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5 Research and Development, dōTERRA International, 389 S 1300 W, Pleasant Grove, UT 84062, USA;

hwoolf@doterra.com (H.W.); blgraf@doterra.com (B.L.G.)
* Correspondence: psatyal@doterra.com (P.S.); mquinn@montana.edu (M.T.Q.)

Abstract: Echinacea purpurea (L.) Moench is a medicinal plant commonly used for the treatment of
upper respiratory tract infections, the common cold, sore throat, migraine, colic, stomach cramps, and
toothaches and the promotion of wound healing. Based on the known pharmacological properties
of essential oils (EOs), we hypothesized that E. purpurea EOs may contribute to these medicinal
properties. In this work, EOs from the flowers of E. purpurea were steam-distilled and analyzed by gas
chromatography–mass spectrometry (GC–MS), GC with flame-ionization detection (GC–FID), and
chiral GC–MS. The EOs were also evaluated for in vitro antimicrobial and innate immunomodulatory
activity. About 87 compounds were identified in five samples of the steam-distilled E. purpurea EO.
The major components of the E. purpurea EO were germacrene D (42.0 ± 4.61%), α-phellandrene
(10.09 ± 1.59%), β-caryophyllene (5.75 ± 1.72%), γ-curcumene (5.03 ± 1.96%), α-pinene (4.44 ± 1.78%),
δ-cadinene (3.31 ± 0.61%), and β-pinene (2.43 ± 0.98%). Eleven chiral compounds were iden-
tified in the E. purpurea EO, including α-pinene, sabinene, β-pinene, α-phellandrene, limonene,
β-phellandrene, α-copaene, β-elemene, β-caryophyllene, germacrene D, and δ-cadinene. Analysis
of E. purpurea EO antimicrobial activity showed that they inhibited the growth of several bacterial
species, although the EO did not seem to be effective for Staphylococcus aureus. The E. purpurea EO and
its major components induced intracellular calcium mobilization in human neutrophils. Additionally,
pretreatment of human neutrophils with the E. purpurea EO or (+)-δ-cadinene suppressed agonist-
induced neutrophil calcium mobilization and chemotaxis. Moreover, pharmacophore mapping
studies predicted two potential MAPK targets for (+)-δ-cadinene. Our results are consistent with
previous reports on the innate immunomodulatory activities of β-caryophyllene, α-phellandrene,
and germacrene D. Thus, this study identified δ-cadinene as a novel neutrophil agonist and suggests
that δ-cadinene may contribute to the reported immunomodulatory activity of E. purpurea.

Keywords: Echinacea purpurea; purple coneflower; essential oil; antimicrobial activity; (+)-δ-cadinene;
calcium flux; neutrophil; chemotaxis

1. Introduction

The genus Echinacea L. (Asteraceae) contains ten species generally known as coneflow-
ers. Coneflowers have big, showy heads of composite flowers with spiny central disks
that bloom throughout the summer in Europe and North America. Echinacea purpurea
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(L.) Moench (purple coneflower) is a well-known medicinal-ornamental perennial plant
native to damp prairies, meadows, and open forests of the central to southeastern parts
of the United States (Ohio, Michigan, Iowa, Louisiana, and Georgia) [1]. Due to its phar-
macological importance, Echinacea is cultivated worldwide. It typically grows from 2 to
4’ tall and has coarse, ovate to broad-lanceolate, dark green leaves. Brauneria purpurea (L.)
Britton, Echinacea intermedia Lindl. Ex Paxton, Echinacea serotina (Sweet) D. Don ex G. Don
f., Echinacea speciosa (Wender.) Paxton, Helichroa purpurea (L.) Raf., and Rudbeckia purpurea L.
are known botanical synonyms of E. purpurea [2].

E. purpurea preparations are among the best-selling herbal supplements [3]. Histori-
cally, E. purpurea has been used in the treatment of upper respiratory tract infections [4],
common colds [5], sore throats, migraines, colic, stomach cramps, and toothaches [6] and
to promote wound healing [7]. Likewise, extracts of various parts of E. purpurea have
been reported to exhibit antioxidant, anti-inflammatory, anxiolytic, immunoregulatory,
antiproliferative, antiviral, antibacterial, and antifungal properties [1,8–14]. This plant
has a reputation for stimulating the immune system to help fight infectious diseases.
Standardized preparations of E. purpurea have several applications for respiratory tract
infections [5,15–23], viral infections [24–27], tumor suppression [28], acne, and skin dis-
eases [29,30]. In addition, a mixture of E. purpurea and E. angustifolia was reported to
protect against acetic acid-induced ulcerative colitis in rats [31]. Attempts to use Echinacea
as an immune modulator date back over a century, with early experiments revealing its
potential to stimulate the immune system. Echinacea’s immunological properties have
been extensively studied since 1923 [32]. Early studies confirmed phagocyte-stimulating,
hyaluronidase-inhibiting, and properdin-generating activities. Experiments using all three
medicinal species of Echinacea have demonstrated macrophage-activating properties [33],
including reports of increased macrophage phagocytic activity accompanied with enhanced
cytokine production, in vitro and in vivo [33]. E. purpurea EOs have been shown to exhibit
anti-inflammatory effects in mice and rats [12,34], and EOs from various medicinal plants
have been reported to exhibit immunomodulatory activity through their ability to modulate
neutrophil functional activity. Since neutrophils perform essential host defense functions,
they represent an ideal pharmacological target for therapeutic development [35]. Likewise,
the antimicrobial properties of EOs have been reported in several studies (reviewed in [36]).
Thus, we propose that a combination of antimicrobial activity with innate immunomod-
ulatory activity may represent an ideal approach for protection against pathogens while
modulating the ensuing inflammatory response and suggest that such EOs may offer
promise as an alternative treatment option.

The efficacy of E. purpurea preparations has been investigated in several clinical trials,
but the results varied greatly depending on the plant parts used, the extract type, the
variability of active components, and the sample size. Previous studies identified several
bioactive compounds from ethanolic and water extracts of E. purpurea, including caffeic
acid derivatives (caffeic acid, caftaric acid, cichoric acid, echinacoside, chlorogenic acid, and
cynarin), alkylamides, flavonoids (rutin, quercetin, nicotiflorin, and luteolin), polysaccha-
rides, and polyacetylenes [37–43]. These compounds have been extensively studied and are
thought to be responsible for the bioactivity of E. purpurea extracts. Although a few studies
investigated the E. purpurea EO, little is known about their biological activities. Based on
previous studies demonstrating immunomodulatory activity of EOs, we hypothesized that
the E. purpurea EO may contribute to the medicinal properties of extracts from this plant.
Thus, the current study aims to explore the volatile composition of EOs extracted from the
flowers of E. purpurea from Bulgaria and evaluate their in vitro antibacterial activity and
innate immunomodulatory potential in human neutrophils.

2. Results and Discussion
2.1. Chemical Composition

Five E. purpurea samples (E1–5) were steam-distilled for 3–4 h in a Clevenger-type
apparatus. The average yield was 0.13 ± 0.06%. The EO had a deeply sweet, herbaceous,
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floral, slightly grassy, and lightly hay-like scent and was analyzed by GC–MS and GC–FID
to identify and quantify the EO component compounds, respectively (Figure 1). A total
of 87 compounds were identified, representing 97.65–100% of the total EO composition
(Table 1). Note, it has been reported that the volatile components can be detected in
the aerial parts and roots of E. purpurea, with variable yields and chemical compositions
that can be affected by pathogen attacks [44]. The major components of the E. purpurea
EO in this study were germacrene D (42.0 ± 4.61%), α-phellandrene (10.09 ± 1.59%),
β-caryophyllene (5.75 ± 1.72%), γ-curcumene (5.03 ± 1.96%), α-pinene (4.44 ± 1.78%),
δ-cadinene (3.31 ± 0.61%), and β-pinene (2.43 ± 0.98%) (values indicate % of the EO). The
abundance of germacrene D correlates well with previous reports on essential oils from
the flowerheads of E. purpurea [45–47]. Interestingly, analysis of the flowerheads revealed
that α- and β-pinene, β-myrcene, ocimene, limonene, camphene, and terpinene were the
main components [48]. The hydrodistilled EO of cultivated E. purpurea flowerheads during
ontogenesis comprised mainly β-caryophyllene (25.0%), fatty acids (17.2%), germacrene D
(13.8%), α,β-pinene (9.5%), nerolidol (6.6%), and α-phellandrene (4.2%) [49].
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Figure 1. GC–MS chromatogram of E. purpurea flower EO.

Table 1. Chemical composition of five samples (E1–5) of the flower essential oil of Echinacea purpurea,
expressed as percent (%).

RIexp
a Compound E1 E2 E3 E4 E5 Average SD

881 2-Butyl furan - - - 0.06 - 0.06 -
924 α-Thujene - - - 0.05 - 0.05 -
932 α-Pinene 1.86 2.71 1.52 2.58 1.77 2.09 0.53
949 Camphene - - - 0.05 - 0.05 -
971 Sabinene 0.28 0.54 0.26 0.48 0.28 0.37 0.13
977 β-Pinene 1.70 2.82 1.64 2.65 1.64 2.09 0.59
988 Myrcene 0.62 0.86 0.76 0.73 0.57 0.71 0.12

1007 α-Phellandrene 8.95 11.86 8.66 12.09 8.62 10.04 1.78
1024 p-Cymene 1.62 3.17 1.57 3.01 1.65 2.20 0.81
1028 Limonene 0.40 0.63 0.44 0.56 0.39 0.48 0.11
1030 β-Phellandrene 0.08 0.13 0.09 0.11 0.07 0.10 0.02
1330 Bicycloelemene - - 0.10 - 0.08 0.09 0.01
1335 δ-Elemene - - 0.08 0.07 - 0.08 0.01
1345 α-Cubebene - - 0.10 0.05 0.10 0.08 0.03
1367 α-Ylangene - - 0.14 - 0.14 0.14 -
1374 α-Copaene 0.88 0.89 0.81 0.77 0.93 0.86 0.06
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Table 1. Cont.

RIexp
a Compound E1 E2 E3 E4 E5 Average SD

1386 β-Cubebene 0.45 0.46 0.44 - 0.47 0.46 0.01
1388 β-Elemene 1.55 1.77 1.60 2.07 1.56 1.71 0.22
1405 β-Maaliene - - - - 0.07 0.07 -
1409 α-Gurjunene - - - 0.08 - 0.08 -
1419 β-Caryophyllene 6.31 6.57 6.23 6.60 6.52 6.45 0.17
1428 β-Copaene 0.78 0.61 0.66 - 0.66 0.68 0.07
1429 γ-Elemene - - - 0.16 - 0.16 -
1431 trans-α-Bergamotene 0.62 0.61 0.55 1.02 0.62 0.68 0.19
1447 Z-Muurola-3,5-diene - - 0.09 0.09 0.12 0.10 0.02
1447 Isogermacrene D - - - 0.11 - 0.11 -
1449 E-Muurola-3,5-diene 0.14 - 0.14 0.12 0.12 0.13 0.01
1454 α-Humulene 1.90 1.91 1.85 1.86 1.83 1.87 0.03
1458 allo-Aromadendrene 0.15 0.20 0.21 0.28 0.17 0.20 0.05
1460 Z-Muurola-4(14),5-diene 0.29 - 0.14 - 0.27 0.23 0.08
1465 Z-Cadina-1(6),4-diene - 0.23 - 0.19 - 0.21 0.03
1472 Citronellol isobutanoate 1.03 1.23 1.44 1.09 - 1.20 0.18
1474 Dodecenol 0.72 - - - 0.92 0.82 0.14
1476 E-Cadina-1(6),4-diene 0.40 0.20 0.49 0.81 0.32 0.44 0.23
1479 γ-Curcumene 3.42 7.44 6.44 2.79 5.05 5.03 1.96
1484 Germacrene D 45.07 33.13 43.84 41.35 45.65 41.81 5.12
1488 β-Selinene 0.27 0.21 0.26 0.44 0.25 0.29 0.09
1492 1-Pentadecene - 0.81 - 0.55 1.09 0.82 0.27
1494 Bicyclogermacrene 1.73 1.55 1.53 1.93 1.20 1.59 0.27
1496 E-Muurola-4(14),5-diene 0.54 0.41 1.16 0.23 - 0.59 0.40
1497 α-Muurolene 1.19 0.91 1.33 - 1.23 1.17 0.18
1501 β-Cadinene 0.18 0.13 0.20 0.24 0.17 0.18 0.04
1506 E,E-α-Farnesene - - 0.09 - - 0.09 -
1509 Shyobunone 0.17 0.18 0.88 0.10 0.07 0.28 0.34
1510 Cubebol 0.16 0.19 - - - 0.18 0.02
1512 γ-Cadinene 0.94 0.73 0.89 0.77 0.85 0.84 0.09
1517 δ-Cadinene 3.89 3.03 4.14 2.99 3.34 3.48 0.52
1524 Isoshyobunone - - - 0.39 0.21 0.30 0.13
1524 Zonarene - - - 0.29 - 0.29 -
1531 E-Cadina-1,4-diene 0.20 0.16 0.21 - 0.19 0.19 0.02
1535 α-Cadinene 0.27 0.21 0.23 0.23 0.23 0.23 0.02
1543 α-Elemol 0.12 0.16 - - - 0.14 0.03
1556 α-Cadinol 2.08 1.77 1.62 1.87 1.96 1.86 0.18
1557 Germacrene B 0.33 0.33 0.34 0.39 0.32 0.34 0.03
1560 E-Nerolidol 0.66 0.56 0.58 0.41 0.58 0.56 0.09
1566 1,5-Epoxy salvial-4(14)-ene 0.42 0.39 0.28 0.41 0.39 0.38 0.06
1576 Germacrene D-4-ol 1.14 1.33 0.80 1.06 1.00 1.07 0.19
1580 Caryophyllene oxide 0.82 1.14 0.60 1.63 0.75 0.99 0.41
1583 β-Copaen-4-α-ol 0.23 0.23 0.19 - 0.23 0.22 0.02
1591 Salvial-4(14)-en-1-one 0.27 0.23 0.19 0.28 0.28 0.25 0.04
1608 Humulene epoxide II 0.30 0.35 0.11 0.29 0.18 0.25 0.10
1616 Junenol 0.38 0.32 - - - 0.35 0.04
1621 Widdrol isomer 0.25 0.31 0.29 - 0.39 0.31 0.06
1626 1-epi-Cubenol 0.20 0.17 0.14 - 0.17 0.17 0.02
1641 δ-Cadinol 0.33 0.24 0.16 - - 0.24 0.09
1642 τ-Cadinol - - - - 0.60 0.60 -
1644 τ-Muurolol - - - - 0.96 0.96 -
1646 epi-α-Cadinol 0.73 0.57 0.58 0.60 - 0.62 0.07
1649 epi-α-Muurolol 0.83 0.62 0.76 0.75 - 0.74 0.09
1653 Eudesm-4(15),7-dien-1 a-ol 0.08 0.20 - - - 0.14 0.08
1657 7E-Tetradecenol - 0.16 - - - 0.16 -
1679 epi-α-Bisabolol - 0.13 - - - 0.13 -
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Table 1. Cont.

RIexp
a Compound E1 E2 E3 E4 E5 Average SD

1679 Germacra-4(15),5,10(14)-
trien-1-α-ol 0.22 0.13 - - - 0.18 0.06

1685 Germacra-4(15),5,10(14)-
trien-1-β-ol 0.21 0.18 - - - 0.20 0.02

1688 Shyobunol 1.26 1.64 - - - 1.45 0.27
1773 14-oxy-α-Muurolene - - - 0.10 - 0.10 -
1828 Z-Thujopsenic acid 0.26 0.26 0.14 0.37 0.27 0.26 0.08
1839 Phytone 0.12 0.15 0.08 0.13 0.15 0.13 0.03
2293 Tricosane - - - 0.03 - 0.03 -
2493 Pentacosane - - - 0.04 - 0.04 -
2692 Heptacosane - - - 0.05 - 0.05 -
2891 Nonacosane - - - 0.03 - 0.03 -

Unidentified 0.00 1.94 1.93 1.52 2.35
a Experimental retention index determined with respect to a homologous series of n-alkanes on a ZB-5ms column.

2.2. Enantiomeric Distribution

The enantiomeric distribution of chiral compounds in E. purpurea EO is presented in
Table 2. The results revealed a total of 11 chiral compounds: α-pinene, sabinene, β-pinene, α-
phellandrene, limonene, β-phellandrene, α-copaene, β-elemene, β-caryophyllene, germacrene
D, and δ-cadinene. (−)-α-phellandrene, (+)-α-copaene, and (−)-β-caryophyllene appeared as
pure enantiomers. Thus, these chiral constituents and their enantiomeric distributions could
be used as reference standards for identifying adulteration in E. purpurea EO.

Table 2. Enantiomeric distributions of chiral compounds present in essential oils of Echinacea purpurea.

Chiral Compounds
Average (%)

SD
(+) (−)

α-Pinene 4.11 95.89 2.71
Sabinene 20.43 79.57 4.15
β-Pinene 1.23 98.77 0.41

α-Phellandrene 100.00 0.00 0.00
Limonene 49.21 50.79 10.80
α-Copaene 100.00 0.00 0.00

β-Phellandrene 48.37 51.63 0.10
β-Elemene 23.30 76.70 1.24

β-Caryophyllene 0.00 100.00 0.00
Germacrene D 9.50 90.50 2.45
δ-Cadinene 98.60 1.40 0.82

2.3. Antimicrobial Activity of E. purpurea EO

It has been previously published that extracts from E. purpurea had MIC values of
93.8 mg/mL against S. mutans and 375 mg/mL against E. coli [50]. It is likely that much of
the antimicrobial activity of the E. purpurea EO is derived from the germacrene D content,
as the Echinacea EO has been shown to contain about 42% germacrene D [51]. As shown
in Table 3, the E. purpurea EO inhibited the growth of several bacterial species, although
the EO did not seem to be effective against S. aureus and had lower activity for E. coli
and S. epidermidis. The major constituents contributing to the antimicrobial activity of
the E. purpurea EO are likely β-caryophyllene and α-pinene, which have both exhibited
potent antimicrobial activities as single compounds in vitro [36,52–56]. The other major
constituents in the E. purpurea EO, including germacrene D, α-phellandrene, β-pinene,
γ-curcumene, and δ-cadinene, may provide additive or synergistic antimicrobial effects,
as these molecules, or EOs derived from other plants that contain high levels of these
molecules, have been reported to exhibit moderate antimicrobial activities [56–64].
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Table 3. Summary of antimicrobial data of E. purpurea flower EO.

Bacterial Species MIC (µg/mL)

Citrobacter freundii 312.5 ± 0.49
Escherichia coli 625.0 ± 0.32
Klebsiella pneumoniae 312.5 ± 0.34
Bacillus cereus 312.5 ± 0.43
Pseudomonas aeruginosa 312.5 ± 0.44
Shigella flexneri 312.5 ± 0.14
Staphylococcus aureus 1250.0 ± 0.28
Stroptococcus pyogenes 625.0 ± 0.21
Alcaligenes faecalis 312.5 ± 0.38
Staphylococcus epidermidis 625.0 ± 0.29
Shigella sonnei 312.5 ± 0.24
Enterococcus faecalis 312.5 ± 0.30

Values are shown as the average MIC ± SD of 3 measurements.

2.4. Innate Immunomodulatory Activity of E. purpurea EO and Its Components

A growing body of research suggests that E. purpurea has immunostimulatory properties.
For example, the E. purpurea root extract was reported to have immune-enhancing properties
by lowering the frequency and function of regulatory T cells [65]. In another study, oral ad-
ministration of an E. purpurea extract increased natural killer cell activity in mice by increasing
the levels of MHC II, CD4 T cells, and Th1 cytokines [66]. Likewise, an ethanolic extract of the
aerial parts was reported to modulate cytokine response in human T-cells [67]. We hypothe-
sized that the E. purpurea EO could have innate immunomodulatory properties. In the present
study, human neutrophils were used to evaluate the innate immunomodulatory effects of the
E. purpurea EO and their major components. Neutrophils are immune cells that serve as both ef-
fectors and regulators in the development of the innate inflammatory response [68]. As shown
in Table 4, the treatment of human neutrophils with the E. purpurea EO induced intracellular
Ca2+ mobilization (EC50 = 19.9 ± 4.5 µg/mL). This is an important finding, as intracellular
Ca2+ mobilization plays an important role in neutrophil activation and function [69,70]. As
shown in Table 4, the E. purpurea EO components (+)-δ-cadinene and α-phellandrene also
induced comparable changes in intracellular Ca2+ concentrations ([Ca2+]i) in neutrophils
compared to that observed previously with germacrene D [71] with EC50 values between
20.8 and 24.6 µM. In contrast, no activity was observed for β-caryophyllene. Previously, we
found that EOs and their components could inhibit neutrophil migration [71–73]. Thus, we
analyzed the effects of the E. purpurea EO and (+)-δ-cadinene on neutrophil chemotaxis and
found that pretreatment with the E. purpurea EO (IC50 = 1.8 ± 0.6 µg/mL) or (+)-δ-cadinene
(IC50 = 0.48 ± 0.1 µM) for 10 min suppressed fMLF-induced human neutrophil chemotaxis in
a dose-dependent manner (Table 4, Figure 2).
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Figure 2. Inhibition of neutrophil chemotaxis by Echinacea purpurea EO and (+)-δ-cadinene. Neutro-
phil chemotaxis toward 1 nM fMLF was measured, as described under Section 3. The data are pre-
sented as the mean ± SEM and are based on two independent experiments. 
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trophil chemotaxis toward 1 nM f MLF was measured, as described under Section 3. The data are
presented as the mean ± SEM and are based on two independent experiments.
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Table 4. Effect of E. purpurea EO and pure major components on [Ca2+]i and chemotaxis in human
neutrophils and cytotoxicity in THP-1 monocytic cells.

Essential Oil or
Pure Compound

Activation of
[Ca2+]i

Inhibition of
fMLF-Induced [Ca2+]i

Chemotaxis Cytotoxicity
(at 24 h)

Cytotoxicity
(at 90 min)

EC50 (µg/mL) IC50 (µg/mL) IC50 (µg/mL) IC50 (µg/mL)

Echinacea EO 19.9 ± 4.5 1.8 ± 0.6 1.7 ± 0.7 25–30%
(at 50 µg/mL) n.t.

EC50 (µM) IC50 (µM) IC50 (µM) IC50 (µM)
β-Caryophyllene N.A. 0.13 ± 0.02 17.6 ± 5.7 * n.t. n.t.
(+)-δ-Cadinene 24.6 ± 6.7 0.48 ± 0.1 7.2 ± 1.6 n.t. n.t.
α-Phellandrene 20.8 ± 7.5 7.9 ± 1.1 19.4 ± 1.5 35% at 50 µM n.t.
Germacrene D 21.7 ± 7.1 1.9 ± 0.1 5.4 ± 2.3 * n.t. n.t.

EC50 and IC50 values were determined by nonlinear regression analysis of the dose-response curves, as described
under Section 3. * Values are as reported previously [70]. For cytotoxicity assays, THP-1 cells were incubated
with indicated concentrations of the compounds for 90 min and 24 h and cell viability was analyzed. N.A.
and n.t. indicate the samples had essentially no activity or no cytotoxicity, respectively (EC50 or IC50 > 55 µM
for pure compounds or >55 µg/mL for the essential oils). The data are presented as the mean ± SD of three
independent experiments.

Furthermore, we tested the cytotoxicity of the E. purpurea EO and its components at
various concentrations in human THP-1 monocytic cells during 90 min and 24 h incubation
periods to ensure that the effects on neutrophil functional activity (i.e., inhibition of Ca2+

mobilization and cell migration) were not significantly influenced by potential toxicity. As
shown in Table 4, the E. purpurea EO and components had no cytotoxicity after 90 min and
very little cytotoxicity after 24 h, confirming that the Ca2+ flux and chemotaxis assays were
not influenced by possible cytotoxicity.

Although determining the mechanism is beyond the scope of this study, we sought to
explore the potential protein targets of (+)-δ-cadinene. Reverse-pharmacophore mapping
using the molecular structure of (+)-δ-cadinene was performed to identify its potential
cellular targets. Table 5 shows the top 10 human protein targets for (+)-δ-cadinene out of
300 potential targets ranked by normalized fit scores in descending order. Interestingly, two
MAPKs are indicated as possible targets among the top selected targets, namely mitogen-
activated protein (MAP) kinase 1 and MAP kinase-activated protein kinase 2. Since MAP
kinases play an important role in neutrophil activation and host defense mechanisms
(reviewed in [74]), the possibility that (+)-δ-cadinene might interact with these kinases is
very interesting and warrants future investigation of this area.

Table 5. Potential human protein targets of (+)-δ-cadinene identified by PharmMapper.

Rank PDB ID Target Name Fit Score

1 1J96 Aldo-keto reductase family 1 member C2 2.974
2 1REU Bone morphogenetic protein 2 2.948
3 1PME Mitogen-activated protein kinase 1 2.918
4 1P49 Steryl-sulfatase 2.905
5 1F40 Peptidyl-prolyl cis-trans isomerase FKBP1A 2.901
6 1E7E Serum albumin 2.874
7 1SHJ Caspase-7 2.842
8 2PIN Thyroid hormone receptor beta 2.837
9 2P3G MAP kinase-activated protein kinase 2 2.804
10 1L6L Apolipoprotein A-II 2.763

3. Materials and Methods
3.1. Materials

Dichloromethane, dimethyl sulfoxide (DMSO), N-formyl-Met-Leu-Phe (f MLF), strep-
tomycin, and penicillin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ger-
macrene D, (+)-δ-cadinene, α-phellandrene, and β-caryophyllene were purchased from
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Cayman Chemical (Ann Arbor, MI, USA), Fluo-4AM was purchased from Invitrogen (Carls-
bad, CA, USA). RPMI 1640 medium was purchased from Mediatech Inc., Herndon, VA,
USA. Fetal bovine serum (FBS) was purchased from ATCC (Manassas, VA, USA). Hanks’
balanced salt solution (HBSS; 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM
KH2PO4, 4.2 mM NaHCO3, 5.56 mM glucose, and 10 mM HEPES, pH 7.4) was purchased
from Life Technologies (Grand Island, NY, USA). HBSS without Ca2+ and Mg2+ is referred
to as HBSS−; HBSS containing 1.3 mM CaCl2 and 1.0 mM MgSO4 is referred to as HBSS+.

3.2. Essential Oil Extraction

Cultivated E. purpurea was harvested from Dobrich, Bulgaria, in June–July 2020. Fresh
flowers were handpicked in the early morning, transferred immediately, and steam-distilled
for 3–4 h in a Clevenger-type apparatus. The plant material-to-water ratio was 1:6.

3.3. Gas Chromatography-Mass Spectrometry (GC–MS) Analysis

The E. purpurea EOs were analyzed using a Shimadzu GC–MS-QP2010 Ultra (Shi-
madzu Scientific Instruments, Columbia, MD, USA) with electron impact (EI) mode with
70 eV, using 40–400 m/z range scans with a scan rate of 3.0 scan/s. The GC column used
was a ZB-5ms fused silica capillary column with a (5% phenyl)-polymethylsiloxane sta-
tionary phase and a film thickness of 0.25 µm, a length of 30 m, and an internal diameter
of 0.25 mm. The column temperature was set at 50 ◦C for 2 min and then increased by
2 ◦C/min to the temperature of 260 ◦C. The carrier gas was helium with a column head
pressure of 552 kPa and a constant flow rate of 1.37 mL/min. The injector temperature was
kept at 260 ◦C, and the ion source temperature was 200 ◦C. For each essential oil sample, a
1:10 v/v solution in dichloromethane (DCM) was prepared, and 0.3 µL was injected using a
split ratio of 1:30. The EO components were identified by comparing mass spectral frag-
mentation patterns (over 80% similarity match) and retention indices (RI) based on a series
of homologous C8-C20 n-alkanes with those reported in databases [NIST database, and
our in-house library] using the Lab Solutions GC–MS post-run analysis software version
4.45 (Shimadzu Scientific Instruments, Columbia, MD, USA).

3.4. Gas Chromatography–Flame Ionization Detection (GC–FID) Analysis

GC–FID analysis of the E. purpurea EO was performed using a Shimadzu GC 2010
equipped with a flame ionization detector (Shimadzu Scientific Instruments, Columbia, MD,
USA), as previously described [75], with a ZB-5 capillary column (Phenomenex, Torrance,
CA, USA).

3.5. Enantiomeric Analysis by Chiral Gas Chromatography–Mass Spectrometry (CGC–MS)

A Shimadzu GC–MS-QP2010S with EI mode (70 eV) and B-Dex 325 chiral capillary
GC column was used to perform the enantiomeric analysis of E. purpurea EO. Scans were in
the 40–400 m/z range at a scan rate of 3.0 scan/s. The column temperature was set to 50 ◦C
and, at first, increased by 1.5 ◦C/min to 120 ◦C and then 2 ◦C/min to 200 ◦C. The final
temperature of the column was 200 ◦C and was kept constant. The carrier gas was helium,
with a constant flow rate of 1.8 mL/min. For each EO sample, 3% w/v solution in DCM
was prepared and 0.1 µL was injected using a split ratio of 1:45 [75,76]. The enantiomer
percentages were determined from the peak area. A comparison of retention times and
mass spectral fragmentation patterns was performed against authentic samples obtained
from Sigma-Aldrich (Milwaukee, WI, USA) and was used to identify the enantiomers.

3.6. Isolation of Human Neutrophils

Human neutrophils were obtained using blood collected from healthy donors. Blood
collection was approved by the Institutional Review Board at Montana State University
(Protocol #2022-168). The isolated neutrophils were resuspended in HBSS+ for all biological
assays. Neutrophil preparations were routinely >95% pure and >98% viable, as determined
by light microscopy and trypan blue exclusion, respectively.
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3.7. Cell Culture

Human THP-1 monocytic cells obtained from ATCC (Manassas, VA, USA) were
cultured in RPMI 1640 medium (Mediatech Inc., Herndon, VA, USA) supplemented with
10% (v/v) FBS, 100 µg/mL streptomycin, and 100 U/mL penicillin.

3.8. Ca2+ Mobilization Assay

Changes in the intracellular Ca2+ concentrations ([Ca2+]i) were monitored with a
FlexStation 3 (Molecular Devices, Sunnyvale, CA, USA). For these assays, neutrophils were
loaded with 1.25 µg/mL Fluo-4AM and incubated in the dark at 37 ◦C for 30 min. The
cells were then washed with HBSS−. The dye-loaded cells were resuspended in HBSS+

and pipetted into the wells of black microtiter plates at 2 × 105 cells/well. To measure
the direct effects of samples on [Ca2+]i, the test samples were added to the wells (final
concentration of DMSO was 1%), and the fluorescence was monitored (λex = 485 nm,
λem = 538 nm). Changes in fluorescence were monitored every 5 s at room temperature for
240 s. To evaluate the inhibitory effects of the test samples, the samples were added to the
wells and incubated for 10 min, with the subsequent addition of 5 nM f MLF. Responses were
normalized to the response induced by control f MLF (5 nM) alone without pretreatment.
These responses were assigned as 100%. To calculate median effective concentrations
(EC50 or IC50), we used curve fitting (at least five or six points) and nonlinear regression
analysis of the dose–response curves. Curve fitting was performed with Prism 9 (GraphPad
Software, Inc., San Diego, CA, USA).

3.9. Chemotaxis Assay

To evaluate the effects of the E. purpurea EO and its components on neutrophil migra-
tion, we resuspended the neutrophils in chemotaxis media (HBSS+ containing 2% (v/v)
heat-inactivated FBS) at 2 × 106 cells/mL. We analyzed chemotaxis using 96-well ChemoTx
chambers (Neuroprobe, Gaithersburg, MD). Neutrophils were first preincubated in Greiner
flat-bottom 96-well plates (Millipore Sigma, Burlington, MA, USA) with different concen-
trations of test samples at room temperature for 30 min. To set up the chemotaxis chambers,
a known number of neutrophils were aliquoted into eight wells of the lower chamber to be
used for creating the standard curve (linear range of 103–4 × 104 neutrophils in 30 µL of
chemotaxis media). Thirty microliters of the chemotaxis media containing the indicated test
samples or control 1% DMSO and 1 nM f MLF as the chemoattractant was aliquoted into
the remaining wells of the lower chamber, except for 3 lower wells that were reserved for
background controls (DMSO treated cells in the upper wells and DMSO without f MLF in
the lower wells). The lower chamber plate was then covered with the upper filter plate. The
pretreated cells were then transferred from the 96-well Greiner plate into the upper wells of
the chemotaxis chamber (4 × 104 cells/well in 20 µL), except for the 3 background control
wells indicated above and the 8 upper wells corresponding to the lower wells containing
neutrophils used for the standard curve. The cells were then allowed to migrate from the
upper wells through the polycarbonate membrane filter for 60 min at 37 ◦C/5% CO2. Any
remaining unmigrated neutrophils were wiped from the upper membrane in each well
using filter paper, and 20 µL of 2.5 mM EDTA was added to each well to detach any cells
that migrated through the filter membrane but were still attached to the lower membrane
surface (10 min incubation at 4 ◦C). The number of migrated cells was then determined by
measuring the ATP in lysates of transmigrated cells and comparing this to the standard
curve obtained using known neutrophil numbers, as described above. Calculation of
median effective concentrations (IC50) was performed by nonlinear regression analysis of
the dose-response curves.

3.10. Cytotoxicity Assays

We analyzed monocyte cytotoxicity using THP-1 monocytic cells using a CellTiter-
Glo Luminescent Cell Viability Assay Kit (Promega, Madison, WI, USA). Briefly, the cells
were incubated (104 cells/well) with the indicated concentrations of the essential oil or



Molecules 2023, 28, 7330 10 of 14

compound for 90 min or 24 h at 37 ◦C/5% CO2. After incubation, we added the substrate.
The samples were analyzed using a Fluoroscan Ascent FL microplate reader.

3.11. Antimicrobial Activity

The standard broth dilution method was used to determine the minimum inhibitory
concentration (MIC). The following strains were selected for the testing and were obtained
through BEI Resources, NIAID, NIH: Escherichia coli K-12 (Strain DC10B, NR-49804), Shigella
sonnei (Strain WRAIR I Virulent, NR-519), Shigella flexneri (Strain 24570, NR-517), Salmonella
enterica subsp. enterica (Strain MDCH01 (Serovar Tennessee), NR-20742), Pseudomonas
aeruginosa (Strain Shr42, NR-48982), Staphylococcus epidermidis (Strain M0881, NR-41888),
Staphylococcus aureus (Strain Sa1912, NR-51347), Streptococcus pyogenes (Strain MGAS9882,
NR-15272), Streptococcus pneumoniae (Strain NP112, NR-19213), and Bacillus cereus (Strain
Tor 16585, NR-12151) and through BEI Resources, NIAID, NIH as part of the Human
Microbiome Project: Klebsiella pneumoniae subsp. Pneumoniae (Strain WGLW3, HM-748),
Citrobacter freundii (Strain GED7749C, HM-1280), and Enterococcus faecalis (Strain TX2137,
HM-432). The assay was performed with a 1% EO stock solution in DMSO (~2500 µg/mL).
The EO stock solution was serially diluted in a 96-well plate with TSB broth that had been
inoculated with bacterial species. Plates were sealed with sterile gas exchange film and
incubated at 37 ◦C overnight. Optical density was measured at 600 nm using a Thermo
Scientific Spectronic 200 spectrophotometer. Assays were performed in quadruplicate.

3.12. Molecular Modeling

The PharmMapper Server was utilized for exploring the potential protein targets for
(+)-δ-cadinene [77]. The 3D structure of (+)-δ-cadinene was obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/441005; accessed on 7 September 2022). The
pharmacophore mapping was performed with the “Human Protein Targets Only” database
containing 2241 targets. The top 300 potential human protein targets were retrieved and
sorted by the normalized fit score.

3.13. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 for Windows (GraphPad
Software, San Diego, CA, USA). A p value of less than 0.05 was considered statistically
significant.

4. Conclusions

The flower EOs of E. purpurea mainly comprised germacrene D (42.0 ± 4.61%), α-
phellandrene (10.09 ± 1.59%), β-caryophyllene (5.75 ± 1.72%), γ-curcumene (5.03 ± 1.96%),
α-pinene (4.44 ± 1.78%), δ-cadinene (3.31 ± 0.61%), and β-pinene (2.43 ± 0.98%). Analysis
of the E. purpurea EO microbicidal activity showed relatively high activity against a variety
of bacterial pathogens. Further analysis showed that the E. purpurea EO, germacrene D, α-
phellandrene, β-caryophyllene, and δ-cadinene all induced intracellular Ca2+ mobilization
in human neutrophils, suggesting that they also exhibited innate immunomodulatory activ-
ity, as intracellular Ca2+ mobilization is a key component of neutrophil activation. Indeed,
pretreatment of cells with the E. purpurea EO or δ-cadinene inhibited subsequent heterol-
ogous agonist-induced Ca2+ mobilization and inhibited human neutrophil chemotaxis
toward N-formyl peptide. This study shows that the E. purpurea EO and major components
were microbicidal but also had immunomodulatory effects on neutrophil activation, and
we suggest that this combination of host defense against pathogens and modulation of the
inflammatory response may contribute to the reported beneficial health effects of Echinacea
extracts. Furthermore, we identified δ-cadinene as one of the active components in E.
purpurea oil, and pharmacophore mapping studies predicted two potential MAPK targets
for (+)-δ-cadinene.

https://pubchem.ncbi.nlm.nih.gov/441005
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