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Abstract

The essential oil (EO) of Thymus capitatus, seven fractions (F1-F7) obtained from silica gel
chromatography, and several pure EO components were evaluated with respect to in vitro
activities against Echinococcus multilocularis metacestodes and germinal layer (GL) cells.
Attempts to evaluate physical damage in metacestodes by phosphoglucose isomerase (PGI)
assay failed because EO and F1-F7 interfered with the PGI-activity measurements. A meta-
cestode viability assay based on Alamar Blue, as well as transmission electron microscopy,
demonstrated that exposure to EO, F2 and F4 impaired metacestode viability. F2 and F4
exhibited higher toxicity against metacestodes than against mammalian cells, whereas EO
was as toxic to mammalian cells as to the parasite. However, none of these fractions exhibited
notable activity against isolated E. multilocularis GL cells. Analysis by gas chromatography-
mass spectrometry showed that carvacrol was the major component of the EO (82.4%), as
well as of the fractions F3 (94.4%), F4 (98.1%) and F5 (90.7%). Other major components
of EO were f-caryophyllene, limonene, thymol and eugenol. However, exposure of metaces-
todes to these components was ineffective. Thus, fractions F2 and F4 of T. capitatus EO con-
tain potent anti-echinococcal compounds, but the activities of these two fractions are most
likely based on synergistic effects between several major and minor constituents.

Introduction

Alveolar echinococcosis (AE), caused by the cestode Echinococcus multilocularis, and cystic
echinococcosis (CE), caused by Echinococcus granulosus sensu lato are parasitic zoonoses
and represent two of the neglected tropical diseases recognized by the World Health
Organization (Agudelo Higuita et al, 2016). CE is more frequent than AE and causes more
than 1 million disability-adjusted life years (DALYs) in humans, while the impact of AE
accounts for more than 600 000 DALYs (Torgerson and Macpherson, 2011). CE is distributed
worldwide and is endemic in Peru, Chile, Argentina, Uruguay, Southern Brazil, the
Mediterranean region, Central Asia, western China and eastern Africa (Agudelo Higuita
et al, 2016). AE is confined to the Northern hemisphere, notably Central and eastern
Europe, Russia, China, northern Japan and the northern Region of North America, in particu-
lar Alaska (Stojkovic and Junghanss, 2013; Deplazes et al., 2017). Whereas in CE the liver, lung
and other organs can be affected, the most commonly affected organ in human AE is the liver
(Hizem et al., 2015; Kern et al., 2017). In both species, metacestodes comprise fluid-filled vesi-
cles formed by cellular and acellular compartments (Hemphill ef al., 2010). The outer, acellular
surface is formed by the laminated layer (LL), a carbohydrate-rich structure synthesized by the
parasite. Furthermore, E. granulosus metacestodes are surrounded by a very prominent
host-derived fibrous capsule, the adventitial layer, which is composed of host connective tissue
(Hemphill et al., 2010). The cellular compartment of the parasite is formed by the germinal
layer (GL), the distal part of which is the tegument that directly attaches to the inner surface
of the LL (Hemphill et al.,, 2010). Echinococcus granulosus metacestodes form large unilocular
and well-defined cysts which increase in size. In contrast, E. multilocularis metacestodes grow
infiltratively into surrounding organs and give rise to multi-vesicular cysts that form a laby-
rinth of chambers.

The preferred treatment option for AE is radical surgery (Kern et al., 2017), which is com-
bined with chemotherapeutical treatment with benzimidazole carbamate derivatives such as
albendazole (ABZ) or mebendazole (MBZ). Nevertheless, surgery is not feasible for all
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patients. Inoperable patients are treated solely by benzimidazole
therapy, which is far from optimal. Although ABZ and MBZ
have improved the survival rate and also the quality of life of
many affected patients (Eckert and Deplazes, 2004; Griiner
et al., 2017), these drugs mostly do not exhibit parasiticidal activ-
ity against AE, leading to recurrence after treatment interruption
(Hemphill et al., 2014). Thus, benzimidazole therapy has to be
continued life-long, and results in high treatment costs (Horton,
1989), and adverse side effects such as hepatotoxicity and this
can lead to treatment discontinuation. In such instances, patients
are left without other effective therapy options (Hemphill et al.,
2014). For these reasons, alternative drugs for the treatment of
AE are needed.

Over the last decades, in vitro culture models for E. multilocu-
laris metacestodes were established and optimized, allowing
large-scale in vitro drug screening (Hemphill et al, 2002;
Spiliotis et al., 2004; Hemphill et al., 2014; Stadelmann et al,
2016; Rufener et al., 2018). Medicinal plants have been in use
since ever for the treatment of human diseases, and over the
past decades they have attracted increasing interest in the search
for treatments against infectious agents. They exhibit powerful
pharmacological activities, they are accessible, are relatively low
in cost, and have generally low toxicities (Graham-Brown and
Healsmith, 2018; Rogozea, 2018). The pharmaceutical properties
of aromatic plants are partially attributed to essential oils (EO)
(Maggiore et al., 2012). Several studies demonstrated the antipar-
asitic activities of various EO of medicinal plants, in particular
also against Echinococcus spp. (Maggiore et al, 2012;
Jahanbakhsh et al., 2016; Moazeni et al., 2017; Noal et al., 2017;
Sharifi-Rad et al., 2018).

Thymus capitatus Hoff. et Link. is a species of the genus
Thymus (Lamiaceae) that is a native species in the Mediterranean
region. It is a perennial herbaceous plant growing in the wild in
Tunisia and is traditionally used as a spicy herb for culinary pre-
parations, but it is also employed by cosmetic and fragrance indus-
tries. Additionally, thyme tea is consumed as a traditional remedy
against gastro-intestinal disorders and in earlier times its EOs were
taken to expel intestinal parasites (Figueiredo et al., 2008). Thyme
species are also used as antispasmodics, tonics, antiseptics, antitus-
sives and carminatives (Iauk et al, 2015). The antiparasitic, antibac-
terial, antifungal, antioxidant, antinociceptive and hypoglycaemic
properties of T. capitatus were demonstrated by many authors
(Boubaker Elandaogylousi et al., 2013; Goncalves et al, 2017;
Saoudi et al., 2017; Grande-Tovar et al., 2018).

To the best of our knowledge, the effect of T. capitatus EO and
its fractions have never been investigated in Echinococcus meta-
cestodes. In order to fill this gap, we here demonstrate the effects
of EO and defined EO fractions of T. capitatus as well as some of
its major components against in vitro cultured E. multilocularis
metacestodes. Metacestode-damage and parasiticidal potential
were assessed in vitro. Ultrastructural analysis of treatment effects
was performed by electron microscopy.

Materials and methods

If not stated otherwise, all chemicals were purchased from Sigma
(St. Louis, MO, USA). Dulbecco’s modified Eagle medium
(DMEM) and fetal bovine serum (FBS) were from Biochrom
(Berlin, Germany), and all other culture media and reagents
were from Gibco-BRL (Ziirich, Switzerland). Plasticware was
from Sarstedt (Numbrecht, Germany).

Plant material and EO extraction

The aerial parts of T. capitatus Hoff. et Link. were harvested from
the delegation of Monastir, in the Central coast of Tunisia in
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November 2013. A specimen (T.C.008) was deposited at the
Laboratory of Medical and Molecular Parasitology-Mycology
(LP3M, code LR12 ES08) at the Faculty of Pharmacy of
Monastir, University of Monastir, Tunisia. The plant was air
dried in shady conditions. Completely dried leaves were then
separated from the stem and stored at room temperature in the
absence of humidity. EO was obtained from the leaves by hydro-
distillation for 4 h using a Clevenger-type apparatus. The EO was
then stored at 4 °C in sealed glass vials prior to further analysis
and bioassays.

EO fractionation by column chromatography

The EO was passed through a silica gel column (silica gel 60,
Merck 7734) using pentane-diethyl ether solvent system with
increasing polarity. The eluted fractions were concentrated
under reduced pressure for solvent evaporation and examined
by thin layer chromatography (TLC). The fractions presenting
the same migration pattern were mixed resulting in 7 main frac-
tions (F1-F7) (Fig. 1).

Gas chromatography (GC) analysis of EO and fractions

GC analysis was carried out with an HP-5890 series II instru-
ments equipped with a flame ionization detector (FID) and
HP-5 capillary column (30 m x 0.25 mm ID, 0.25 ym film thick-
ness), working with the following temperature program: 50 °C
for 1 min, ramp of 5 °C min™" up to 280 °C; injector and detector
temperatures 250 and 208 °C. Nitrogen was used as carrier gas at
a flow rate of 1.2 mL min~". A sample of 0.5 uL of diluted pure
EO/Fs in 10% hexane was injected using split mode (split ratio
1:30). The relative proportions of the EO/Fs constituents were car-
ried out using a built-in data-handling program provided by the
manufacturer of the gas chromatograph. Component identifica-
tion was carried out by comparing their retention times with
those of pure authentic samples and by means of their linear
retention index (LRI), relative to the series of n-hydrocarbons.

GC-mass spectrometry (MS) analysis of EO and fractions

GC-MS analysis was performed with a Varian CP-3800 (Palo
Alto, CA) gas-chromatograph equipped with a HP-5 capillary col-
umn (30 m x 0.25 mm; coating thickness 0.25 mm) and a Varian
Saturn 2000 ion trap mass detector. Injector and transfer line
temperatures were set to 220 and 240 °C, respectively; oven tem-
perature programmed from 60 to 240 °C at 3 °C min™; carrier gas
helium at 1 mL min~"; injection of 0.2 mL 10% hexane solution;
split ratio 1:30. Identification of the EO and fractions was based
on comparison of their linear retention indices relative to the ser-
ies of n-hydrocarbons, and on computer matching against com-
mercial (NIST 2014 and ADAMS) and home-made libraries,
mass spectra built up from pure substances and components of
known EOs as well as MS literature (Jennings and Shibamoto,
1980; Davies, 1990; Robert, 1995; Stenhagen and McLafferty,
1974; Swigar and Silverstein, 1981).

In vitro culture and preparation of E. multilocularis
metacestodes for the assessment of EO and EO components

Echinococcus multilocularis metacestodes (isolate H95) were
recovered from experimentally infected BALB/c mice and were
cultured in vitro as previously described (Stadelmann et al.,
2016). Metacestodes were used for experiments when they
reached diameters of 2-4 mm (Stadelmann et al, 2010).
Treatments were performed as described by Stadelmann et al.
(2010). Briefly, medium without phenol red (DMEM,
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Fig. 1. Impact of T. capitatus EO and pooled fractions
F1-F7 on E. multilocularis metacestode viability
assessed by Alamar Blue assay. The tested dilutions
are indicated on the x-axis. All measurements were per-
formed 5 days after addition of compounds. On the
y-axis, Metacestode viability (%) indicates the Alamar

..D.. EC

Metacestode viability (%)

blue values relative to the ones obtained with controls == F2
treated with the corresponding DMSO vehicle control. - efee F3
Average values and respective standard deviations

obtained from biological triplicates are shown. (A) . "
Assessment of EO, the F1-F7 pool, and CO. (B) F4
Assessment of EO, the F1-F7 individually and CO at . - F5
three low dilutions (1:100, 1:500 and 1:1000). (C)

Effects of EO, and of F2, F3, F4 and F5 individually at

dilutions ranging from 1:100 to 1:32000. CO, corn oil;

EO, essential oil; DMSO, dimethyl sulfoxide. 1:100 1:1‘000 1:2°000 1:4000.1:8000 1:16000 1:32000

100 U mL™" penicillin G, 100 ug mL™" streptomycin sulfate) was ~ Germany) at 1 mL well™" (12-15 vesicles well"). Subsequently,
added to the same volume of vesicles, and parasites were distrib-  EO, EO fractions or defined EO components were added (see
uted to 48 well plates (Greiner Bio-One, Frickenhausen, below), and further incubated at 37 °C/5% CO,.
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Assessment of metacestode damage induced by major EO
components by phosphoglucose isomerase (PGl) assay

A measure of 100 mum stock solutions of the five pure EO compo-
nents carvacrol, S-caryophyllene, limonene, thymol and eugenol
were prepared in dimethyl sulfoxide (DMSO). Pre-dilutions of
these compounds were prepared in culture medium and added
to the metacestodes resulting in final concentrations of 100, 50,
25 and 12.5 ym. As negative controls, non-treated metacestodes
were incubated with the corresponding amount of DMSO.
Triton X-100 (0.1% in PBS) was applied as a positive control
[maximal release of vesicle fluid (VF)]. Each condition was tested
in biological triplicate. Metacestodes were cultured in the presence
of the compounds for 5 days at 37 °C and 5% CO,, humid atmos-
phere, after which PGI release was quantified as reported by
Stadelmann et al. (2010). PGl-activity was calculated from the
corresponding linear regression parameters (AAs40/At). The back-
ground was subtracted based on DMSO treatment values. Further
quantification is presented as a percentage of the positive control
treated with Triton X-100 (Stadelmann et al, 2014). Linear
regression and calculation of averages and standard deviations
of each triplicate was performed in Microsoft Excel 2010.

In vitro assessment of metacestode viability by Alamar Blue
assay

The setup of metacestode vesicles for Alamar Blue assay was the
same as that described for PGI-assay. The Alamar Blue assay
assesses aerobic respiration and thus the viability of cells by meas-
uring the conversion of resazurin (weakly fluorescent) to reso-
furin (strongly fluorescent). The EO and a respective pool of
F1-F7 were tested in a first assay using the dilutions 1:50,
1:500, 1:5000, 1:50 000 and 1:500 000. A second test was carried
out with 3 lower dilutions of EO and F1-F7 (1:100, 1:500 and
1:1000). Fractions showing <20% viability at 1:1000 were further
investigated at higher dilutions (1:100, 1:1000, 1:2000, 1:4000,
1:8000, 1:16 000, and 1:32 000). Negative controls were metaces-
todes treated with corn oil (CO) and non-treated metacestodes.
As a positive control, metacestodes were supplemented with
Triton X-100 (0.1%). The components carvacrol, B-caryophyllene,
limonene, thymol and eugenol were prepared as 100 mm stocks
in DMSO and pre-dilutions of the components were added to
metacestodes at final concentrations of 100, 50, 25 and 12.5 uwm,
with the corresponding amounts of DMSO as a negative control,
and 0.1% Triton-X-100 as a positive control. Treatments were per-
formed during 5 days at 37 °C, 5% CO,, humid atmosphere.
Subsequently, vesicles were mechanically broken with a 1 mL pip-
ette tip, resazurin (final concentration 20 mg mL™") was added and
suspended (Stadelmann et al., 2016). Each condition was tested in
biological triplicate. Fluorescence at 595 nm was measured in an
EnSpire multilabel reader (Perkin Elmer, Waltham, MA, USA) at
0 h and 5 h after the addition of resazurin. The increase in fluores-
cence over time was used to calculate the relative viability in rela-
tion to the respective DMSO control. ICsq calculations were
made based on logit-log transformation in Microsoft Excel 2010.

In vitro viability assessment of E. multilocularis GL cell
cultures using CellTiter-Glo luminescent assay

The EO, the most active fractions from the Alamar Blue assay
results, carvacrol, thymol, NaCl and CO were evaluated for
their effects on GL cell viability. CellTiter-Glo assay measures
ATP production and thus the viability of cells. NaCl was included
in the assays as it is the most commonly used solution for cyst
inactivation during surgery of uncomplicated CE surgery. GL
cell extraction was performed according to Spiliotis et al.

https://doi.org/10.1017/50031182019000295 Published online by Cambridge University Press

959

(2010). After overnight aggregate formation, cells (15 units
well ") were distributed to a black 384 well plate (Nunc,
Thermo Scientific, Reinach, Switzerland) in 12.5 yL medium.
EO and fractions were added in 12.5 yL medium to the cells to
final dilutions of 1:1000, 1:16 000, 1:32 000, 1:64 000 and 1:128
000 in quadruplicates. NaCl was added to a final concentration
of 20% in 12.5 L medium. Carvacrol and thymol were added
in 12.5 L. medium to the cells to concentrations of 3, 10, 30,
100 and 300 yM in quadruplicates. Non-treated cells (medium
only) and CO were used as negative controls for EO and respect-
ive fractions, while medium was used as a control for 20% NaCl.
The corresponding amount of DMSO represented the negative
control for both carvacrol and thymol.

After 5 days of culture at 37 °C under humid nitrogen atmos-
phere, the viability of GL cells was assessed by CellTiter-Glo lumi-
nescent assay. In brief, 25 uL CellTiter-Glo (Promega, Diibendorf,
Switzerland) including an additional 1% Triton X-100, was added
(Stadelmann et al., 2016). Plates were incubated for 15 min on a
shaker at room temperature and complete disruption of all cell
aggregates was confirmed by light microscopy before measure-
ment of luminescence in an EnSpire multilabel reader (Perkin
Elmer, Waltham, MA, USA) (Stadelmann et al., 2016). All values
were set in relation to the corresponding controls. Averages,
standard deviations and the IC5s were determined after logit-log
transformation in Microsoft Excel 2010.

In vitro cytotoxicity assessments in Reuber rat hepatoma (RH)
cells and human foreskin fibroblasts (HFF)

The toxicity of the EO and the most active fractions on confluent
and pre-confluent mammalian cells was assessed in vitro by
Alamar Blue assay (Stadelmann et al, 2016). To evaluate the
growth inhibitory effects on confluent cells, 1x 10* HFF well ™"
or 5x10* RH cells well ™" were seeded in a 96 well plate in
DMEM supplemented with FBS (10%), 100 U mL™" penicillin G,
100 ug mL~"  streptomycin and 0.25ygmL™' amphotericin
B. Cultures were maintained overnight at 37 °C, 5% CO,, humid
atmosphere. To evaluate the growth inhibitory effects on proliferat-
ing cells, 1 x 10° HFF well ™" or 5 x 10° RH cells well "' were seeded
and allowed to attach for 5 h at 37 °C before addition of the drugs.
Subsequently, the culture medium was removed and EO and frac-
tions were added in serial 1:2 dilutions in medium starting at 1:100
in triplicates. The dilution range was further adjusted in subsequent
setups. After 5 days of cultivation at 37 °C and 5% CO,, cultures
were visually inspected by microscopy and viability quantified by
Alamar Blue assay (Stadelmann et al., 2016). Fluorescence was
measured and viability calculated as described above.

Transmission electron microscopy (TEM)

Ultrastructural alterations were investigated by TEM. Samples of
in vitro cultured metacestodes were processed as described by
Hemphill and Croft (Hemphill and Croft, 1997). In short, the
specimens were immersed in 2% glutaraldehyde in 0.1 M sodium-
cacodylate buffer, pH 7.3 for 1 h at room temperature, followed by
post-fixation in 2% osmium tetroxide in 0.1 M sodium-cacodylate
buffer for 2 h at room temperature. Samples were washed in dis-
tilled water and treated with 1% uranyl acetate for 30 min, washed
again with distilled water and dehydrated by sequential incuba-
tions in ethanol (30, 50, 70, 90 and three times 100%).
Specimens were subsequently embedded in epoxy resin (Epon
812, Fluka) and polymerization of the resin was carried out over-
night at 60 °C. Sections (80-90 nm of thickness) were cut on a
Reichert and Jung ultramicrotome, loaded onto 300-mesh
formvar-carbon coated nickel grids (Plano GmbH, Marburg,
Germany), stained with uranyl acetate and lead citrate and
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Table 1. Chemical composition of Thymus capitatus essential oil (EO) and respective fractions (F1-F7)

Amani Hizem et al.

Composition %°

No Compounds LRI? EO F1 F2 F3 F4 F5 F6 F7
1 a-thujene 933 0.2
2 a-pinene 941 0.4 0.4
3 Camphene 955 0.2
4 Sabinene 977 0.6
5 1-octen-3-ol 981 0.1 1.2
6 B-pinene 982 0.3
7 Myrcene 993 0.5 15

3-octanol 994 0.6
9 a-terpinene 1020 0.6 1.4
10 p-cymene 1028 53 18.8
11 Limonene 1032 0.8 26.7 7.8 0.3 0.2 0.3 2.2 2.0
12 y-terpinene 1063 13 6.9
13 cis-sabinene hydrate 1070 0.3
14 Terpinolene 1090 0.1 0.6
15 Linalool 1101 14 1.2 0.3 31 10.9 0.2
16 cis-p-menth-2-en-1-ol 1123 11 0.4
17 trans-pinocarveol 1141 0.4
18 Camphor 1145 0.6
19 camphene hydrate 1150 0.3
20 Borneol 1167 1.6 18.6 55.5
21 4-terpineol 1179 11 0.4 3.7 51
22 p-cymen-8-ol 1185 0.1 3.6
23 a-terpineol 1191 0.2 5.9
24 cis-piperitol 1194 0.5
25 cis-dihydrocarvone 1195 0.5 0.2
26 trans-piperitol 1207 1.2 0.3
27 trans-carveol 1219 0.5
28 Nerol 1227 2.7
29 Carvone 1244 0.2 0.2
30 Carvenone 1254 0.2 17
31 Geraniol 1256 0.5
32 trans-ascaridole glycol 1265 0.4
33 Geranial 1271 0.3
34 bornyl acetate 1287 2.8
35 Thymol 1292 0.3 2.4 1.0 0.2
36 4-terpinyl acetate 1299 10.5
37 Carvacrol 1301 82.4 18.1 94.4 98.1 90.7 48.7 17.5
38 Eugenol 1361 0.1 0.2 0.5
39 carvacrol acetate 1371 4.9 0.1
40 (Z)-3-hexenyl hexenoate 1383 1.0
41 pB-caryophyllene 1419 11 32.5 0.4
42 a-humulene 1456 1.6
43 f-bisabolene 1508 0.1 3.2
44 myrac aldehyde 1518 1.6

(Continued)
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Table 1. (Continued.)
Composition %°

No Compounds LRI? EO F1 F2 F3 F4 F5 F6 F7

45 J-cadinene 1524 0.3

46 (E)-a-bisabolene 1542 2.0

47 caryophyllene alcohol 1570 0.3

48 Spathulenol 1577 3.0 0.8

49 caryophyllene oxide 1582 0.8 0.6 44.6 2.7 0.3

50 Globulol 1584 0.8

51 1-hexadecene 1592 0.4

52 5-epi-T-epi-a-eudesmol 1603 0.5 0.2

53 humulene epoxide Il 1607 1.5 0.1

54 caryophylla-4(14),8(15)-dien-5-ol 1635 4.0
Monoterpene hydrocarbons 9.7 56.9 7.8 0.3 0.2 0.3 2.2 2.0
Oxygenated monoterpenes 87.3 2.2 39.2 95.7 99 98.2 88.5 87.4
Sesquiterpene hydrocarbons 1.2 39.6 0.4 0.0 0.0 0.0 0.0 0.0
Oxygenated sesquiterpenes 0.8 0.6 46.1 2.8 0.3 0.0 35 6.1
Phenylpropanoids 0.1 0.0 0.0 0.0 0.2 0.5 0.0 0,0
Non-terpene derivatives 0.0 0.0 2.6 0.0 0.0 0.1 22 0.0
Total identified 99.1 99.3 96.1 98.8 99.7 99.1 96.4 95.5
Yield % (v/w) 1.739

ALRI, linear retention indices (HP-5-column).
P9%, percentage calculated by GC-FID on non-polar capillary column HP-5.

Table 2. /n vitro activities of EO, F2, F3 and F4 against cultured mammalian
cells, E. multilocularis metacestodes and isolated germinal layer cells

EO F2 F3 F4
Confluent RH 1:16 887 1:3031 1:5264 1:5422
(ICs0)
Pre-onfluent RH 1:35107 1:3202 1:8398 1:8359
(ICs0)
Confluent HFF 1:39781 1:17 1:7047 1:2000
(ICs0)
Pre-confluent HFF 1:26 392 1:67 1:1357 1:401
(ICs0)
E.m metacestodes 1:49970 1:7309 1:9991 1:11 257
(ECso)
E.m GL cells (ICsp) 1:14 546 1:14 554 1:9708 1:10 260

RH, rat hepatoma cells; HFF, human foreskin fibroblasts; GL, germinal layer cells.

The indicated dilutions correspond to the concentrations that achieved halfmaximal
inhibition of cell viability (ICso) or viability of metacestodes (ECs), assessed by Alamar blue
assay.

examined on a Phillips EM400 transmission electron microscope
operating at 80 kV.

Results
Chemical profile of T. capitatus EO and fractions

The yield of EO from T. capitatus leaves was 1.739 mL 100 g~*. The
chemical composition of T. capitatus EO and fractions obtained by
GC-MS is shown in Table 1. A total of 22 components representing
99.1% of the total EO, were identified. The major constituent is
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carvacrol (82.4%), followed by p-cymene (5.3%). Thymol (0.3%),
a structural isomer of carvacrol, is also present. The data shown
in Table 1 indicates that oxygenated monoterpenes, accounting
for 87.3% of the total EO, are the most abundant compounds
and they account for 87.3% of total EO. EO contains also 9.7%
monoterpene hydrocarbons, 1.2% sesquiterpene hydrocarbons,
0.8% oxygenated sesquiterpenes and 0.1% phenylpropanoids.

Separation of 5000 mg of EO by silica gel chromatography
yielded 7 fractions representing 2.4% (F1, 117 mg), 0.4% (F2,
18 mg), 28.8% (F3, 1436 mg), 20.9% (F4, 1041 mg), 15% (F5,
745 mg), 2.9% (F6, 143 mg) and 0.68% (F7, 34 mg) of the total
EO. F1 mainly contained monoterpene hydrocarbons (56.9%)
while F2 contained 46.1% of oxygenated sesquiterpenes. All
other fractions (F3-F7) mostly comprised oxygenated monoter-
penes (Table 1). Fractions 3, 4 and 5 contained carvacrol at
94.4, 98.1 and 90.7%, respectively.

In vitro activities of T. capitatus EO, fractions and selected
components against E. multilocularis metacestodes

Metacestode damage induced by T. capitatus EO was initially
assessed by PGI-assay (Supplementary Fig. S1). Very low
PGI-levels were detected with the 1:5 and 1:20 dilution of EO.
In contrast, visual inspection of parasites incubated in EO
revealed a clear damaging impact on the metacestode structures
(to view examples see Fig. 5).

To explain these findings, PGI-activity was directly measured
in E. multilocularis VF in the presence of increasing dilutions of
T. capitatus EO (1:25 to 1:32000). EO directly interfered with
the read-out of the PGI-assay in a concentration-dependent man-
ner (Supplementary Fig. S1).

As an alternative, the effects of the EO and the 7 fractions on
vesicle viability were assessed by Alamar Blue assay (Fig. 1). First,
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the activities of EO and a pool of all fractions (F1-F7) against E.
multilocularis metacestodes were assessed (Fig. 1A). Similar
curves were obtained for EO and the pooled fractions: both
strongly impairing vesicle viability up to a dilution of 1:5000
(Fig. 1A). In contrast, CO had a much lower impact on vesicle via-
bility (Fig. 1A). Subsequently, the EO and the 7 fractions F1-F7
were assessed individually employing 1:100, 1:500 and 1:1000
dilutions (Fig. 1B). The EO, F2, F3, F4 and F5 exhibited the clear-
est negative impact on metacestode viability, which was reduced
by these fractions >80% or more already at the highest dilution.
Thus, further analysis was carried out using dilutions ranging
from 1:100 to 1:32 000 (Fig. 1C). EO reduced metacestode viabil-
ity by over 70% even at the highest dilution, while F2, F3 and F4
showed more than 50% activity at 1:8000, with F4 being the most
potent fraction (Fig. 1C). The exact dilutions corresponding to
ECs values of EO, F2, F3 and F4 against E. multilocularis meta-
cestodes, as determined by Alamar Blue assay, were calculated to
be 1:49 970, 1:7309, 1:9991 and 1:11 257, respectively (Table 2).
GC/MS revealed that the major components of EO are carva-
crol, thymol, eugenol, limonene and S-caryophyllene (Table 1).
These 5 compounds were acquired commercially, and were
shown not to interfere in the PGI assay (data not shown) prior
to assessing them individually by PGI-assay at 4 concentrations
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(100-12.5 pm, 1:2 dilution series; Fig. 2A). At 100 um, limonene
was the most effective compound (58.4% PGI-activity in relation
to Triton-X-100 treatment), while the other compounds had
activities in the range of 30% or below. However, at lower concen-
trations, limonene was less effective. These five compounds were
also tested by Alamar Blue assay employing the same concentra-
tions, but no impairment of metacestode viability was measured
for any of these components (data not shown). In the next experi-
ment, we assessed a concentration range of 150-850 um for carva-
crol. Carvacrol caused PGI release of more than 50% starting at
550 um or higher concentrations (Fig. 2B). Alamar blue assay
measured a decrease in metacestode viability to 50% after treat-
ment with 550 um carvacrol and 35.23% at 850 um (Fig. 2B).

Effects of EO and selected fractions on the viability of cultured
E. multilocularis GL cells

CellTiter-Glo assay was used to evaluate the impact of different
dilutions of EO, F2, F3 and F4 on E. multilocularis primary
cells. EO was less active against GL cells compared to metaces-
todes, with dilutions corresponding to ICso/ECs, values of 1:14
546 and 1:49 970, respectively (see Table 2). In contrast, F2 was
twice as active, while for F3 and F4 similar dilutions in the
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Fig. 3. Light microcscopy of E. multilocularis metacestodes treated in vitro with T. capitatus EO and EO components. All images (except for (F) were obtained at 20x
magnification after 5 days of compound exposure. (A) Incubation with the corn oil; (B) Non-treated control; (C) 0.2% DMSO control; (D) Carvacrol at 100 uwm; (E)
Thymol at 100 pwm; (F) EO diluted 1:500; (G-H) EO diluted 1:1000. Detachment of the germinal layer from the laminated layer is indicated by white arrows in
(H). (1) EO diluted 1:4000. (J) EO diluted 1:16 000; (K) EO diluted 1:32 000; (L) F2 diluted 1:2000. (M) F2 diluted 1:8000. White arrows point towards alterations in
the GL; (N) F3 diluted 1:2°000; (O) F4 diluted 1:1000, pore formation in the parasite tissue is indicated by white arrows; (P) F4 diluted 1: 8000. EO, essential oil;

DMSO, dimethyl sulfoxide; GL, germinal layer.

1:10 000 range were measured for both metacestodes and GL cells
corresponding to ECso and ICsq values, respectively.

Cytotoxicity of EO and selected fractions in RH cells and HFF

Cytotoxicity was assessed by Alamar Blue assay for EO, F2, F3
and F4 using confluent and pre-confluent cultures of RH cells
and HFF. The dilutions corresponding to ICs, values are shown
in Table 2. F2, F3 and F4 exhibited largely similar cytotoxicity
values with the exception of F2, which showed reduced toxicity
towards confluent and preconfluent HFF. EO was highly toxic
for RH cells and HFF at a range of dilutions higher than dilutions
corresponding to E. multilocularis GL cells. F2 and F4 were gen-
erally less toxic to host cells than to E. multilocularis cells. They
were therefore regarded as the most promising EO fractions.

Morphological and ultrastructural investigations of treated
E. multilocularis metacestodes by light and electron
microscopy

Light microscopy (Fig. 3) showed that parasites exposed to CO or
0.2% DMSO did not show any alterations compared to non-
treated metacestodes. Vesicles remained with intact turgor and
the inner surface of the vesicle wall appeared to be densely cov-
ered by parasite tissue (Fig. 3A-C). When metacestodes were
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treated with 100 ym carvacrol (Fig. 3D) or thymol (Fig. 3E), no
alterations could be detected and vesicles remained largely intact,
similar to the controls. In contrast, treatments with EO, F2, F3
and F4 at dilutions ranging from 1:500 to 1:32 000 resulted in dra-
matic morphological changes. The GL detached from the interior
lining of the LL and formed a dense aggregate in the vesicle inter-
ior (Fig. 3F-P). Due to the detachment of the GL, the LL became
translucent. These changes occurred most rapidly with EO treat-
ments, already within 1 h at 1:500 (Fig. 3F) and also after 5 days
of treatment at 1:32 000 (Fig. 3K).

TEM was employed to investigate the ultrastructural damage
upon treatment of metacestodes. Untreated E. multilocularis
metacestodes vesicles (Fig. 4A, B) exhibited the typical morpho-
logical features. An acellular LL surrounds the entire parasite,
representing the outer surface of the metacestode. The proximal
surface of the LL contained the parasite tissue, which is composed
of the tegument, a syncytial layer that mediates the contact to the
LL, with numerous microtriches protruding from the tegument
into the LL. Small vesiculated structures are seen often in the
vicinity, or still associated with microtriches indicating that they
are released and then incorporated into the LL (Fig. 4F). The
GL is a relatively densely packed tissue containing undifferenti-
ated cells with a large nucleus and nucleolus (named also stem
cells), muscle cells, nerve cells, connective tissue and fully-loaded
glycogen storage cells (Fig. 4A, B). TEM micrographs taken after
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Fig. 4. Effects of EO (1 h, 1:400), F1(5 days, 1:2000) and
F4 (5 days, 1:2000) on the ultrastructure of E. multilocu-
laris metacestodes. (A) and (B) show sections through
the metacestode wall of non-treated and corn oil-
treated metacestodes, (C) metacestode treated with
F1. Small arrows in (A-C) point towards microtriches.
(D) was treated with EO (1:400) for 1 h, (E) was exposed
to F4 (1:2000) during 5 days. (F) and (G) show higher
magnification views of the interface between laminated
layer and tegument in non-treated metacestodes (F) and
parasites treated with F4 (G). Vertical black arrows in (F)
point towards small vesiculated structures that are
released and then incorporated into the LL; white hori-
zontal arrows in (G) indicate the presence of
electron-dense precipitates that are deposited into the
laminated layer during treatment with F4. LL, laminated
layer; GL, germinal layer; uc, undifferentiated cell; Te,
tegument; Bars in A=3.2 um; B=1.8 ym; C=1.2; D and
E=2.0 um; F, G=0.5 pm.

exposure to F1 did not show any structural alterations compared
to the controls, validating the results obtained by Alamar Blue
assay (Fig. 4C). After 1 h exposure to EO (1:400) (Fig. 4D) and
after 5 days exposure to F4 (1:2 000) (Fig. 4E) TEM demonstrated
complete lysis of parasite tissues. Compared to the LL of non-
treated parasites (Fig. 4F), the LL of EO treated metacestodes
appeared more electron dense, and contained, besides empty ves-
iculated structures, also many electron dense particles (Fig. 4G).
Microtriches, if present at all, were profoundly shortened, or
not present at all.

Studies on early changes (within the first 48 h) induced by F4
showed that no notable changes occurred after 6 h of treatment
(Fig. 5A), but first alterations such as the formation of large cyto-
plasmic vesicles with granular and membranous material of
unknown nature could be seen after 12 h of treatment in some
cells (Fig. 5B). Further changes progressively occurring with
time led to a much thinner GL, gradual decay of microtriches
and separation of the LL from the GL after 24-48 h (Fig. 5C-E).

Discussion

In a search for novel active drugs as potential treatment options
against echinococcosis, the in vitro activities of T. capitatus EO,
of its major components, and of the 7 EO fractions F1-F7
obtained after silica gel chromatography, were studied employing
in vitro cultured E. multilocularis metacestodes and GL cell
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cultures. EO and fractions F2 and F4 emerged as the most prom-
ising agents, but neither of the respective main components con-
tained in EO, F2 or F4 exhibited damaging impact on E.
multilocularis metacestodes, indicating the anti-parasitic activities
may be based on synergistic effects between different compounds
rather than a single component.

Chemical analysis of T. capitatus EO revealed that carvacrol is
the major component of EO, which is well in accordance with the
literature on the same species collected from other parts of the
Mediterranean region (Dzamic et al, 2015; Saija et al, 2016).
Carvacrol is also the dominant component in F3, F4 and F5.
Thymol represents 0.3% of the total EO. Since two chemotypes,
namely carvacrol and thymol types, have been recognized in T.
capitatus (Boubaker Elandaogylousi et al, 2013; Maissa and
Walid, 2015; Saoudi et al., 2017), we can confirm here that the
investigated T. capitatus EO is a carvacrol chemotype. This is in
accordance with previous studies on T. capitatus from Tunisia
(Bounatirou et al., 2007; Maissa and Walid, 2015). Karousou
et al. (2005) reported that the high carvacrol content in T. capitatus
was associated with dry dwarf-shrub formations of the lowland.
Also, this is in line with the characteristics of our harvest location.
We have not investigated whether the drying process of T. capitatus
leaves would alter the chemical profile.

Initially, we employed the PGI-screening assay, which allows
the quantitative testing of compounds that impact the physical
integrity of E. multilocularis metacestodes (Stadelmann et al.,
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Fig. 5. Early changes within the first 48 h of treatments of E. multilocularis metacestodes with F4 (1:2000). (A) shows metacestodes after 6 h, (B) after 12 h, (D) and
after 24 h, and (E) after 48 h of F4 treatment. LL, laminated layer; GL, germinal layer; Te, tegument; uc, undifferentiated cell; vac, vacuole; |d, lipid droplet; * indi-

cates separation of LL and GL. Bars in A=2.4 ym; B=1.2 ym; C=1pm; D and E=1 pm

2010). PGI is a prominent enzyme in the metacestode VF, which
is released into the culture supernatant upon distortion of the
physical integrity of the metacestode.

Due to the interference of EO components in the enzymatic
reaction of the PGI-screening assays, we employed the Alamar
Blue test to analyze the parasiticidal potential E. multilocularis
metacestodes (Stadelmann et al., 2016). Parasiticidal activity is
crucial for a candidate compound to be developed for the treat-
ment of AE, because surviving stem cells could otherwise be
able to initiate the re-growth of metacestodes upon discontinu-
ation of treatment - as it is the case for ABZ, the standard drug
used for treatment (Brehm and Koziol, 2014; Stadelmann et al.,
2016). The Alamar Blue assay demonstrated that EO and a pool
of F1-F7 impaired the viability of E. multilocularis metacestodes
to the same extent, also confirming the suitability and quality of
silica gel chromatography for the fractionation of EO. Further
dilution series revealed that EO exhibited a very strong parasitici-
dal activity up to a dilution of 1:5000. By the inclusion of CO in
all tests, we could also confirm that the observed activity was the
result of the composition of T. capitatus EO itself and not of a
simple physical contact between parasite and oily components.
Some of the fractions obtained by silica gel chromatography
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exhibited lower anti-parasitic activity. At a dilution of 1:1000,
F1, F6 and F7 led to <20% reduction of parasite viability, and
therefore these fractions were not further considered in subse-
quent assays. EO, F2, F3, F4 and F5 were further assessed at
higher dilutions. At a dilution of 1:8000, EO, F2, F3 and F4 still
retained their anti-parasitic activities, and this correlated well
with morphological alterations observed by microscopy.

Cytotoxicity measurements in RH and HFF were carried out to
determine a potential therapeutic window and showed that EO
and F3 were as toxic for mammalian cells as they were for the
parasite. However, F2 and F4 exhibited more specific toxicity
for metacestodes compared to RH and HFFE. The cytotoxic effects
of EO fractions could be attributed to lipophilic properties, which
could cause their accumulation in the cell membranes, leading to
increased permeability, leakage of enzymes and metabolites, and
finally to cell death (Sertel et al., 2011). No previous studies inves-
tigating the anti-infective effects of T. capitatus extracts have
assessed the toxicity to mammalian cells.

The major components of EO and EO fractions such as
limonene, eugenol, B-caryophyllene, carvacrol and thymol iden-
tified therein were also studied with respect to anti-metacestode
activities. In the PGl-assay, limonene and eugenol exhibited
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some activities only at very high concentrations of 100 um,
while carvacrol and thymol, when added at 100 ym, had only
marginal effects. The low activities of these compounds were
confirmed by Alamar Blue vesicle viability assay. EO and F3
were active in isolated GL cell cultures at a 1:16 000 dilution,
by reducing cell viability to 19.55 and 49.52%. This dilution
corresponded to a carvacrol concentration of 301.69 ym and
349.23 um. However, pure carvacrol, added to GL cells at
300 um, did not reduce cell viability. This indicates that the
observed activity of EO and respective fractions against meta-
cestodes and GL cells of E. multilocularis resulted from syner-
gistic effects caused by multiple compounds contained in these
EO fractions, or alternatively the effects could be mediated by a
minor, but nonetheless very powerful compound not yet iden-
tified in these EO samples. It is important to keep in mind that
differences in the activity of fractions and compounds on pri-
mary cells vs whole vesicles could mainly be due to effects
on the tegument, which is one of the most important structures
for vesicle integrity. In contrast to our findings. Fabbri et al
reported profound impact of carvacrol used at 10 g mL™
(which corresponds to 66.57 um) on the GL of E. granulosus
hydatid cysts, and reported that in vivo treatment with carva-
crol resulted in a reduction of parasite weight in E. granulosus
infected mice (Fabbri et al, 2016).

The plant species T. capitatus was previously described to con-
tain components that are active against other parasites such as
Haemonchus contortus (Boubaker Elandaogylousi et al., 2013),
Giardia lamblia (Machado et al., 20104, 2010b) and promasti-
gotes of Leishmania infantum, Leishmania tropica and
Leishmania major (Machado et al., 2014). All these studies had
attributed the anti-parasitic activity of T. capitatus to the entire
extracted preparation, ie. EO (Machado et al, 2010a, 20100,
2014) or crude extracts (Boubaker Elandaogylousi et al., 2013).
To our knowledge, this is the first report on studying simultan-
eously the effects of EO of T. capitatus as well as defined EO frac-
tions on E. multilocularis in vitro. Moreover, previous
preparations were based on aqueous or alcoholic extracts, and
they were thus exclusively composed of polar molecules
(Boubaker Elandaogylousi et al., 2013). The extraction method
described here, based on hydro-distillation for preparation
of EO, includes small hydrophobic molecules (<300 Da), most of
which satisfy the theoretical criteria for prediction of
drug-likeness (Lipinski et al, 2001). These small molecules easily
diffuse across cell membranes and are able to interact with intra-
cellular targets (Edris, 2007).

Taken together, our findings suggest F2 and F4 as the most
promising fractions of the studied T. capitatus EO. These fractions
were active against E. multilocularis metacestodes and GL cells in
vitro, and were less toxic for RH and HFF cell cultures in vitro. As
the main components of these fractions did not display in vitro
activity, it is conceivable to conclude that the anti-metacestode
activity is due to synergistic effects of various major and minor
components of these EO fractions. Our results justify future inves-
tigations to validate and improve the use of the more active F4 in
particular as a potential therapeutic alternative for AE treatment.
Therefore, further molecular work and drug association studies
are needed to identify its precise content, as well as to identify
potential drug targets.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0031182019000295.
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