify the effects of harvest time on polysaccharide composition.

2. Glycoprotein and polysaccharide isolation and key structural features

Of the phytochemical components in Echinacea, the glycoproteins and
polysaccharide have been the least characterized. A general protocol
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(Proksch and Wagner, 1987; Wagner et al., 1988; Classen et al., 2000) for
separating the polysaccharides included pressing of the plant tissue, heating
or acid hydrolysis, methanolysis, reduction and oxidation reactions. For
complete NMR and sugar distribution data, see Proksch and Wagner (1987),
Wagner et al. (1988), Classen et al. (2000) and Csává et al. (2001).

3. Role of processing on polysaccharide recovery and stability

In general, polysaccharides tend to be more stable than alkamides and CAP,
but their presence in Echinacea preparations is somewhat dictated by
processing conditions. For example, one would expect dried plant material to
contain the highest polysaccharide levels, followed by expressed juice
preparation and alcohol tincture. Limited data are available regarding
the effects of post-harvest handling and processing on polysaccharide levels.

In the roots of E. angustifolia or E. pallida, the level of polysaccharides
decreased as the drying temperature increased (Li and Wardle, 2001).
Although the decrease in polysaccharide levels was not significant, a 7 and
15% reduction in polysaccharides was observed in E. angustifolia roots as
the drying temperature increased from 35 to 40 or 458C, respectively. In
E. pallida, only 2 and 3% of the polysaccharides were lost as the temperatures
increased from 30 to 40 or 458C, respectively. In contrast, higher drying
temperatures did not affect the polysaccharide retention in E. purpurea. There
was a significant increase in polysaccharide levels as drying temperature
increased from 35 to 40 or 458C. For example, the concentration of
polysaccharides increased from 24 to 28.6 mg/g root as the drying
temperature increased from 35 to 458C, (Li and Wardle, 2001). A reduction
in polysaccharide content (dry weight basis) was noted in roots that had been
dried to 15% moisture compared to 5%, regardless of the Echinacea species.
For example, 1.3 times more polysaccharides were present in the roots of
E. pallida dried to 5% moisture as opposed to roots dried to 15% moisture
(Li and Wardle, 2001).

The low concentration of polysaccharides in alcoholic tinctures would be
expected due to the insolubility of the polysaccharides in ethanol. Solvents
containing approximately 50% v/v ethanol can be used to precipitate
polysaccharides (Bauer, 1999a). Although no data were given, Bergeron
et al. (2000) reported that 70% ethanol extracted lower polysaccharide levels
than 70% methanol. A 65% glycerin extract had higher polysaccharides than a
50% ethanol extract (Bergeron et al., 2002). In contrast to high alcohol levels,
low to intermediate alcohol levels can be a viable extraction solvent for
polysaccharides. Gahler et al. (2001) patented a method for extracting
polysaccharides using 20% ethanol and a solvent temperature of 558C. Ethanol
concentrations greater than 20% and temperatures lower than 558C reduced
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polysaccharide recovery. An extract containing 120 mg polysaccharides/ml
was produced using vacuum evaporation at 50 mbar and 608C for 15 h (Gahler
et al., 2001).

III. STANDARDIZATION, QUALITY ASSURANCE

AND REGULATIONS

A. IS THERE A NEED FOR STANDARDIZATION?

As already indicated throughout the chapter, the type and quantity of
Echinacea phytochemicals vary significantly. A number of factors such as
growing season, part of the plant utilized in the preparation of the commercial
product, the species/variety (i.e., purpurea, angustifolia DC, pallida, etc.)
of Echinacea used, method of harvest and processing can affect phytochem-
ical concentrations in Echinacea products (Bauer, 1997). Bauer (1996) stated
that the products should be classified according to plant species and
processing methods. Bauer (1999b) noted differences in cichoric acid and
alkamide concentrations between thermally treated and ethanol-preserved
preparation. A survey of 46 samples from 25 commercial brands of
Echinacea showed that alkamides varied significantly among products
(Osowski et al., 2000). These authors found that the alkamides and cichoric
acid ranged from 0 to 60.5 mg/ml and from 0 to 4600 mg/ml, respectively.
Tablets and pressed juice products had the greatest variations in cichoric acid
whereas homeopathic tinctures had the greatest alkamide variation. Similar
observations, with regard to product variability, were found in an Australian
study that evaluated 32 Echinacea products (Wills and Stuart, 1998). For dry
products (i.e., tablets, capsules), the cichoric acid content ranged from 0.2 to
6 mg/ml (200–6000 mg/ml) whereas liquid products obtained from retail
outlets and naturopaths contained 0–3.9 and 0.1–4.7 mg/ml, respectively.
The range in alkamide concentrations was similar among products; however,
the average alkamide content was 1.7 times higher in samples obtained from
naturopaths than from retail outlets (Wills and Stuart, 1998). These authors
also noted that 28% of the samples had alkamide levels near zero; whereas,
16% of the samples had cichoric acid levels near zero, suggesting that
alkamides may be more prone to degradation.

The variation in phytochemical levels between Echinacea preparations is
apparent. Many researchers have suggested that standardization of phyto-
chemicals in Echinacea products is needed. However, standardization of the
products is difficult due to the complexity of the phytochemicals, the lack of
understanding regarding interaction between individual phytochemicals
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and the lack of agreement as to which phytochemical(s) should be used for
standardization.

B. QUALITY ASSURANCE OF ECHINACEA PRODUCTS

1. Standardization

The CAP are commonly used as marker compounds and labeled as “phenolics”
on many dietary supplements. However, general spectroscopic methods used
for determining total phenols can sometimes give erroneous readings.
Targeting specific compounds would be more advantageous and provide
additional information such as plant species/variety and parts of the plants used
in the preparation.

Echinacoside has been used to standardize many preparations, but the lack
of immune-enhancing activity of this component suggests that it should not
be used as a component for standardization. However, this compound could
be used as a marker compound for authenticating the species of Echinacea
used in the preparation. For example, the lack of echinacoside in an extract
would indicate that E. purpurea would be the species most likely used in that
preparation. The standardization of Echinacea products based on cichoric
acid and alkamides has been proposed, due to the biological activity of these
compounds (Bauer, 1999a,b; Perry et al., 2000). Binns et al. (2002c) used the
statistical method, canonical discriminant analysis, to differentiate growing
locations among nine populations of E. angustifolia. One population was
characterized by having traces of cynarin, and three alkamides and high
amounts of echinacoside and tetradeca-8Z-ene-11,13-diyn-2-one (a marker
ketone for E. pallida). Binns et al. (2002c) speculated that this population
may have been a hybrid between E. pallida (Nutt.) and E. angustifolia DC.
This statistical tool was able to distinguish between growing locations and
was able to differentiate species/varieties. Additional work should be done
using this statistical method to determine differences among other population
of Echinacea, as a method to differentiate commercial products, and
eventually to determine the relationships between potency and active
constituents. Until additional research can pinpoint the specific phytochem-
ical(s) and biologically active concentrations, no uniform standardization
method will be used by all manufacturers. However, there is a growing
consensus among researchers that CAP (specifically cichoric acid) and
alkamides should be targeted as the phytochemicals for standardization.
Polysaccharides do have biological activity; however, the analytical methods
have not been sufficiently optimized for routine quality assurance evaluations.
In addition, polysaccharides are often absent in alcohol-based products.
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2. Analytical methods for quality assurance

A reverse-phase HPLC method can be routinely used for evaluating CAP and
alkamides in Echinacea preparations. If dried products are evaluated, the CAP
and alkamides must first be extracted prior to HPLC analysis. In contrast, some
liquid preparations may need to be concentrated for example, via solid-phase
extraction, prior to analysis. We have found in our laboratory that a sequential
extraction of dried products with hexane (100%), ethanol (100%), and lastly
ethanol:water (70:30 v/v) was an effective method to fractionate the various
phytochemicals (Hall et al., 2001). An alternative extraction protocol using
only 70% ethanol as the extraction solvent has been reported (Bergeron et al.,
2000). In some cases, concentration of the alkamides may be needed prior to
HPLC analysis. A separation of alkamides from CAP can be completed using
C-18 solid-phase extraction columns (Schieffer, 2000; Schieffer and Kohn,
2002). Briefly, the CAP elute from the column in the methanol:water (30:70
v/v) solvent while the alkamides are removed using acetonitrile:water (90:10
v/v). Liquid preparations with low alkamide concentrations are ideally suited
for this method because this technique concentrates the alkamides, thus
increasing the sensitivity. However, the simultaneous analysis of CAP and
alkamides using HPLC-photodiode array-electrospray mass spectrometry
(Luo et al., 2003) may hold promise as a rapid analytical method for analyzing
the phytochemical constituents.

The method of Bauer (1999b) illustrated the most common method to
evaluate alkamides using reverse-phase HPLC. The separation was
completed using a gradient elution of water (eluent A) and acetonitrile
(eluent B) linearly from 40 to 80% eluent B at 1 ml/min over a C-18 reverse-
phase column and detection at 254 nm. TLC using silica 60 plates with
indicator (F254 nm) can be used as an alternative to HPLC. However, this
method is less adaptable for large number of samples requiring a rapid turn-
around typically associated with quality assurance programs. In contrast, a
high-performance TLC (HPTLC) method is being evaluated as a rapid
screening method for the identification of Echinacea species present in
commercial products and potential adulterants (Reich et al., 2002).

A reversed-phase (LiChroCART 125-4 column) system with gradient
elution is an effective method for separating the CAP within 12 min (Bauer,
1999b). The gradient system included water plus 0.1% orthophosphoric acid
(85%) as eluent A and acetonitrile plus 0.1% orthophosphoric acid (85%) as
eluent B. A linear gradient from 10 to 30% eluent B was completed within
20 min at 1 ml/min and detection at 330 nm. Bergeron et al. (2000) modified
the method to include a pH adjustment to 2.80 for a solvent system containing
phosphoric acid (solvent A) and 1% phosphoric acid (1 M) in acetonitrile
(solvent B).
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Alternative methods for assessing Echinacea phytochemicals include the
use of MEKC or near infrared reflectance (NIR) spectroscopy. Pietta et al.
(1998) used a 25 mM tetraborate buffer containing 30 mM SDS at pH 8.6 for
the separation of CAP. The MEKC separation was completed within 20 min
with good resolution. Goti et al. (2002) reported a simultaneous separation of
both the CAP and alkamides using MEKC technique and variable wavelength
detection. The separation was completed in 10 min using a mobile phase of
SDS (110 mM) and hydroxypropyl-b-cyclodextrin (100 mM) in Britton–
Robinson buffer (10 mM, pH 8.0). The advantage of this method was that the
cost of operation is less than HPLC, since organic solvents were not needed.
Recently, several NIR spectroscopy techniques have been reported for the
analysis of adulteration and cichoric acid (Laasonen et al., 2002; Gray et al.,
2001). Laasonen et al. (2002) reported that NIR could discriminate between
E. purpurea and 10% adulterated E. purpurea samples. These authors also
noted that about 10% of the E. purpurea samples and 0% of the adulterated
samples were misidentified. Gray et al. (2001) evaluated 169 root samples
using NIR and found between 1.8 and 19.1 mg cichoric acid/g root. These
authors cautioned that the partial least squares regression used in the
calculations requires additional samples from various locations before the
method can be adopted for routine cichoric acid determinations. Schulz et al.
(2002) also reported the use of NIR to measure the echinacoside content in
E. angustifolia and E. pallida roots.

Gas chromatography (GC)–MS coupled with multivariate statistical
analysis proved valuable in verifying the authenticity of Echinacea species
(Lienert et al., 1998). Similar root extracts could be grouped, based on the
identified compounds from the GC-run, by principal component and cluster
analysis. The correct grouping of the Echinacea species (i.e., purpurea,
angustifolia, and pallida) was not influenced by the extraction method or by
the aging process of the roots.

C. PRODUCT REGULATIONS

Echinacea is sold as a dietary supplement in the United States and as a natural
health product in Canada. However, Health Canada does support the use of
Echinacea in food products; thus functional foods could be developed for the
Canadian market. In the United States and Canada, there are no restrictions on
the species/varieties used in products. In Germany and many European
countries, Echinacea products are sold as drugs in pharmacies (Bauer, 2000).
In addition, not all products are approved for use in all countries. For
example, E. purpurea aerial parts and E. pallida roots are approved in
Germany; whereas E. angustifolia and E. purpurea roots are not (Blumenthal,
1998).
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The regulation of Echinacea products in the United States would fall under
the “Dietary Supplement Health and Education Act of 1994” (DSHEA). In the
United States, statutory 403 (a)(1) of the Federal Food, Drug, and Cosmetic Act
“prohibits labeling that is false or misleading.” Under DSHEA, a structure/-
function claim can be made, provided the claim meets the criteria set forth in
statutory 403(r)(6). Structure/function claims are permissible if a specific
disease is not targeted, unless reviewed by FDA. A structure/function claim
such as “supports the immune system” would be acceptable whereas
“alleviates the common cold or flu” would not be acceptable for Echinacea
because the claim targets a specific disease state (i.e., cold or flu).

Echinacea must first be approved as a GRAS ingredient before it can
legally be added to food; thus functional foods containing Echinacea cannot
be legally sold. Creating a functional food and marketing it, as a dietary
supplement is also not legal if the food resembles traditional food such as
soup. In many European countries, health claims are not permitted on food
products while in other countries, such as, Japan, claims are allowed under the
“Foods for Specified Health Use” (FOSHU) system. The benefits of
Echinacea in laboratory studies show promise and potential functional
foods be derived from this research provided the studies support the safety of
Echinacea. Health Canada has explicit definitions for Echinacea products and
labeling requirements (Health Canada, 1999).

One issue not resolved by the DSHEA, specifically for botanical or herbal
dietary products, is the lack of standardization of the active component. As
mentioned previously, the standardization of Echinacea products is based on
the level of plant material rather than one specific compound. In many cases,
the specific compound responsible for the health benefit has not been fully
characterized. In addition, many phytochemical constituents may participate
in an observed health benefit. The lack of standardized preparations may, in
fact, be responsible for the conflicting reports surrounding the biological
activity of Echinacea.

IV. BIOLOGICAL AND TOXICOLOGICAL ACTIVITIES

A. BIOLOGICAL ACTIVITIES

1. Immunological investigations

Echinacea is promoted as an immune-enhancing herbal product and could be
easily incorporated into cereal-based products (Wilson, 1998) to create a
functional food. There are over 300 research articles dealing with the
biological activity of Echinacea. In addition, over two million prescriptions

C. HALL III148



are filled by German physicians annually (Barrett et al., 1999), thus providing
some evidence of the safety of Echinacea products. Before Echinacea can be
considered as a component in functional foods, additional research is needed
to support the biological activity in a clinical setting and to determine the
adverse effects of consuming Echinacea. The following discussion highlights
only a fraction of the studies completed to date. The author suggests the
reviews of Bauer (1999a, 2000), Emmendörffer et al. (1999) and Melchart
and Linde (1999) for more detailed information.

Improving immune response has been the most widely documented benefit
of Echinacea (Vömel, 1985; Bauer et al., 1988d; Erhard et al., 1994; Burger
et al., 1997; See et al., 1997; Rehman et al., 1999). Most studies support the in
vitro nonspecific immune-enhancing activity while in vivo studies are less
convincing. The expressed juice of E. purpurea has been the primary plant
preparation used in many of the biological investigations. Alcohol-diluted
expressed juice and ethanol extracts of the plant are other preparations used in
immune-enhancing studies. Specific pure compounds have also been used in
some studies.

Natural killer (NK) cells are responsible for nonspecific immunity by
targeting virus-containing cells or tumor cells via phagocytosis. Cytokines
such as TNF-a and IL-1 enhance NK cell activity whereas prostaglandins are
inhibitory (Currier and Miller, 2001). Thus, compounds that promote
macrophages to secrete cytokines or compounds that inhibit prostaglandin
production would be expected to enhance immunity. Phagocytosis (i.e., the
first immune reaction against invading foreign substances) of erythrocytes was
significantly enhanced upon treatment with extracts of Echinacea (Vömel,
1985). Coeugniet and Elek (1987) found that the pressed juice of E. purpurea
enhanced nonspecific cell mediated immunity at concentrations between 1 and
100 mg/g, whereas 1000 mg/g treatments were ineffective. These authors noted
that the 1000 mg/g concentration promoted leukocytes mortality but suggested
that this concentration was clinically irrelevant. A dose-dependent increase in
the percentage of phagocytic granulocytes was found after treatment of white
blood cell suspensions with lyophilized expressed juice of E. purpurea
(Stotzem et al., 1992). Lyophilized juice at concentrations of 1 and 5 mg/ml
was most effective whereas the phagocytic activity at the 12.5 mg/ml
concentration was not significantly different from the control. Only the
5 mg/ml had a significantly higher phagocytosis (i.e., number of phagocytosed
starch grains per granulocytes) index (Stotzem et al., 1992). These authors did
note that the lack of activity at the highest lyophilized expressed juice
concentration (12.5 mg/ml) was due to a cytotoxic effect on the granulocytes.
Gaisbauer et al. (1990) also supported the importance of concentration on
phagocytosis. In contrast, no immune-enhancing activity was found in mice
fed various Echinacea products (South and Exon, 2001).
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Ethanol extracts of E. purpurea and E. angustifolia roots were also found
to enhance immune indices (Erhard et al., 1994; Currier and Miller, 2000).
Erhard et al. (1994) determined the mean channel of fluorescence intensity,
which is proportional to the number of latex particles ingested or adhering to
single granulocytes as one measure of immune response. The second
measure, phagocytosis index, was also determined as the difference between
the average numbers of latex particles ingested by the test compound and
those adhering to the granulocytes after treatment with cytochalsin D
(a compound that inhibits ingestion of latex particles but not adhesion).
Collectively, phagocytosis incorporated both measurements. Vitamin C and a
root extract of E. angustifolia were the only two treatments that significantly
enhanced phagocytosis (Erhard et al., 1994). The addition of Lachesis muta,
Aconitum napellus, or Apis mellifica extracts to E. angustifolia root extract
further enhanced phagocytosis. Wagner and Jurcic (1991) also found
enhanced phagocytosis when combinations of Eupartorium perfoliatum,
Baptisia tinctoria and Arnica montana were added to E. angustifolia. In
contrast, no immune-enhancing activity was noted in patients given an extract
containing E. angustifolia, Eupartorium perfoliatum and Thuja occidentalis
after curative surgery for different malignant tumors (Elsässer-Beile et al.,
1996).

Burger et al. (1997) reported that cytokine production was enhanced in
peripheral blood macrophages after treatment with an ethanol extract from
the aerial parts of Echinacea. A dose-dependent interleukin 1 (IL-1)
production was not found within or among all the fresh pressed juice lots
of Echinacea tested. However, the 1.20 mg/ml concentration in two lots did
stimulate the macrophage production of IL-1 to a greater extent. A third lot of
fresh pressed juice had a maximum IL-1 production at 0.20 mg/ml. In
contrast, the highest concentration (10 mg/ml) of the dried juice produced the
greatest levels of IL-1 (Burger et al., 1997). In the fresh pressed juice
products, the 0.05 mg/ml dose promoted the greatest TNF-a production
whereas 10 mg/ml dose produced the greatest TNF-a level of a third lot. The
0.03 mg/ml concentration of dried juice gave the greatest TNF-a production.
The composition of the extracts may account for the variability in cytokine
production (Burger et al., 1997). Additional work by these authors showed
that, at low doses (0.012–0.1 mg/ml), a dose-dependent cytokine production
by macrophages was apparent irrespective of the product tested (i.e., fresh
pressed or dried juice).

Administration, via mouse chow, of E. purpurea root extracts at
0.45 mg/day per mouse was found to enhance the number of NK cells in
healthy young and old mice (Sun et al., 1999; Currier and Miller, 2000) and
leukemic mice (Currier and Miller, 2001, 2002). The number of NK cells
increased in both the spleen and bone marrow, and paralleled cell cytolytic

C. HALL III150



function (Sun et al., 1999; Currier and Miller, 2000). In aged mice, the
number of NK cells returned to levels typically found in younger mice
(Currier and Miller, 2000). In the spleen, a 30% increase in NK cells was
found in mice fed Echinacea root extracts for 14 days compared with the
Echinacea-free diet (i.e., control). Currier and Miller (2001) found a 2.5-fold
increase in the number of NK cells in the spleen after 9 days of E. purpurea
administration. After 3 months, the number of NK cells was 2–3 times that of
normal, nonleukemic mice. The addition of melatonin to the Echinacea-
containing diet resulted in a decrease in the NK cell numbers in the spleen
(Currier and Miller, 2001). In contrast, bone marrow NK cells returned to
levels similar to nonleukemic mice when melatonin and Echinacea were co-
administered in the diet. No leukemic mice versus treated mice remained
alive by 3 months; thus, the administration of Echinacea significantly
enhanced the survival of the leukemic mice. However, the addition of
melatonin to the Echinacea-containing diet significantly increased the
survival rate, with 50% of the leukemic mice surviving to and beyond 3
months. Further immune-enhancing activity was noted by a significant
increase in NK cells when mice were immunized with dead leukemia cells 5
weeks prior to administration of Echinacea in the diet (Currier and Miller,
2002). See et al. (1997) reported that extracts of dried E. purpurea
significantly enhanced the NK cells in healthy subjects and those suffering
from chronic fatigue syndrome and acquired immunodeficiency syndrome, at
concentrations greater than 0.1 mg/ml.

Combination of low doses of cyclophosphamide, E. purpurea extract
(Echinacinw) and thymostimulin enhanced the immune functions of
terminally ill cancer patients (Lersch et al., 1990, 1992). NK cells increased
between 17 and 29% whereas lymphokine activated killer cell activity
increased from 180 to 195%. In contrast, polysaccharides isolated from cell
cultures of E. purpurea did not enhance the phagocytic activity of
granulocytes in chemotherapy patients (Melchart et al., 2002).

Bauer et al. (1988d) found that ethanol extracts (1:10) of E. purpurea,
E. pallida and E. angustifolia roots significantly enhanced in vitro
phagocytosis of granulocytes. Partitioning of the ethanol extract of
E. purpurea and E. pallida into chloroform and water gave lipophilic and
polar fractions, respectively. The lipophilic fraction was significantly more
active than the whole ethanol extract and the polar fraction at enhancing
phagocytosis. Bauer et al. (1988d) hypothesized that the isobutylamides and
polyacetylenes in the lipophilic fraction were responsible for the granulocyte
phagocytosis. In addition, concentration of the extracts had varying degrees
of activity. The ethanol extract of E. purpurea root was the most effective at
1 mg/g (1024% as reported by Bauer et al. (1988d)) whereas the 100 and
10 mg/g concentrations of the extract were most effective for E. pallida
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and E. angustifolia, respectively. Irrespective of the Echinacea species/
varieties, the 1 mg/g concentration of the lipophilic fraction obtained from the
ethanol extract was found to have the highest activity. Furthermore, the in vivo
granulocyte phagocytosis results correlated with the in vitro results (Bauer
et al., 1988d). Goel et al. (2002) reported that alkamides significantly
enhanced (60%) the phagocytic activity of mice alveolar macrophages at a

dose of 12 mg/kg/day. The phagocytic activity of the cells treated with 0.5 and
4 mg/kg/day levels were not significantly higher than the activity of the
control. Significantly, more TNF-a and nitric oxide were generated by the
alveolar macrophages treated with Echinacea components and stimulated,
in vitro, with a lipopolysaccharide from E. coli. Again, the optimal
concentration was 12 mg/kg/day for the alkamides (Goel et al., 2002).
However, the levels of TNF-a, interferon-g (IFN-g) and interleukin 2 (IL-2)

released by rat splenocytes were not significant.
Polar constituents of Echinacea include polysaccharides and CAP.

Wagner et al. (1985, 1988) reported that in vivo and in vitro experiments
supported the immune-enhancing activity of a polysaccharide fraction. These
authors reported that a polysaccharide fraction from E. purpurea herb and
root enhanced phagocytosis of yeast particles by polymorphonuclear
neutrophil cells (PMNC) by 27% at concentrations of 1 and 10 mg/ml,

respectively. A 32% increase in phagocytosis by PMNC was reported after
treatment with a 10 mg/ml polysaccharide solution obtained from
E. angustifolia. Wagner et al. (1985) originally reported on E. angustifolia;
however, Bauer (1999a) stated that E. pallida could possibly be the species/
variety evaluated based on misidentification that commonly occurred prior to
1985. Carbon-clearance assay showed, in mice, that phagocytosis was
enhanced at a dose of 10 mg/kg body weight, thus supporting in vitro

observations (Wagner et al., 1985). A 4-O-methyl-glucuronoarbinoxylan
(35 kDa) was found to enhance phagocytic activity in vitro by 23% at
concentrations as low as 1024 mg/ml. However, no in vivo activity was
observed (Proksch and Wagner, 1987). Polysaccharides isolated from cell
cultures of E. purpurea were found to stimulate phagocytosis by
macrophages, with the fucogalactoxyloglucan (25 kDa) having the greatest
phagocytic activity (Wagner et al., 1988). In addition, an arabinogalactan

(75 kDa) stimulated TNF-a excretion from the macrophage (Wagner et al.,
1988). An arabinogalactan also stimulated the release of IL-1, TNF-a and
IFN in macrophages, in vitro (Luettig et al., 1989; Roesler et al., 1991a).
However, the same immune responses were not significantly enhanced
after human subjects were injected intravenously with a polysaccharide
solution, although nonspecific immune functions could be shown (Roesler
et al., 1991a). Goel et al. (2002) reported that a polysaccharide dosage

C. HALL III152



of 3000 mg/kg/day was required to induce a significant increase in TNF-a

production by rat alveolar macrophage.

Another polar constituent, cichoric acid, did not enhance TNF-a

production (Goel et al., 2002) at levels up to 120 mg/kg/day. Schumacher

and Friedberg (1991) noted that, over the concentrations (2.5–250 mg/kg)

and delivery (injection, oral) methods tested, no immune-enhancing activity

was found in mice given the lyophilized water extracts of E. angustifolia. In

addition, the water-soluble CAP, echinacoside, was not found to enhance

immune function over the concentrations of 1–250 mg/kg. Bauer et al. (1989)

also reported that echinacoside, along with verbascoside and 2-caffeoyl

tartaric acid, did not stimulate phagocytosis. However, these authors did find

that cichoric acid was effective in stimulating phagocytosis at concentrations

of 1025 mg/ml.

To date, all the studies evaluating the immunostimulating activity of

Echinacea have focused on extracts or purified compounds as they exist in

nature. The conflicting results between in vivo and in vitro studies may be

caused by the test system used in the studies. Rininger et al. (2000) developed

an innovative approach to evaluate the activity of Echinacea preparation

using an in vitro protocol designed to stimulate in vivo conditions. The unique

feature of this protocol was that the Echinacea raw material was subjected to

a simulated digestive process. The samples were first subjected to digestion

by gastric juice for 2 h at 378C, neutralized with sodium hydroxide and finally

incubated in simulated intestinal fluid for 2 h at 378C. Viability and

proliferation of human peripheral mononuclear cells (PBMC) and release

of cytokines from murine macrophages were used to characterize

immunostimulatory activity. Rininger et al. (2000) reported a 10–15%

variation in inter-assay TNF-a demonstrating a good reproducibility for the

digestion assay. The production of TNF-a and nitric oxide by macrophages

stimulated with digested Echinacea preparation were dose-dependent over

the range 0–1280 ml/ml. Treatment of murine macrophages with various

levels (5–320 ml/ml) of digested Echinacea preparation also promoted a

dose-dependent secretion of other cytokines (IL-1, IL-6, IL-10). Various

nondigested Echinacea products, including commercial products standar-

dized for phenolics, at concentrations greater than 250 ml/ml were unable to

stimulate cytokine production in murine macrophages (Rininger et al., 2000).

The viability and proliferation of PBMC was enhanced by digested

Echinacea products only at concentrations found to stimulate cytokine

secretion. This study suggests that the immune-enhancing components can

survive the digestive process and possibly act as in vivo immunostimulating

agents (Rininger et al., 2000).
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2. Antimicrobial and antiviral activity

Related to the immunostimulatory activity is the ability of macrophages and
granulocytes to eliminate bacterial and viral infections. Echinacea has been
found to promote resistance to viruses. Wacker and Hilbig (1978) found that
mouse L 929 cells treated with methanol or aqueous extracts of Echinacea
were 50–80 times more resistant to influenza, herpes and vesicular stomatitis
viruses than nontreated cells. The treatment was effective for 24 h; however,
the cells became sensitive to the viruses after 48 h suggesting that repeated
treatment would be required. A dose-dependent antiviral activity of cichoric
acid, echinacoside and caffeic acid was observed in mouse L 929 cells
(Cheminat et al., 1988). The authors also reported a substantial reduction in
cell growth as the concentration of the components increased, with caffeic
acid causing the most inhibition. The optimal cichoric acid concentration for
reducing the infectiousness of vesicular stomatitis viruses by 50% was
125 mg/ml. Cichoric and caftaric acids inhibited the hyaluronidase enzyme;
an enzyme produced by pathogenic organisms to penetrate tissue and cause
infection (Facino et al., 1995). Thus, this may partly explain the reduction in
viral infections in the presence of Echinacea.

The CAP have been reported to inhibit HIV type 1 (HIV-1) integrase and
HIV-1 replications at concentrations as low as 10 mM (McDougall et al.,
1998; King et al., 1999; Reinke et al., 2002). Cichoric acid inhibited 50% of
the integrase activity and blocked HIV-1 infections by 50% at concentrations
of 0.3 and 4 mM, respectively (Robinson et al., 1996a,b). Hexane extracts of
Echinacea roots were found to have antiviral activity against the Herpes
simplex virus type 1 at a 0.12 mg/ml concentration (Binns et al., 2002d).

Wildfeuer and Mayerhoer (1994) noted a 45% increase in phagocytosis of
Candida albicans by granulocytes treated with E. purpurea. Macrophages
eliminate Listeria monocytogens and Candida albicans from internal organs of
animals after polysaccharides, isolated from cell cultures, of Echinacea were
added to model test systems (Roesler et al., 1991b; Steinmüller et al., 1993).
Roesler et al. (1991b) found that 1 mg/ml concentration of polysaccharides
enhanced the production of reactive oxygen intermediates (ROI) by 270% in
J774-macrophage cells. However, concentrations greater than 1 mg/ml
suppressed ROI. Liver cell macrophages treated with 0.2 mg/ml of
polysaccharide suppressed the growth of Candida albicans by approximately
95%. White blood cell counts were also found to significantly increase 2.5 h
after injecting the mice with 0.2 mg of polysaccharides. The same
polysaccharide dose was sufficient to protect 90 and 100% of the mice
infected with a LD80 dose of C. albicans and L. monocytogens, respectively
(Roesler et al., 1991b). However, delaying the polysaccharide treatment for
more than 18 h after administration of the microorganism to the mice was
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ineffective in preventing animal death. A dose-dependent reduction in colony-
forming units was reported in the spleen, liver and kidney after treatment with
polysaccharides (Roesler et al., 1991b; Steinmüller et al., 1993).

The in vitro antifungal activity of the lipophilic extracts and commercial
tinctures of Echinacea was enhanced after exposure to UV irradiation (Binns
et al., 2000). These authors noted that E. purpurea flowers and a commercial
tea product were the only products that lacked antifungal activity after UV
exposure. The photooxidation of the alkamide, ketoalkenes and ketoalkynes
contributed to the enhanced antifungal activity (Binns et al., 2000).

3. Anti-oxidant and anti-inflammatory activities

Rininger et al. (2000) noted that standardized Echinacea extracts to 3–4%
phenolic acids did not necessarily equate to a greater radical scavenging
activity. Product type appeared to have a greater impact on radical scavenging
activity than the actual standardization process. Cichoric acid and other CAP
were found to act as radical scavengers (Facino et al., 1995). Although not
tested, verbascoside and 2-caffeoyl-cichoric acid would be expected to have
similar radical scavenging activity. Facino et al. (1995) reported that
Echinacea protected collagen from free radical damage by scavenging the
reactive oxygen species. Echinacoside and cichoric acid were found to
prevent collagen degradation best followed by cynarin < caffeicacid and
chlorogenic acid. Alcohol extracts of roots had greater radical scavenging
activity than the leaf extracts irrespective of Echinacea species/variety
(Sloley et al., 2001). However, E. purpurea had the highest radical
scavenging activity among the three species. The radical scavenging activity
of the alcohol extract was equivalent to 1–4% of that of pure AA. In contrast,
pure cichoric acid has three times more scavenging activity than AA (Sloley
et al., 2001). Alcohol root extracts of E. pallida prevented malondialdehyde
(MDA) formation in catecholaminergic neuroblastoma SH-SY5Y cells better
than E. purpurea and E. angustifolia. However, the MDA levels were not
significantly lower than that observed in the control. The addition of iron to
the test system resulted in a significant increase in MDA formation for all
extracts and the control. The increase in MDA in the Echinacea-treated
cells was significantly lower than that of the control. Again, cells treated with
E. pallida had the lowest MDA formation. Irrespective of the Echinacea
species/variety, the concentration of 0.5 mg/ml prevented MDA formation
more than the 1 mg/ml concentration in the iron-free test system whereas the
opposite was true for the iron-containing test system (Sloley et al., 2001). In
contrast to the radical scavenging assay, the leaf extracts inhibited the
formation of MDA greater than the root extracts. No clear trends were
apparent with regard to Echinacea species/variety or concentration of the
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additive having the greatest activity (Sloley et al., 2001). However, Hu and
Kitts (2000) reported that E. angustifolia and E. pallida were more effective
than E. purpurea in various in vitro assays and suggested that the antioxidant
capacity was due to the high levels of echinacoside.

The anti-inflammatory property of Echinacea has been associated with the
alkamides and polysaccharides. However, a standardized extract containing
4% phenolic acids was found to be more effective at inhibiting prostaglandin
synthesis than the E. purpurea herb (Rininger et al., 2000). Recently,
echinacoside has been shown to inhibit inflammation and wound healing in
rats (Speroni et al., 2002). Echinacea angustifolia root polysaccharide
fraction (EPF) effectively inhibited a croton oil-induced edema when applied
topically while an intravenous injection (0.5 mg/kg) inhibited a carrageenan-
induced edema (Tubaro et al., 1987). The intravenous injection was slightly
more effective than topical applications. Water extracts of E. angustifolia root
(EAE) were less effective than the polysaccharide fraction at inhibiting
carrageenan-induced edema. To achieve similar inhibition rates, 100 times
more EAE was required compared to EPF. The application of Echinacea
alkamides was shown to inhibit 5-lipoxygenase, a key enzyme in arachidonic
acid metabolism to prostaglandins, via a competitive inhibition of the enzyme
mechanism (Müller-Jakic et al., 1994). Alternatively, radical scavenging
activity of the highly unsaturated alkamides may reduce the oxidative
reactions that may occur during arachidonic acid metabolism. Dodeca-
2E,4E,8Z,10E/Z-tetraenoic acid isobutylamides had the highest inhibitory
activity (62.6%) against 5-lipoxygenase. However, a hexane extract of
E. angustifolia root inhibited 81.8% of the 5-lipoxygenase activity,
suggesting that additional components are involved in the enzyme inhibition
(Müller-Jakic et al., 1994). Alkamides (50 mg/ml) from E. angustifolia root
also were potent cyclooxygenase (COX) inhibitors (Müller-Jakic et al.,
1994). Alkamides from E. purpurea roots were found to inhibit two COX
isozymes (COX-I and COX-II) at a concentration of 100 mg/ml (Clifford
et al., 2002; Raso et al., 2002). Alkamides inhibited the COX-I and COX-II
by 36–60% and 15–46%, respectively.

B. CLINICAL EVALUATIONS

In general, the majority of the in vitro investigations support the biological
activities of Echinacea. However, results from in vivo investigations are
somewhat contradictory. More specifically, clinical investigations are less
convincing due in part to the poor experimental design of the trials and the
variability of Echinacea products tested. Virtually, all the clinical
investigations prior to 1993 are flawed in some way or another. Only a few
studies prior to 1993 used proper methodology such as randomized,
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double-blind and placebo-controlled (RDBPC) studies (Dorn, 1989; Reitz,
1990; Schmidt et al., 1990; Bräunig et al., 1992; Bräunig and Knick, 1993).
For further details regarding trials prior to 1993, see the reviews of Wills et al.
(2000) and Melchart et al. (1994). Only clinical trials relevant to upper
respiratory infections (URI) or the common cold will be highlighted below.

Hydroalcohol tincture of E. purpurea and E. pallida roots effectively
reduced the duration and symptoms of URI (Bräunig et al., 1992; Bräunig and
Knick, 1993; Dorn et al., 1997). These clinical investigations were RDBPC
studies that showed that 90 drops of E. purpurea or E. pallida root tincture/
day (i.e., equivalent to 900 mg root/day) shortened the duration of the URI by
3.2 and 3.9 days for bacterial and viral infections, respectively. However,
daily doses of 450 mg Echinacea did not significantly affect URI (Bräunig
et al., 1992). Brinkeborn et al. (1999) used a four-armed RDBPC to evaluate
three Echinacea products and a placebo as treatment for common cold.
Subjects (246) were randomly placed into 1 of 4 groups and were instructed to
take the preparation (2 tablets, 3 times daily) at the first onset of cold and visit
a physician within 2 days of the cold onset. Group one received E. purpurea
extract (6.78 mg, Echinaforcew—95% herb and 5% root), group two, a
concentrated fresh E. purpurea (95% herb and 5% roots; 48.3 mg), and the
third group, a root extract of E. purpurea (29.6 mg). The fourth group was
given a placebo. Reduction in mean physician assessed symptom index from
day 1 or 2 to day 7 was 29% for the placebo, 45% for group three, and 63 and
64% for groups one and two, respectively. Groups one and two’s physician
assessments were significantly higher than group three and the placebo. Based
on the dosage, groups one, two and three had daily Echinacea intakes of
41,290 and 178 mg, respectively, suggesting that Echinacea intake was not
the driving force behind the improved physician assessments observed in
group one compared to group three (Brinkeborn et al., 1999). The efficacy of
the treatments in groups one and two, as judged by physician was
approximately 68 and 78%, respectively, and by patients was 78 and 84%,
respectively. This study supports the earlier report that significant reduction
in clinical cold symptoms was observed when patients were given 1500 mg
E. purpurea/day (Brinkeborn et al., 1998). Again, the validity of the data can
be supported by the use of RDBPC experimental design. Hoheisel et al.
(1997) and Schulten et al. (2001) evaluated the pressed juice product
Echinacinw under a RDBPC study to determine clinical relevance of this
Echinacea preparation. Treatment with Echinacinw shortened the duration of
the cold by 4 days, with fewer symptoms and with 20% fewer subjects
developing fully expressed colds (Hoheisel et al., 1997). Schulten et al.
(2001) found that the duration of the cold was reduced by 3 days for subjects
treated with Echinacinw; however, full expression of the common cold was
not significantly different between the treatment group and the placebo group.
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The treatment group did have significantly lower scores for rhinorrhea, nasal
congestion and sore throats, suggesting that treatment with Echinacea could
alleviate some symptoms of the common cold. Wüstenberg et al. (1999)
reported similar results using the preparation Esberitoxw, a product made
with Echinacea root, wild indigo root and white cedar leaves.

In contrast to the positive outcomes provided before, several reports have

shown that Echinacea does not significantly reduce URI. Schöneberger (1992)
found no significant differences in the frequency (although lower) and
intensity of URI between the treatment group and placebo group. This study
used the pressed juice of E. purpurea at a dose of 8 ml/day over 8 weeks and
involved 108 patients. In five randomized placebo-controlled studies
involving the same 134 patients, relative phagocytic activity of PNG and
leukocytes number in peripheral blood cells were enhanced in only two of the

five studies (Melchart et al., 1995). Of the two studies testing positive, only
one used Echinacea as the sole source of immune-enhancing ingredient. In this
study, ethanol extracts of E. purpurea (1000 mg) were taken orally for five
days by the 134 patients. A 54% increase in phagocytosis was measured.
Treatments containing various levels of ethanol extracts of E. purpurea root,
E. pallida root and E. purpurea herb did not enhance phagocytosis or
leukocytes in peripheral blood (Melchart et al., 1995). Schwarz et al. (2002)

also reported that E. purpurea herb did not enhance phagocytosis activity of
polymorphonuclear leukocytes. A three-armed RDBPC involving 302
patients was conducted to evaluate the effects of E. purpurea and
E. angustifolia root extracts on URI (Melchart et al., 1998). Approximately
50 drops (91 mg) of the extracts were administered twice daily. Time to the
first infections were 65, 66 and 69 days for the groups given a placebo,
E. angustifolia root extract or E. purpurea root extract, respectively. The

percentage of the patients infected were 37, 32 and 29% for groups given a
placebo, E. angustifolia root extract or E. purpurea root extract, respectively.
All data were not significantly different from the placebo groups, thus no
benefit was observed (Melchart et al., 1998). In an experimental rhinovirus
common cold model, patients treated with 900 mg/day dose of E. purpurea
during a period of 14 days prior to and five days after viral challenge were not
significantly protected from infection (Turner et al., 2000). Rhinovirus

infection occurred in 44% of the subjects treated, compared to the 57% in the
placebo group ðp ¼ 0:3Þ:A common cold developed in 50 and 59% of subjects
in the Echinacea and placebo groups, respectively. Grimm and Müller (1999)
reported that 65 and 74% of Echinacea and placebo groups, respectively, had
at least one cold or respiratory infection during the 8-week study. The average
number of colds was 0.78 and 0.93 for the Echinacea and placebo groups,
respectively. The duration of the colds was reduced by two days in the group
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treated with the expressed juice of Echinacea diluted to 22% w/alcohol
(8 ml/day). However, this reduction in cold duration was insignificant.

From the clinical evaluations reported to date, no clear recommendation
can be drawn with regard to the effectiveness of Echinacea in clinical
environments. However, the use of Echinacea as a treatment for colds or
symptoms of colds are more strongly supported by clinical studies than using
Echinacea as a prophylactic. The use of standardized extracts and dosages
may be a better approach for evaluating Echinacea in clinical studies.

C. SAFETY/TOXICOLOGY

1. Safety of Echinacea

Echinacea enhances the immune system via nonspecific, antigen-independent
mode of action (Wüstenberg et al., 1999). With few exceptions, Echinacea has
been found to be safe for consumption, with the number of adverse effects
being minimal in many clinical investigations. However, the toxicological
properties of Echinacea have not been fully explored. Only one report (Mengs
et al., 1991) systematically evaluated the toxicological properties of
E. purpurea, whereas other reports are afterthoughts with regard to safety.

Mengs et al. (1991) used rat and mice models to assess the acute and
subacute toxicities, mutagenicity and carcinogenicity. The LD50 in rats was
.15,000 and .5000 mg Echinacea/kg when administered orally and
intravenously, respectively. The Echinacea dosage needed to reach the LD50

in mice was even higher at concentrations .30,000 and .10,000 mg/kg for
oral and intravenous administration, respectively. Subacute toxicity was
determined using oral doses of Echinacea at 800, 2400 or 8000 mg/kg daily
(Mengs et al., 1991). A significant reduction in alkaline phosphatase was found
in the male rats treated with 2400 and 8000 mg/kg; whereas, a significant rise in
prothrombin time was found in female rats fed 2400 and 8000 mg Echinacea/
kg. Necropsy results and histology failed to show the differences between the
treated and control animals; thus no subacute toxicity was noted. No toxicity
was found in the bacterial mutagenicity assays used between 8 and
5000 mg E. purpurea/plate. No statistical increase in mutation frequency
was found in mouse lymphoma assays at concentrations up to 5000 mg/ml.
In the human lymphocyte assay, mitotic inhibition was not detected at
concentrations up to 5000 mg/ml; however, a significant increase in cells with
aberrations was noted only at the 20 h sampling and in the 5000 mg/ml
treatment. Nonsignificance was retained at the 44 h measurement. No
significant increase in polychromatic erythrocytes was observed after the
mice were administered a single oral dose of 25,000 mg E. purpurea/kg
(Mengs et al., 1991). The in vitro carcinogenicity confirmed the nontoxic effect
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of other assays. See et al. (1997) reported that a 1000 mg/ml concentration of
Echinacea was nontoxic based on viability of PBMC assays.

No significant differences were observed in the number of malformations,
live births, or spontaneous abortions between the control group and study
group (Gallo et al., 2000). The study group consisted of 206 women who used
Echinacea during pregnancy. Of the 206 women, 54% consumed Echinacea
during the first trimester whereas only 8% consumed Echinacea in all three
trimesters. Echinacea consumption varied between 250 and 1000 mg/day in
tablets and from 5 to 30 drops of tincture per day. Gallo et al. (2000)
recommended further testing on larger populations and suggested that
standardized dosage may provide improved statistical power.

2. Adverse reaction to Echinacea

The use of Echinacea is not recommended for patients with autoimmune
conditions, such as multiple sclerosis and AIDS, or those taking drugs to
suppress immune response (e.g., corticosteroids) (Blumenthal, 1998;
Gruenwald et al., 2000). However, these recommendations appear to be
based on speculation more than rigorous, peer-reviewed research. Research is
needed to further support or refute the claim that individuals with
autoimmune conditions should not use Echinacea.

The most notable adverse reaction to Echinacea was reported in Australia
(Mullins, 1998, 2000). In this case, the subject orally consumed twice the
recommended dose (patient consumed one teaspoon) of a 40% ethanol in
water extract of Echinacea, which was the equivalent to 3825 mg of
E. angustifolia (whole plant) and 150 mg dried E. purpurea root. Initial
symptoms include burning of the mouth and throat, which is not an
uncommon sensation when consuming Echinacea, followed by chest
tightness, general urticaria and diarrhea. The subject recovered 2 h after
self-administration of promethazine. A 3 mm flare was observed in a skin
prick test using the same extract ingested by the subject whereas a 3 mm
wheal and 5 mm flare formed in the test from a glycerin extract from the same
manufacturer (Mullins, 1998). Other dietary components consumed by the
subject gave negative reactions. Additional testing using radioallergosorbent
(RAST) revealed Echinacea-binding immunoglobulin E (IgE) in the subject’s
serum. The patient did decline a rechallenge of the other dietary supplements
taken around the time of the Echinacea-associated anaphylaxis. Subsequent
testing of 84 subjects, with asthma or allergic rhinitis, using the above
mentioned Echinacea products resulting in 16 (or 19%) positive responses in
the skin prick test. Only two of the 16 subjects had previously consumed
Echinacea, raising the question of potential cross-reactivity of Echinacea
proteins and other allergens.
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Further evaluation of adverse reactions to Echinacea has been recently
reported (Mullins and Heddle, 2002). In addition to the case (i.e., case 1)
given above, four additional case studies showed that Echinacea caused
adverse reaction in subjects. An acute asthma attack occurred along with itchy
and watery eyes and runny nose after the subject ingested an Echinacea-
containing tea. The skin prick test using the same extract as in case 1
produced a 3 mm wheal. A third case involved a health professional who
noted general urticaria, facial and upper airway angioedema, difficulty in
swallowing and dizziness after consuming a tablet containing Echinacea.
The skin prick test was negative to the same extract as in case 1, except that
the extract was 1-year-old at the time the test was administered. However, a
positive RAST score was reported. A third case involved the onset of asthma
after ingestion of Echinacea-containing tablets. A 2 mm wheal formed after
exposure to the 6-month-old extract used in case 1. The RAST test was
negative for this subject. The final case involved the development of a pruritic
rash after consumption of tablets containing Echinacea. Exposure to a
5-month-old extract, used in case 1, in the skin prick test gave negative
results. In addition to these five case studies, Mullins and Heddle (2002)
summarized 51 reports of adverse reaction to Echinacea. Twenty-six (26) of
the 51 reports were possibly IgE-mediated hypersensitivity.

Other components in the Echinacea products may contribute to many of the
adverse reactions reported, not only Australian, but also the United States,
United Kingdom, Canada and New Zealand. Additional studies are needed to
further support the IgE-mediated hypersensitivity reported in Echinacea-con-
taining products. Studies could include growing and processing of Echinacea
under environmentally controlled conditions, with the intent to minimize
foreign contaminants, and administration of extracts to patients under super-
vision. Although this would not represent real-world conditions, it may further
support or refute the IgE-mediated hypersensitivity observed in subjects taking
commercial Echinacea products. Additional work is also needed to identify the
component responsible for the IgE-mediated hypersensitivity.

V. ECHINACEA AS A FUNCTIONAL FOOD ADDITIVE

Several reports have recently been published on the in vivo (Sloley et al.,
2001—see section IV, subsection 3) and in vitro (Hu and Kitts, 2000;
Rininger et al., 2000) antioxidant activity. Hu and Kitts (2000) found that a
methanol extract of E. pallida had a higher antioxidant activity than
E. purpurea and E. angustifolia. In addition, the relationship between CAP
and antioxidant activity was established. The CAP concentrations of 2.61,
1.11, and 0.49% were found in E. pallida, E. angustifolia, and E. purpurea,
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respectively, which correlated to the antioxidant activity. Hu and Kitts (2000)
hypothesized that echinacoside may account for the antioxidant activity based
on the observation that the E. purpurea lacked echinacoside and had the
lowest antioxidant potential. Many of their antioxidant assays were applicable
to biological systems other than foods.

In an effort to find more efficient food antioxidants, the Food Chemistry
Research Laboratory at North Dakota State University (Hall et al., 2001) has
preliminarily evaluated the antioxidant capacity of Echinacea in oil systems.
The oxidative stability of sunflower oil, using Rancimat (1108C), was
determined as a means to evaluate the antioxidant efficiencies of the ground
herbal and root portions of E. purpurea and E. angustifolia. With the
exception of E. angustifolia root, all antioxidant activity increased as the
concentration of Echinacea increased from 0.05 to 1% (Figure 9).
The antioxidant activity of the 0.5 and 1% addition level of E. angustifolia
root was lower than the 0.05 and 0.1% concentrations suggesting that
sufficient concentrations of other components such as metals may have
contributed to the limited antioxidant activity. Up to 480 ppm of iron can be
found in the taproot of E. angustifolia (Hobbs, 1996). The roots of E. purpurea
is more rhizome-like than a true taproot, which may result in a lower iron
content and the lack of the observed decrease in antioxidant activity as
concentration increased.

A second study involved the addition of hexane and ethanol extracts of
E. purpurea and E. angustifolia to stripped corn oil (508C) and oxidation

FIG. 9 Sunflower oil stability (induction time (IT) sample/IT control) under Rancimat
(1108C) conditions and in the presence of ground Echinacea (0.05–1%): E. purpurea herb
(EPH) and root (EPR), and E. angustifolia herb (EAH) and root (EAR).
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assessed using peroxide value. The ethanol extracts of the Echinacea roots

significantly inhibited the oxidation of stripped corn oil to a greater extent

than the other treatments (Figure 10). The 0.5% level of the ethanol root

extracts was significantly better than the 0.05% concentration at preventing

oxidation. The 0.5% concentration of the ethanol extracts of the herb was

less efficient than the 0.05%; however, the peroxide values for both the

treatments were higher than the control and thus were pro-oxidants. All

other extracts of the herbal parts of Echinacea promoted the oxidation

(Figure 10). A positive relationship existed between phenolic content of the

extracts and antioxidant activity. A qualitative assessment using HPLC

showed that the CAP levels for E. angustifolia root were higher than other

Echinacea products (Hall et al., 2001).

In addition to oil-stability evaluations, AA retention was evaluated in

orange juice treated with E. purpurea and E. angustifolia extracts and

stored at room temperature. Our initial studies at North Dakota State

University showed that the addition of ground Echinacea plant tissue was

ineffective at preventing AA loss. For example, only 8% of the AA

remained after 48 h in the orange juice treated with dried aerial parts. A

30% loss of AA after 48 h was found in the control juice. In contrast, 91

and 94% of AA was retained in the orange juice treated with ethanol

extracts of the aerial parts and roots, respectively. In a subsequent study,

FIG. 10 Peroxide values of corn oil treated with various Echinacea extracts and
concentration (0.05 and 0.5%). Hexane extracts of E. purpurea herb (PHH) and root (PRH).
Ethanol extracts of E. purpurea herb (PHE) and root (PRE). Hexane extracts of
E. angustifolia herb (AHH). Ethanol extracts of E. angustifolia herb (AHE) and root (ARE).
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the plant materials were extracted sequentially using hexane, ethanol (95%)
and ethanol:water (70:30), and the resulting extracts added separately to
orange juice at 1%. At the 5-day measurement, the 70% ethanol extracts
protected AA best with an average reduction in AA of 32%, compared to
55 and 87% for hexane and ethanol (95%) extracts (Figure 11). In general,
the E. angustifolia root provided the most protection against AA loss. We
are currently characterizing the phytochemical constituents in the extracts
to determine if a relationship exists between phenolic content or individual
phenols and AA protection. In general, the addition of Echinacea had a
positive effect on AA retention.

VI. CONCLUSION

Echinacea has been used for centuries as a medicinal plant and has been
promoted recently as an immunostimulant. Research from the last two
decades has shown that Echinacea can enhance the immune system using in
vitro and in vivo indicators. Jager et al. (2002) reported that dodeca-
2E,4E,8Z,10E/Z-tetraenoic acid isobutylamides could cross biological
barriers via passive diffusion, suggesting that the alkamides may contribute
to the in vivo effects noted by researchers. In contrast, conflicting results have

FIG. 11 Ascorbic acid reduction in orange juice treated with various Echinacea extracts
(1%): E. purpurea herb (EPH) and root (EPR), and E. angustifolia herb (EAH) and root
(EAR).
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been reported during clinical evaluations of Echinacea, thus there is a need to
standardize formulas to truly evaluate the effectiveness of Echinacea in
biological systems. In addition, further research is needed to establish the
safety of Echinacea in light of the reports published on adverse reactions to
Echinacea. Recently, the National Institutes of Health awarded the University
of Iowa and Iowa State University a 5-year, $6 million grant to establish a
center to investigate Echinacea and St. Johns Wort as dietary supplements.
This level of funding indicates the seriousness to which answers are needed
regarding the true benefits and risks of consuming Echinacea.
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Csává, M., Borbás, A., Jánossy, L., Batta, G., and Lipták, A. 2001. Synthesis of the a-L-Araf-(1 ! 2)-

b-D-Galp-(1 ! 6)-b-Galp-(1 ! 6)-[a-L-Araf-(1 ! 2)]-b-D-Galp-(1 ! 6)-b-Gal hexasacchar-

ide as a possible repeating unit of the cell-culture exudates of Echinacea purpurea

arabinogalactan. Carbohydr. Res. 336, 107–115.

Currier, N. and Miller, S. 2000. Natural killer cells from aging mice treated with extracts from

Echinacea purpurea are quantitatively and functionally rejuvenated. Exp. Gerontol. 35,

627–639.

Currier, N. and Miller, S. 2001. Echinacea purpurea and malatonin augment natural-killer cells in

leukemic mice and prolong life span. J. Altern. Complemen. Med. 7, 241–251.

Currier, N. and Miller, S. 2002. The effect of immunization with killed tumor cells, with/without

feeding of Echinacea purpurea in an erythroleukemic mouse model. J. Altern. Complement. Med.

1, 49–58.

Dietz, B. and Bauer, R. 2001. The constituents of Echinacea atrorubens roots and aeria. Pharm. Biol.

39, 11–15.

Dorn, M. 1989. Milderung grippaler effekte durch ein pflazliches immunstimulans. Nat. und

Ganzheitsmedizin 2, 314–319.

Dorn, M., Knick, E., and Lewith, G. 1997. Placebo-controlled, double-blind study of Echinacea

pallidae radix in upper respiratory infections. Complement. Ther. Med. 3, 40–42.
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