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ABSTRACT

Control of liver fluke infections remains a significant challenge in the livestock sector due to widespread dis-
tribution of drug resistant parasite populations. In particular, increasing prevalence and economic losses due to
infection with Fasciola hepatica is a direct result of drug resistance to the gold standard flukicide, triclabendazole.
Sustainable control of this significant zoonotic pathogen, therefore, urgently requires the identification of new
anthelmintics. Plants represent a source of molecules with potential flukicidal effects and, amongst their sec-
ondary metabolites, the diterpenoid abietic acids can be isolated in large quantities. In this study, nineteen (19)
chemically modified abietic acid analogues (MC_X) were first evaluated for their anthelmintic activities against F.
hepatica newly excysted juveniles (NEJs, from the laboratory-derived Italian strain); from this, 6 analogues were
secondly evaluated for their anthelmintic activities against adult wild strain flukes. One analogue, MC010, was
progressed further against 8-week immature- and 12-week mature Italian strain flukes. Here, MC010 demon-
strated moderate activity against both of these intra-mammalian fluke stages (with an adult fluke EC59 = 12.97
uM at 72 h post culture). Overt mammalian cell toxicity of MCO10 was inferred from the Madin-Darby bovine
kidney (MDBK) cell line (CCsp = 17.52 pM at 24 h post culture) and demonstrated that medicinal chemistry
improvements are necessary before abietic acid analogues could be considered as potential anthelmintics against
liver fluke pathogens

1. Introduction

2009; Fox et al., 2011; Iglesias-Pineiro et al., 2016). Worldwide, losses
due to fasciolosis in agriculture and livestock sectors cost US$ 3.2 billion

Fasciolosis, a food borne zoonosis caused by infection with liver annually, with losses of £ 23 million per annum in the United Kingdom
flukes (e.g. Fasciola hepatica and Fasciola gigantica), remains highly (UK) alone (Mazeri et al., 2017). A key problem with liver fluke man-
prevalent across tropical and temperate regions (Keiser and Utzinger, agement is the over-reliance on a single drug (triclabendazole, TCBZ),
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which has led to the development of TCBZ resistant fluke populations in
Australia, New Zealand, Peru, Argentina, Brazil, Bolivia, Chile, the
Philippines, the United Kingdom, Ireland and other European countries
(Fairweather et al., 2020; Hanna et al., 2015; Hassell and Chapman,
2012; Kelley et al., 2016; Moll et al., 2000; Olaechea et al., 2011; Ortiz
et al., 2013; Romero et al., 2019; Venturina et al., 2015). In the absence
of an approved vaccine, chemotherapy remains the predominant control
strategy for the foreseeable future. As the World Health Organisation
(WHO) also includes fascioliasis amongst the Neglected Tropical Dis-
eases (NTDs) caused by foodborne pathogens (Casulli, 2021), the dis-
covery of TCBZ replacement molecules is urgently needed to enable
sustainable control of this economically-devastating zoonotic agent.

Some of nature’s best medicines are found in plants, with methods
for harvesting and modifying diverse natural products to control or
reverse non-communicable or infectious diseases being rapidly devel-
oped or optimised (Rates, 2001; Faustino et al., 2019). This realisation
has re-invigorated the search for plant-derived natural products with
activity against helminth parasites (Liu et al., 2020). Natural products
investigated to date as anthelmintics include monophenols or terpenoids
(e.g. thymols and carvacrol) and flavonoids such as quercetin and cin-
namic acids (Garcia-Bustos et al., 2019). Contributing to this growing
body of information, we have also actively explored the anthelmintic
activity of plant-derived natural products (e.g. di- and tri- terpenoids)
against liver and blood fluke pathogens (Edwards et al., 2015; Crusco
et al., 2018, 2019; Whiteland et al., 2018). The potential of identifying
more diverse anthelmintic starting points, based on natural product
scaffolds, has led to the current study exploring the bioactive properties
of abietane and dehydroabietane derivatives on F. hepatica.

Naturally produced abietanes and dehydroabietanes are abundant in
conifer resins, where they are synthesised as defense metabolites (Sofia
Costa et al., 2016). Apart from being biomarkers in conifers, these
naturally occurring diterpenoids have also been isolated from other
terrestrial plants (Gonzalez, 2015; Hadacek, 2019). Abietic acid
(Fig. 1A) is the most abundant of several isomeric or closely related
organic acids that constitute the solid portion of coniferous tree oleo-
resin (Eksi et al., 2020). This tricyclic abietane diterpenoid represents
the primary irritant in pine resin and can be isolated in large quantities
(Faustino et al., 2019). The first natural occurrence of abietic acid was
reported from Podocarpus ferrugineus and Thujopsis dolabrata (Kitadani
et al,, 1970). Abietic acid has significant anti-inflammatory, anti--
allergic, anti-convulsant, anti-proliferative, cell cycle arresting and
pro-apoptotic, anti-microbial, anti-protozoal, osteoclastogenic, and
anti-cancer effects (Aranda and Villalain, 1997; Gonzalez et al., 2015;
Olmo et al., 2015; Xu et al., 2017; Faustino et al., 2019; Liu et al., 2019).
Biological membranes are the predicted site of action due to the
amphipathic nature of abietic acid (Aranda and Villalain, 1997). How-
ever, abietic acid is prone to thermal or acid induced rearrangement to
other isomeric dienic acids (e.g. Fig. 1B) (Takeda et al., 1968), and to
dehydrogenation to the more-stable aromatic acid, dehydroabietic acid
(MCO003; Fig. 1C). The two conjugated double bonds in abietic acid and
some of these other common ‘resin acids’ are also sensitive to oxidative

HO
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polymerisation. This can be useful in some applications, but in others,
for example as drugs, long term chemical stability is preferred (Peng and
Roberts, 2000). In the search for novel anthelmintics, we have, there-
fore, evaluated a set of dehydroabietic acid analogues for their flukicidal
properties on three different developmental stages of F. hepatica.

2. Materials and methods
2.1. Ethics statement

Adhering to the United Kingdom Home Office Animals (Scientific
Procedures) Act of 1986 as well as the European Union Animals Direc-
tive 2010/63/EU (approved by RRL Animal Welfare and Ethical Review
Bodies), the F. hepatica (Italian strain) life cycle was maintained in sheep
under project licenses PPL P6D805744 and PAO9B4E45.

2.2. Synthesis and structural elucidation of abietic acid analogues

MCO01 (Fig. 2) was prepared directly from commercial rosin (Fisher
Scientific, Loughborough, UK) by reaction with maleic anhydride at
120 °C; the cyclohexadiene containing isomer (Fig. 1B) being trapped in
a Diels-Alder reaction (Lloyd and Hendrick, 1961). For this work,
dehydroabietic acid (MC003) was prepared by dehydrogenation of
abietic acid using a slight modification of published procedures (Litt-
mann, 1938; Fleck and Palkin, 1938). MC003 was converted into
seventeen additional derivatives (Fig. 2), by changes mostly occurring
on either position 4 or 18 (position 12 for MC013), as described in detail
in the supplementary file (Appendix 1).

2.3. Study design

Following synthesis, the compounds were subjected to a sequential
screening campaign on F. hepatica (Fig. 3). Firstly, all 19 compounds
were co-incubated (10 uM final concentration) with the newly excysted
juvenile (NEJ) stage of F. hepatica (lab-reared Italian strain; Rinaldi
et al., 2015); these flukes were chosen as they were readily available,
susceptible to TCBZ and have been previously characterised (isolated
from Campania, Italy on August, 6, 2014 and continuously passaged
since). Motility and ultrastructural effects were independently scored
and compared to NEJs cultured with 0.1 % dimethyl sulfoxide (DMSO,
the solvent used for all abietic acid derivatives) and 10 pM TCBZ in 0.1
% DMSO. The hit molecules (those capable of killing all NEJs within 24
h of a 72 h ex vivo treatment) were further screened (72 h at 40 uM final
concentration) against adult F. hepatica (provenance unknown) obtained
from a local abattoir (Randall Parker Foods, Llanidloes). This step was
used as a filter for determining the hit compound(s)’ activity against
locally and easily sourced adult flukes (eliminating the need to produce
flukes from an experimentally infected animal). In order to complete the
screening programme in all intra-mammalian life stages of a single fluke
strain, the most potent hit molecule’s (MC010) activity was measured in
lab-reared Italian strain immature and adult fluke assays (72 h at 40 uM

C

Fig. 1. Abietic acid and derivatives. (A) abietic acid; (B) abietic acid isomer; (C) dehydroabietic acid (MC003). The compounds are numbered and the rings labelled

according to convention.
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CHj;

CHs,

MC088

Fig. 2. Structures of abietic acid analogues evaluated in this work. Compound MCO001 was prepared directly from abietic acid by reaction with maleic anhydride; the
remaining compounds were prepared from MC003 by reactions described in Appendix 1.

final concentration). The most potent hit molecule (MC010) was sub-
sequently subjected to a dose response titration on adult F. hepatica
Italian strain flukes (72 h at 40 uM, 13.3 pM and 4.4 pM final concen-
trations) as well as MDBK cells (200 uM, 100 uM, 75 uM, 50 uM, 40 uM,
30 uM, 25 pM, 15 pM, 10 uM, 5 M and 1 puM final concentrations for
determining overt cytotoxicity).

2.4. Compound handling and storage

TCBZ (Sigma-Aldrich, UK) and all synthesised abietane analogues
were solubilized in DMSO (Fisher Scientific, Loughborough, UK) and
stored at — 20 °C at a stock concentration of 10 mM.

2.5. Ex vivo F. hepatica assays

Italian strain F. hepatica NEJs were produced from metacercariae as
previously described (Crusco et al., 2018). Briefly, NEJs were treated
with diterpenoid abietanes at a final concentration of 10 pM (in 0.1 %
DMSO) in RPMI 1640 media containing 1 % Foetal Bovine Serum (FBS,
Gibco, Paisley, UK), 1 % v/v antibiotics and 25 pg/ml amphotericin B
(Sigma Aldrich, UK). NEJ/compound co-cultures were incubated at
37 °C in a humidified environment containing 5 % CO for 72 h. Positive
(10 pM TCBZ dissolved in 0.1 % DMSO) and negative (0.1 % DMSO in
RPMI 1640; RPMI 1640 only) controls were also included. Independent
motility and ultrastructure assessments were noted by brightfield mi-
croscopy at 24 h intervals based on previously described scoring metrics
(Edwards et al., 2015). Briefly, motility was scored on a scale from 1 to 5

with 1 representing good/normal movement and 5 representing a
complete absence of movement. Ultrastructure was scored on a scale
from 1 to 6 with 1 representing a good/normal ultrastructure and 6
signifying a severely dissolved/granulated parasite.

Adult flukes (provenance unknown) were collected from animals
(cattle breed unknown) processed at Randal Parker Foods or from
experimental infection of Texel Mule X lambs (n = 6) with 200 meta-
cercariae at 12 weeks post infection. Immature liver flukes (Italian
strain) were obtained by experimental infection of Texel Mule X lambs
(n = 6) with 200 metacercariae at 8 weeks post infection. Parasites were
incubated in RPMI 1640 media supplemented with 10 % FBS (Gibco,
Paisley, UK), 1 % v/v antibiotics and 25 pg/ml of amphotericin B
(Sigma-Aldrich) for several hours before being prepared for screening.
In the case of adult worms, the media was replaced 6 times (every hour
for the first 3 h and then every 6 h) to remove accumulated bile prior to
initiating compound screening. Immature worms (n = 4/condition) and
adult flukes (n = 3/condition) were co-incubated with compounds for
72h as previously described for NEJs; the scores were recorded by
brightfield microscopy at 24, 48 and 72 hr timepoints using motility
metrics as previously described (Crusco et al., 2018; Edwards et al.,
2015). Positive (40 pM TCBZ dissolved in 0.4 % DMSO) and negative
(RPMI1640 with 0.4 % DMSO; RPMI1640 without 0.4 % DMSO) con-
trols were included in these screens. Dose response experiments were
additionally performed for MC010 (40 uM, 13.3 uM and 4.4 uM final
concentrations).
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Compounds screened Compound
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MC001, MC003, MC004, MC005, MC007,

MC008, MC009, MC010, MC011, MC013,

MC051, MC052, MC053, MC054, MC058,
MC060,MC061, MC087, MC088

(
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Fig. 3. Screening pipeline of abietic acid derivatives against Fasciola hepatica. A total of 19 freshly synthesised compounds were subjected to a sequential screening
campaign on F. hepatica. The arrow pointing downwards indicates the study plan workflow (described in Materials and Methods).

2.6. Cytotoxicity screening on MDBK cells

Cytotoxicity of MC0O10 was assessed on MBDK cells (n = 2/condi-
tion; in each replicate, the conditions were tested in triplicate) using the
MTT (3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium bromide)
reagent as previously described (Crusco et al., 2018; Whiteland et al.,
2018). Briefly, MDBK (NBL-1) cells (90,050,801, Sigma-Aldrich, UK)
were grown to 80 % confluency in Minimum Essential Medium Eagle
(Sigma Aldrich, UK) supplemented with 2 mM L-Glutamine (Sigma
Aldrich, UK), 1 % v/v non-essential Amino Acids (Sigma Aldrich, UK), 1
% v/v antibiotic/antimycotic (Fisher Scientific, Loughborough, UK) and
10 % FBS (Fisher Scientific) before being seeded at a density of
1.5 x 10° cells/ml (50 ul/well) into 96-well black-sided, clear bottom
tissue culture plates and incubated at 37 °C in a humidified environment
containing 5 % CO,. During each MDBK cytotoxicity assay, both nega-
tive (1 % v/v Triton X-100, Sigma-Aldrich, UK) and positive (1.25 % v/v
DMSO or media only) controls were also included. After compound
addition, the plates were incubated for a further 20 h before addition of
the MTT reagent. After 4 h, the developed purple formazan crystals were
dissolved by treatment with a (1:1) DMSO: isopropanol mixture and
absorbance measured at 570 nm using a POLARstar Omega (BMG Lab-
tech, UK) microtiter plate reader. Dose response curves were generated
using the corrected average absorbance of the replicates in GraphPad
Prism 8 software and the CCsg (the concentration of compound that
reduced cell viability by 50 %) value was estimated.

2.7. Scanning electron microscopy

MCO010 (40 uM) treated adult liver flukes (and DMSO controls) were
removed from culture at 72 h, fixed with 2.5 % glutaraldehyde in 0.1 M
sodium cacodylate (pH 7.2) and 1 % osmium tetroxide solution in 0.1 M
sodium cacodylate at (pH 7.2), respectively. The specimens were sub-
sequently rinsed in wash buffer (0.1 M sodium cacodylate) and ultra-
pure water before dehydrating in an aqueous alcohol series (30 %, 50
%, 70 %, 95 % and 100 %); each incubation lasted for at least 30 min.
The dehydrated specimens underwent critical point drying in hexame-
thyldisilazane (TAAB Laboratories Equipment Ltd, Aldermaston, UK) for

at least three hours and then were allowed to air-dry overnight on watch
glasses inside a laminar airflow hood. The specimens were then attached
to self-adhesive conductive carbon tabs on 1" head diameter aluminium
specimen stubs (both Agar Scientific, Stansted, UK). Finally, the
mounted specimens were gold-coated for five minutes in a Polaron
E5000 SEM Coating Unit and subjected to imaging on a Hitachi S-4700
FESEM microscope using the Ultra High Resolution mode (Crusco et al.,
2018).

2.8. Statistics and software

GraphPad Prism 8 software (https://www.graphpad.com/scientific-
software/ prism/) was used for all statistical analyses to determine
significant differences amongst population means. As the data was not
normally distributed, a non-parametric test (Kruskal-Wallis) was used
followed by Dunn’s multiple comparison test. A p value < 0.05 was
considered significant.

3. Results

In an initial screen, the flukicidal effects of 19 synthetic diterpenoid
abietanes at 10 uM were quantified on F. hepatica NEJs (Italian strain).
The molecules tested included MCO001 (prepared directly from com-
mercial rosin), the dehydroabietic acid MC003 and 17 derived from
MCO003 (Fig. 2) as described in Appendix 1. Applying previously pub-
lished numerical metrics (Crusco et al., 2018; Edwards et al., 2015), the
ultrastructure and motility of NEJs were recorded after 24, 48 and 72 h
of incubation (Supplementary Table 1 and Supplementary Fig. 1).
Similar to the deleterious ex vivo activity of TCBZ (10 pM; green dots in
Supplementary Fig. 1), six dehydroabietic acid analogues (MCO008,
MC009, MC010, MC052, MC058 and MCO061; blue dots in Supplemen-
tary Fig. 1; coloured rows in Supplementary Table 1) all led to signifi-
cantly reduced NEJ motility and abnormal ultrastructural alterations
(p < 0.05). While some other derivatives (MC004, MC005, MC007,
MCO011, MC013, MCO087 and MCO088) also affected NEJ ultrastructure
and motility, they were not as uniformly active on all parasites during
co-incubation (Supplementary Table 1 and Supplementary Fig. 1).
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The six most active molecules (MC008, MC009, MC010, MC052,
MCO058 and MCO061) were next screened against adult F. hepatica (wild
strain; provenance unknown) for 72 h at 40 uM; motility was compared
to parasites co-incubated with TCBZ (40 pM in 0.4 % DMSO) and DMSO
(0.4 %) for 72 h (Fig. 4). Abattoir-derived wild strains of F. hepatica were
used for this stage of the study due to the availability of mature flukes
from this source. Reassuringly, all TCBZ-treated parasites were dead
after 72 h. The motility scores of MC009 and MCO010 were statistically
different to DMSO (0.4 %) treated parasites (**, p < 0.05). While two
parasites were completely immobile and two demonstrated reduced
movement due to MC009 treatment, all MCO10 treated flukes suffered
from partial paralysis and irregular contraction of their oral suckers.

Based on its highly reproducible activity on NEJs (Supplementary
Table 1, Supplementary Figs. S1 and S2) and adult flukes, MC010 was
further tested (40 uM) on 4-week immature flukes (laboratory-derived
Italian strain); motility scores were recorded at 24, 48 and 72 h post
incubation and compared to TCBZ (40 uM in 0.4 % DMSO) and DMSO
(0.4 %) treated flukes (Fig. 5). Similar to the kinetics of TCBZ, MC010
was lethal to immature worms as early as 24 h post treatment. Damage
to the posterior region of immature flukes cultivated with MC010 was
sometimes observed (Supplementary Fig. S2).

Having established that MC010 was reproducibly active against
Italian strain NEJs and immature flukes as well as field obtained adult
flukes in single point assays (10 uM for NEJs; 40 pM for immature and
adult flukes), a three-point dose response titration (40 pM, 13.3 uM and
4.4. M in 0.4 % DMSO) was next conducted for Italian strain adult
flukes (Fig. 6). Adult fluke motility was measured at 24, 48 and 72 h post
MCO010 treatment and compared to flukes co-cultivated with TCBZ
(40 uM, 13.3 uM and 4.4. pM in 0.4 % DMSO), RPMI 1640 only and
RPMI 1640 + DMSO (0.4 %) during the same interval. In RPMI 1640
and RPMI 1640 + DMSO (0.4 %) controls, the motility of worms
consistently remained at score 1 (normal movement) throughout the

Motility Score (72 hrs)
£ o
1 L
B

Abietanes (10 uM)

Fig. 4. Adult Fasciola hepatica (wild strain) motility is affected by dehy-
droabietic acid derivatives. Adult F. hepatica (wild strain; provenance unknown;
n = 4) were assayed with TCBZ and the 6 modified dehydroabietic acid derived
compounds capable of killing NEJs. Each compound/parasite co-culture was
performed for 72 h at 40 uM final concentration. Parasites co-cultivated in the
presence or absence of 0.4 % DMSO served as controls. Motility of adult worms
was scored from 1 to 6 where 1 equates to good movement (curled, sticking on
wall, movement on petri plate or conical flask), 2 equates to moderate move-
ment (less vigour but more than 10 s pulses or peristaltic waves), 3 equates to
resting (less than 10 s pulses in head and body), 4 equates to lethargy (less than
2 s pulses in head and body), 5 equates to body paralysis to faint movement of
suckers and 6 equates to no movement or death. Motility scores obtained from
flukes cultured with MC009 and MC010 were statistically significant from those
obtained from the control flukes (RPMI 1640 + 0.4 % DMSO). * * = p < 0.05.
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Fig. 5. MCO010 is lethal to immature-stage Fasciola hepatica (Italian strain).
Motility (1 for normal movement, 2 moderate, 3 low, 4 very little and 5 for no
movement or death) of immature flukes (n = 4) was quantified at 24, 48 and 72
h after co-incubation with TCBZ (40 uM) and MC010 (40 uM). Parasites (n = 4)
co-cultivated in the presence or absence of DMSO (0.4 %) served as controls. All
TCBZ and MCO10 treated parasites were dead by 24 h of incubation (**,
p < 0.05; compared to control flukes cultured with RPMI 1640 + 0.4 % DMSO).

assay. After 72 h of treatment, the TCBZ (40 uM) treated parasites were
dead, as expected; marginal but significant variation in motility was
observed at a sub-lethal dosage (13.3 pM). MCO010 treated adults at the
maximal dosage (40 pM) suffered from paralysis by the end of 72 h.
Upon removing the parasites from MCO010, one of the flukes treated with
40 pM MCO10 partially recovered whereas the two other parasites
continued to demonstrate immobility (score 5). The recovered worm
exhibited movement (twitching) only on the right side of the ventral
body surface, while the left side remained in paralysis with irregular
contraction of the oral suckers. The submaximal dosage (13.3 pM)
altered motility at 72 h post treatment and, under the same conditions,
the lowest dosage (4.4 pM) had no demonstrable effect on worm
movement at any time point. Although not as potent as TCBZ (40 uM),
MCO10 also induced a time and concentration dependent decrease in
adult fluke motility (at 72 h, EC5¢ = 12.97 uM).

Having established MCO010’s flukicidal activity, we next addressed
this compound’s overt mammalian cell cytotoxicity on the bovine MBDK
cell line (Supplementary Fig. S3). Here, based on a dose response
titration, MC010 demonstrated a CCso = 17.52 uM at 24 h post culture.

To generate further information regarding potential mechanism of
action and building upon the brightfield microscopic analyses of MC010
treated NEJs and immature flukes (Supplementary Fig. S2), we next
explored MC010-associated adult fluke surface alterations by SEM
(Fig. 7). Here, MC010 treatment (40 pM; parasites were alive, but
motility was severely affected, Fig. 6) caused surface damage to 50 % of
the adult flukes examined (2/4) whereas no damage was observed in the
DMSO treated individuals (0/4). This damage was restricted to the
dorsal region of the fluke and broadly consisted of membrane blebbing/
sloughing and spine alterations.

4. Discussion

Abietic acids and their derivatives (also referred as abietanes) are
amphipathic diterpenes currently being considered for veterinary
(Buommino et al., 2021) and biomedical uses (Xu et al., 2017; Liu et al.,
2019). Diene sub-groups in these molecules are rather unstable to acid
and heat, but can be readily converted into aromatic dehydroabietanes
The increased stability of these aromatic compounds facilitates their use
in biomedical and veterinary applications (Fig. 1C) (Fleck and Palkin,
1938; Littmann, 1938). As the properties of chemically modified dehy-
droabietanes have not been widely examined as anthelmintics, we have
quantified the activity of 19 related molecules on the food-borne liver
fluke pathogen, Fasciola hepatica. A single dehydroabietane (1R,
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Fig. 6. MC010 affects adult Fasciola hepatica (Italian
strain) motility in a dose and time-dependent manner.
F. hepatica (n = 3) were co-cultured with MCO010 at 40 uM,
13.3 uM and 4.4 pM; motility was scored at 24, 48 and 72
h. Parasites (n = 3) co-cultured with TCBZ at identical
concentrations were used as positive controls and RPMI
1640 cultivated parasites (n = 3) incubated in the presence
or absence of 0.4 % DMSO served as negative controls.
Motility of adult worms was scored from 1 to 6 where 1
equates to good movement (curled, sticking on wall,
movement on petri plate or conical flask), 2 equates to
moderate movement (less vigour but more than 10 s pulses
or peristaltic waves), 3 equates to resting (less than 10s
pulses in head and body), 4 equates to lethargy (less than
2 s pulses in head and body), 5 equates to body paralysis to
faint movement of suckers and 6 equates to no movement
or dead. At the end of the assay, the scores of TCBZ (40 uM
and 13.3 uM) and MCO010 (40 uM) were statistically sig-
nificant (*** =p < 0.05) from those obtained from the
control flukes (RPMI 1640 + 0.4 % DMSO) at a similar
timepoint (72 h post treatment).

Fig. 7. MCO010 induces surface damage on
paralysed adult F. hepatica. Post ex vivo assays,
all adult F. hepatica of provenance unknown
(harvested from infected cattle liver at Abat-
toir) were fixed with glutaraldehyde and pre-
pared for viewing under a scanning electron
microscope (SEM) according to the Materials
and Methods. The control liver flukes (RPMI
1640 + 0.4% DMSO) showed no significant
damage on the dorsal side surface. MC010
(40 uM) led to surface damage on the dorsal
side. Images magnified from areas outlined by a
black box support the differential damage of the
two representative specimens. MCO010 led to
this type of surface damage in 50 % of the
parasites examined.
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4aS)-N-((3-(dimethylamino)-propyl)carbamoyl)-N-ethyl-7-isopropyl-1,
4a-dimethyl-1,2,3,4,4a,9,10,10a-octahydro-phenanthrene-1-carbox-
amide (MCO010), displaying broad anti-flukicidal activities, was high-
lighted as a candidate for progressing further in the search for novel
anthelmintics.

4.1. The modified diterpenoid abietanes

All of the diterpenoid abietanes screened against F. hepatica are
derived from dehydroabietic acid (MCO003), except the pentacyclic Diels-
Alder adduct MCOO1. The latter was obtained by thermal isomerisation
of abietic acid into its cyclohexadiene isomer followed by trapping this
with maleic anhydride. Reaction of the carboxylic group produced the
benzyl amide MCO007 and the key amide MCO010. The methyl ester
(MCO011) was further derivatised by the introduction of an amino group
in position 12 (MC013). Reduction of the carboxylic acid to the corre-
sponding alcohol gave MC004 and subsequent acetylation produced the
acetate MCO005. Conversion of the carboxyl group into an isocyanate
intermediate MCO09 followed by treatment with a suitable amine
resulted in a 9-member library of urea derivatives (MC051, MCO052,
MCO053, MC054, MC058, MC060, MC061, MC087, MCO088). Hydrolysis
of isocyanate MCO09 gave the 4-amino derivative MCOO08.

4.2. Structure activity relationships

While the available data is insufficient for an in-depth structure ac-
tivity relationship discussion, some trends can be identified. Six of the 19
compounds (Fig. 2) were found to perform particularly poorly in both
the NEJ motility and ultrastructure assays (Supplementary Fig. S1,
Supplementary Table S1). Many natural compounds, in particular
terpenoid saponins produced by plants and consisting of an aglycone
unit (sapogenin) linked to a carbohydrate moiety, gain their pharma-
ceutical properties due to their amphiphilicity (Chen et al., 2015; Li
et al., 2018). As membrane disruptors, loss of the hydrophilic sugar part
has been reported to be responsible for loss of activity. Due to the
presence of a carboxylic acid group, abietic acids are amphiphilic by
nature. Interestingly, the saponin-like structures displaying an N-linked
D-glucosyl residue (MCO054) in its common cyclic or in its open-chain
(MC060) form, did not show activity in the assays; nor did the 2 free
acids, dehydroabietic acid MC003 itself and the Diels-Alder adduct
MCOO1. The latter also displays an increased steric demand. In addition,
the pyrrolidine urea derivative MC051, with diminished amphiphilicity,
performed poorly as did the Boc protected version (MCO053) of the active
guanidyl urea derivative (MCO058). An additional seven compounds
(MC004, MC005, MC007, MCO011, MC013, MCO087, MC088) either
showed inconclusive results or did not pass the threshold (i.e. all NEJs
dead within 24 h of ex vivo treatment) to be taken into the secondary
assays (i.e. adult liver flukes). None of these has a pronounced amphi-
philic nature; MC004 carries a primary hydroxy group at C18 (reduced
abietic acid) and MCO013 displays a weakly basic amino group on the
aromatic system (aniline group). On the other hand, except for the iso-
cyanate MC009, all compounds that were included in the best per-
forming group carry a nitrogen derived basic function on the A side of
the abietic acid derivative.

While compound MCO058 carries the most basic guanidyl group, there
is little difference in the basicity of the remaining amines. Thus, as long
as the A side is not too basic (e.g. a guanidinium group as opposed to
simple amine, when ionic interactions will dominate), distance and
flexibility seem to be other factors of importance. A possibility is that the
dimethylpropylamino group of MCO010 is able to interact with the
carboxyl group of an amino acid residue (within a currently unknown
F. hepatic target (s)) and, in this way, contributes to MC010’s greater
anti-flukicidal activity (amongst the other derivatives).
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4.3. Anthelmintic effects of (1R,4aS)-N-((3-(dimethylamino)propyl)-
carbamoyl)-N-ethyl-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydro-phenanthrene-1-carboxamide (MCO010)

The mechanism(s) by which MCO010 negatively impacts F. hepatica
motility, ultrastructure and viability is currently unknown. However,
due to its amphiphilic nature and potential to act on biological mem-
branes, MC010 may be exerting its effects on all three F. hepatica life-
cycle stages through disruption of surface membranes covering the liver
fluke’s syncytial tegument (Halton, 2004). It is a well-known phenom-
enon that amphiphilic compounds affect the function and integrity of
cell membranes (Hagerstrand and Isomaa, 1989). Dehydroabietic acid,
specifically, also affects the physical state of eukaryotic cytoskeletal
proteins and phospholipid bilayers in biological membranes (Aranda
and Villalain, 1997; Bushnell et al., 1985; Butterfield et al., 1994). In
addition, several prokaryotic studies have also confirmed that dehy-
droabietic acid derivatives lead to the destruction of the cell wall by
disturbing fatty acid branching (Burcova et al., 2018; Jagalski et al.,
2016; Popova et al.,, 2021). As shown in the dipalmitoylphosphati-
dylcholine (DPPC) membrane model, the cytotoxicities of dichlor-
odehydroabietic acid and dehydroabietic acid are likely due to these
molecules co-localising within the lipid tail region of cellular mem-
branes leading to alterations in fluidity, curvature and shape (Jagalski
et al., 2016). Therefore, based on the damage observed to the surface of
NEJs (some parasites exhibited a dissolved surface, Supplementary
Fig. S2), immature flukes (most noticeable at the posterior end, Sup-
plementary Fig. S2) and adults (sloughing/abrasions/spine alterations),
we propose that MC010’s mechanism of activity operates by disrupting
surface heptalaminate membrane integrity. This structure is essential to
survival of the parasite in both ex vivo and in vivo environments (Halton,
2004). We speculate that the consequences of disrupting surface mem-
branes could lead to the dysregulation of tegumental/sub-tegumental
cytoskeletal proteins that participate in locomotion or ion channels
that participate in muscle contractions (Graham et al., 1999; Jang et al.,
2012, 2004). MCO010-mediated surface damage could also lead to
F. hepatica membrane depolarisation and neurological impairment as
previously shown for related abietanes in mammalian models (Nich-
olson, 1994a, 1994b; Villeneuve et al., 1977). Preliminary support for
these contentions is found in the dose response experiments where
MCO010 treatment of adults at 40 pM led to partial paralysis at 72 h, but
no effect on motility at 4.4 pM (Fig. 6). Maximal dosage of MC010 also
resulted in damage to the dorsal side of adults, which included slough-
ing/blebbing of membranes and phenotypic alterations of tegumental
spines (Fig. 7). Tegumental alterations similar to those reported here
have been previously observed in liver (and blood) flukes treated with
7-keto-sempervirol, a structurally similar diterpenoid isolated from
Lycium chinense (Edwards et al., 2015).

While MCO010 displays activity against all intra-mammalian
F. hepatica lifecycle stages, it also demonstrates general cytotoxicity
against a representative bovine cell line (Supplementary Fig. S3).
Therefore, in depth medicinal chemistry investigations are required to
identify MCO010 analogues with an acceptable selectivity index.

5. Conclusions

In the search for novel flukicides, we investigated the anthelmintic
qualities of 19 diterpenoid abietanes from rosin. The most active com-
pound, (1R,4aS)-N-((3-(dimethylamino)propyl)carbamoyl)-N-ethyl-7-
isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-octahydrophen-anthrene-
1-carboxamide (MC010), demonstrated promising effects on NEJs,
immature flukes and mature flukes. However, significant optimisation of
the abietic acid molecules to reduce their cytotoxicity is required before
they could be considered as useful anthelmintics.
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