
Anthelmintic activity of trans-
cinnamaldehyde and A- and B-type 
proanthocyanidins derived from cinnamon 
(Cinnamomum verum) 
Article 

Accepted Version 

Williams, A. R., Ramsay, A., Hansen, T. V. A., Ropiak, H. M., 
Mejer, H., Nejsum, P., Mueller-Harvey, I. and Thamsborg, S. M.
(2015) Anthelmintic activity of trans-cinnamaldehyde and A- 
and B-type proanthocyanidins derived from cinnamon 
(Cinnamomum verum). Scientific Reports, 5. 14791. ISSN 
2045-2322 doi: https://doi.org/10.1038/srep14791 Available at 
https://centaur.reading.ac.uk/42873/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1038/srep14791 

Publisher: Nature Publishing Group 

All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement  . 

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://centaur.reading.ac.uk/licence


www.reading.ac.uk/centaur   

CentAUR 

Central Archive at the University of Reading 
Reading’s research outputs online

http://www.reading.ac.uk/centaur


1 
 

Anthelmintic activity 1 

of trans-cinnamaldehyde and A- and B-type proanthocyanidins derived from 2 

cinnamon (Cinnamomum verum) 3 

 4 

Andrew R. Williams1*, Aina Ramsay2, Tina V.A. Hansen1, Honorata M. Ropiak2, Helena Mejer1, Peter 5 

Nejsum1, Irene Mueller-Harvey2, Stig M. Thamsborg1 6 

 7 

1Department of Veterinary Disease Biology, Faculty of Health and Medical Sciences, University of 8 

Copenhagen, Frederiksberg, Denmark. 9 

2Chemistry and Biochemistry Laboratory, School of Agriculture, Policy and Development, University of 10 

Reading, Reading RG6 6AT, United Kingdom.  11 

*arw@sund.ku.dk 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 



2 
 

Abstract 1 

Cinnamon (Cinnamomum verum) has been shown to have anti-inflammatory and antimicrobial 2 

properties, but effects on parasitic worms of the intestine have not been investigated. Here, 3 

extracts of cinnamon bark were shown to have potent in vitro anthelmintic properties against the 4 

swine nematode Ascaris suum. Analysis of the extract revealed high concentrations of 5 

proanthocyanidins (PAC) and trans-cinnamaldehyde (CA). The PAC were subjected to thiolysis and 6 

HPLC-MS analysis which demonstrated that they were exclusively procyanidins, had a mean 7 

degree of polymerization of 5.2 and 21% of their inter-flavan-3-ol links were A-type linkages. 8 

Purification of the PAC revealed that whilst they had activity against A. suum, most of the potency 9 

of the extract derived from CA. Trichuris suis and Oesophagostomum dentatum larvae were 10 

similarly susceptible to CA. To test whether CA could reduce A. suum infection in pigs in vivo, CA 11 

was administered daily in the diet or as a targeted, encapsulated dose. However, infection was not 12 

significantly reduced. It is proposed that the rapid absorption or metabolism of CA in vivo may 13 

prevent it from being present in sufficient concentrations in situ to exert efficacy. Therefore, 14 

further work should focus on whether formulation of CA can enhance its activity against internal 15 

parasites. 16 

 17 

 18 

 19 

 20 

 21 

 22 
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Introduction 1 

Parasitic worms of the gastrointestinal tract (helminths) are pathogens of global importance. 2 

Helminths are a major production constraint in livestock all over the world; infections result in 3 

lower growth rates and reduced milk and meat production from ruminants and pigs1-3, as well as 4 

exacerbating secondary bacterial infections4, leading to reduced food security and economic 5 

development. Moreover, more than a billion people, mainly in developing countries, are 6 

estimated to be infected with soil-transmitted helminths, causing substantial morbidity5.   7 

 8 

With no vaccines currently available, control of helminths is based almost exclusively on mass 9 

treatment with synthetic anthelmintic drugs. This over-reliance on a limited number of chemical 10 

compounds is ultimately not sustainable6. Resistance to anthelmintics is widespread in livestock 11 

production systems, particularly in small ruminants where it has reached critical levels7, but has 12 

also been detected amongst cattle8 and pig9 parasites, and there are on-going concerns about the 13 

sustainability of mass drug administration in humans10. In addition, there is increasing consumer 14 

demand for animal products that are produced organically or with a minimum of synthetic 15 

chemical inputs11. Therefore, there is an urgent need to investigate novel approaches to helminth 16 

control. 17 

 18 

Many plants are a rich source of bioactive compounds that can have antimicrobial and anti-19 

parasitic effects, including essential oils and secondary metabolites. The occurrence of anti-20 

parasitic compounds in plants allows the possibility of targeted compound identification for drug 21 

discovery, as well as the use of plants as nutraceuticals. In this way, either whole plant material or 22 

extracts are included in the diet, representing an alternative or complementary approach to 23 
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parasite control, particularly in livestock12. This approach has many advantages, such as avoiding 1 

drug residues in agricultural products, a lower risk of parasites developing resistance, and easy 2 

integration into resource-limited communities in the developing world if and where plants are 3 

locally available13.   4 

 5 

The bark of cinnamon (Cinnamomum verum) has been used for millennia as a traditional remedy 6 

in herbal medicine14. It contains high amounts of the essential oil trans-cinnamaldehyde (CA), as 7 

well as being a good source of proanthocyanidins (PAC), a group of plant polyphenols consisting of 8 

flavan-3-ol oligomers and polymers15. PAC structures vary widely depending on the degree of 9 

polymerization and nature of their flavan-3-ol subunits. The four most common flavan-3-ols are 10 

catechin and its cis isomer epicatechin (which give rise to procyanidin-type PAC), or gallocatechin 11 

and its cis isomer epigallocatechin (which give rise to prodelphinidin-type PAC). The flavan-3-ol 12 

units are linked mainly through the C4→C8 inter-flavanol bond (B-type PAC) but flavan-3-ols can 13 

also be doubly linked by an additional ether bond between C2→O7 (A-type PAC)16 (Figure 1). 14 

Cinnamon bark is relatively unusual in that it has been reported to contain PAC with a high 15 

number of A-type bonds17. A number of studies have investigated the anti-parasitic properties of 16 

PAC from a range of different plant sources, with reports of efficacy against both protozoan18,19 17 

and helminth20 parasites, however it has not been established whether increased proportions of 18 

A- linkages in the PAC molecules can increase the potency of the anthelmintic activity. Moreover, 19 

CA has been shown to have anti-parasitic activity against Eimeria infections in poultry21, but there 20 

have been no reports on activity against helminths. Therefore, the aim of this work was to 21 

investigate the anthelmintic properties of cinnamon bark and characterise its active compounds, 22 

in order to determine if this may represent a useful natural resource for control of gastrointestinal 23 
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nematodes.  1 

 2 

 3 

 4 

 5 
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 8 
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Results 1 

Cinnamon bark extract has potent activity against Ascaris suum in vitro 2 

To test whether cinnamon bark contained compounds with anthelmintic activity, we prepared an 3 

extract using a  procedure that we have previously shown to be effective in extracting 4 

polyphenolic compounds from a wide variety of plant sources22. The resulting extract was then 5 

tested for in vitro activity against larvae of Ascaris suum, an important nematode parasite of swine 6 

that also serves as a model for the closely related human parasite A. lumbricoides23.   7 

 8 

We first used a migration inhibition assay to test for activity against third-stage larvae (L3), the 9 

stage of the parasite that emerges from embryonated eggs to infect the host22. Strikingly, 10 

overnight incubation of L3 in the cinnamon extract at concentrations between 125 and 1000 11 

μg/mL resulted in 100% inhibition of larval migration (Figure 2A). In contrast to this, we previously 12 

observed that extracts prepared from a number of other bioactive plant sources induced a less 13 

potent, dose-dependent inhibition of migration within the tested range of extract 14 

concentrations22. Subsequent observation of the larvae during incubation in the cinnamon extract 15 

revealed that at concentrations ≥250 μg/mL, all larvae died within two-three hours of incubation. 16 

We confirmed the potency of the cinnamon extract in a second experiment using fourth-stage 17 

larvae (L4) of A. suum recovered from the intestine of pigs after experimental infection, and again 18 

observed mortality of larvae within hours of in vitro incubation (Figure 2B).  19 

 20 

Phytochemical analysis of cinnamon bark extract 21 

To identify the putative anthelmintic compounds, we analysed the extract by LC-MS. The major 22 

compound was CA, which accounted for 7.8 g/100 g of the extract (Figure 3A). In addition, 23 
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cinnamic acid and several PAC dimers and trimers with A-type linkages were detected by LC-MS 1 

(Figure 3A). To gain further insight into the PAC composition, the extract was subjected to thiolysis 2 

with benzyl mercaptan, which breaks PAC polymers with B-type bonds and allows quantification of 3 

their constituent flavan-3-ol units24,25. This revealed that these cinnamon PAC were procyanidins 4 

that consisted of catechin and epicatechin as terminal and extension units (Figure 3B; Table 1). The 5 

calculated proportions of flavan-3-ol sub-units are shown in Tables S1-2. From this information, 6 

both the total amount of PAC and the mean degree of polymerization (mDP - i.e. the average 7 

length of the polymers) can be calculated. This revealed that the extract contained 24.2 g PAC/100 8 

g extract, and the mDP was 5.2. Furthermore, analysis of the inter-flavanol links demonstrated 9 

that 21% were A-type and 79% were B-type linkages (Table 1).  10 

 11 

To determine if the PAC were mainly responsible for the potent activity of the cinnamon extract, 12 

two PAC-enriched fractions were isolated from the extract using Sephadex LH-20 chromatography, 13 

which separated the extract on the basis of size to yield two PAC-enriched fractions (F1 and F2). 14 

The first fraction (F1) contained 52.4 g PAC/100 g of fraction, and these were lower molecular 15 

weight PAC (as determined by thiolysis; mDP of 3.7), whilst F2 contained 55.0 g PAC/100 g of 16 

fraction consisting of higher molecular weight PAC (mDP of 7; Table 1). The F1 fraction contained 17 

only trace amounts of CA, whilst CA was not detectable in the F2 fraction (data not shown).  18 

 19 

Activity of cinnamon bark-derived proanthocyanidins against Ascaris suum 20 

We next tested the F1 and F2 PAC-enriched fractions in migration inhibition assays with A. suum 21 

L3. In contrast to the experiments with the extract, here larvae remained alive after overnight 22 

incubation although their migratory ability was impaired (Figure 4A), consistent with our previous 23 
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study on A. suum L3 using a range of PAC fractions with exclusively B-type linkages22. Similarly, 1 

exposure of A. suum L4 to the PAC F2 fraction resulted in a dose-dependent decrease in motility 2 

(Figure 4B), but the activity was far less potent than that observed previously for the whole extract 3 

(Figure 2B). Therefore, we hypothesised that the PAC in the extract played a lesser role in the 4 

potent anthelmintic properties. To confirm this, we depleted the whole extract of PAC by 5 

overnight incubation in polyvinylpolypyrrolidone (PVPP)26 and repeated the L3 migration inhibition 6 

assay. Depletion of PAC did not affect the potency of the extract, whereas we previously observed 7 

that depletion of PAC from a range of other plant extracts reduced or abolished the observed 8 

anthelmintic effects22. Therefore, we concluded that the mixed A- and B-type PAC in the extract 9 

have comparable anthelmintic activity to the B-type PAC obtained from other plant sources22, and 10 

that in the case of cinnamon bark, they do not seem responsible for the potent activity of the 11 

extract.   12 

 13 

Anthelmintic activity of trans-cinnamaldehyde in vitro 14 

As CA was present in relatively high concentrations in the extract, but was removed almost 15 

entirely from the PAC-fractions, we hypothesised that CA was the compound mainly responsible 16 

for the anthelmintic activity. To test this, we used pure CA (>99%) in an efficacy assay against A. 17 

suum. We found that pure CA had similar activity to the whole cinnamon extract against both A. 18 

suum L3 and L4 (Figure 5A). Concentrations of around 200 μM (equivalent to 25.6 μg CA/mL) 19 

resulted in larval death within three hours, which corresponds very well to the amount of CA that 20 

would be present in the extract concentrations used (Figure 2), given that 7.8% of the extract was 21 

determined to be CA. CA has been shown to be a potent antimicrobial with activity against, 22 

amongst others, Salmonella sp. and Campylobacter27,28, as well as having activity against parasitic 23 
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plant nematodes29. However, this is the first demonstration of anthelmintic activity of CA against a 1 

gastrointestinal nematode parasite. To confirm that the activity was not only restricted to A. suum, 2 

we tested the activity of pure CA against Oesophagostomum dentatum and Trichuris suis, two 3 

other porcine nematodes which fall in different clades to A. suum and are related to human 4 

hookworm and whipworm species, respectively30. CA also had potent activity against larvae from 5 

these other species (Figure 5B), demonstrating that CA has in vitro activity against a range of 6 

gastrointestinal parasites.     7 

 8 

Ultrastructural damage in Ascaris suum exposed to trans-cinnamaldehyde 9 

To gain insight into the possible anthelmintic mechanisms of CA, A. suum L4 that had been 10 

exposed to a high concentration of CA (236 μM) were examined by transmission electron 11 

microscopy. Examination of the cuticle and hypodermis revealed no major changes in the CA-12 

exposed larvae, however some localised tissue damage and lesions were observed in the muscular 13 

layer underlying the hypodermis (Figure 6A). The most striking damage to the CA-exposed larvae 14 

occurred in the digestive tissues (Figure 6B). Whilst control larvae had a regular, intact gut with 15 

undamaged microvilli, the same tissues were completely destroyed in larvae exposed to CA, with 16 

the microvilli having lost all integrity, and with massive lesions and vacuoles also present. Thus, it 17 

appears that damage to the internal digestive tissues may be at least partly responsible for the 18 

anthelmintic activity of CA.  19 

 20 

Testing of trans-cinnamaldehyde against Ascaris suum in vivo 21 

Given that CA appeared to be the most active compound in the cinnamon extract, we proceeded 22 

to test whether pure CA could reduce infection with A. suum in pigs in vivo. Two different 23 
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approaches were taken to administer CA; as a daily dietary supplement or as a targeted 1 

therapeutic dose in encapsulated form, as this latter approach may be 1) more suitable to deliver 2 

a concentrated dose of the active compound to the site of infection (the small intestine for A. 3 

suum), and 2) may be more applicable to human populations where a therapeutic dose needs to 4 

be applied rather than a preventative dietary approach. Thus, three groups of pigs were used. The 5 

first group remained untreated as a control. A second group of pigs was fed a daily supplement of 6 

1000 mg CA, as this dose has been shown to be safe and acceptable to pigs, as well as resulting in 7 

decreased Escherichia coli excretion31. Five days after the supplemental feeding began, all three 8 

groups of pigs were infected orally with 5000 embryonated A. suum eggs. The third group was 9 

then orally dosed with 1000 mg of CA, placed in acid-resistant capsules, on two occasions, 11 and 10 

13 days post-infection. At 14 days post-infection, all pigs were killed and larval burdens were 11 

enumerated. Pigs that received the CA capsules had a mean larval burden of 2386, compared to 12 

3114 and 2991 in those that received the dietary CA or no treatment, respectively. However, there 13 

were no significant differences (Figure 7A; P=0.28 by one-way ANOVA). We also assessed the 14 

location of larvae within the small intestine, to determine if CA treatment resulted in a more 15 

posterior location of larvae. The majority of larvae (~80%) were found in the third quarter of the SI 16 

in all pigs. Pigs dosed with CA capsules had more larvae located in the fourth (most posterior) 17 

quarter (20%) compared to the control (10%) or those fed CA in the diet (15%), however these 18 

differences were also not significant (Figure 7B; P=0.3 by one-way ANOVA). Therefore, despite its 19 

potent in vitro activity, CA failed to have an in vivo effect in this model of A. suum infection.  20 

 21 

 22 

 23 
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Discussion 1 

We found that the C. verum extract contained PAC with a mixture of A- and B-type linkages, 2 

consistent with a previous report on the composition of PAC in C. zeylanicum bark 17, however 3 

these authors also noted the presence of prodelphinidins, which were not observed in our current 4 

study, where PAC were comprised exclusively of procyanidins. A number of groups have 5 

investigated the anthelmintic properties of PAC, and indeed we recently reported that PAC 6 

derived from a wide variety of plant sources had strong anthelmintic activity against A. suum in 7 

vitro22. However, these experiments were performed with PAC that were comprised largely of 8 

polymers with B-type linkages. As A-type linkages markedly affect the 3-dimensional structure and 9 

rigidity of PAC molecules, we were interested to ascertain whether they may enhance 10 

anthelmintic activity. Indeed, a recent report has indicated that increased proportions of A-type 11 

linkages may enhance the in vitro activity of PAC against E. coli32. The potent, lethal effect of the 12 

extract tested here against A. suum indicated the presence of other compounds with superior 13 

anthelmintic activity to the range of PAC molecules which have been tested previously against a 14 

multitude of helminths including A. suum, O. dentatum33, Ostertagia ostertagi34 and Haemonchus 15 

contortus35. This rapid lethality also contrasted to our previous experiments with A. suum larvae 16 

where incubation in other tested plant extracts, or synthetic anthelmintic drugs such as 17 

ivermectin, resulted in impaired motility and migratory ability but generally larvae remained alive 18 

(data not shown). However, we established that this potency did not derive from the PAC 19 

molecules in this cinnamon extract. Thus, we concluded that the proportion of A- and B-type 20 

linkages in PAC molecules does not markedly influence anthelmintic activity, at least in our in vitro 21 

experiments with A. suum. Instead, our data strongly pointed towards CA as responsible for the 22 

potent anthelmintic properties, with lethal in vitro activity towards a range of different 23 
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gastrointestinal nematodes, and that the mechanism appears to involve the physical destruction 1 

of the intestinal tissue of the parasite. This presumably occurs after ingestion of the compound 2 

from the surrounding media, as the integrity of the cuticle did not seem to be noticeably 3 

compromised. The exact mechanism of the anthelmintic effect can only be speculated upon, but 4 

CA being an α,β unsaturated aldehyde can react with various nitrogen groups and interference 5 

with key enzymes and subsequent cell lysis has been proposed as an antibacterial mechanism of 6 

CA36,37. Similar mechanisms may operate against nematode parasites. 7 

 8 

Despite these promising in vitro data, we did not observe any in vivo activity when CA was 9 

administered to pigs, either as a daily dietary supplement or in encapsulated form by gavage. CA 10 

has recently been investigated as a daily feed supplement for pigs and poultry, and some anti-11 

bacterial efficacy has been reported with this strategy31,38. Several reasons may exist why we did 12 

not detect any anthelmintic activity in our in vivo model. First, a higher dose may be required to 13 

achieve in vivo efficacy. Whilst dose-response studies were outside of the scope of this study, the 14 

dosage used in the dietary supplement (1000 mg per pig per day, equivalent to approximately 35 15 

mg/kg bodyweight) was chosen based on previous reports showing that this dose was well 16 

tolerated by pigs and reduced E. coli excretion31,39. Moreover, assuming a small intestinal volume 17 

of approximately 2L, we assumed that a dose of 1000 mg would result in approximately the same 18 

concentrations in the intestine that resulted in efficacy in our in vitro studies, even assuming for a 19 

large degree of compound disappearance (up to 90%) during digestion. Toxicity studies for CA do 20 

not exist for pigs, but rodent studies indicated that the LD50 for CA given daily by gavage is in the 21 

region of 2500 mg/kg bodyweight/day – some 100-fold higher than we used here40. Therefore, we 22 

considered our current dosage to be towards the maximum end of what can be safely 23 
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administered, allowing a wide safety-margin which is necessary for future usage. Second, a 1 

previous study has shown a similar discrepancy between the in vitro effect and in vivo responses in 2 

using CA to treat Salmonella in pigs41. These authors showed that this may be due to the non-3 

specific binding of CA to elements of the pig diet formula reducing in vivo availability. Certainly, CA 4 

is a reactive molecule, and is not only specific for pathogens but will combine with many other 5 

endogenous molecules such as proteins in mucus or digesta, particularly those with thiol-6 

containing amino acids42. Lastly, and what we consider most likely, the rapid absorption or 7 

metabolism of CA may prevent it from reaching the intestinal site of the nematodes in sufficient 8 

concentrations to exert in vivo efficacy. Michiels et al. have shown that the vast majority of CA is 9 

absorbed from the stomach and the proximal duodenum in pigs39. Whilst A. suum larvae pass 10 

through the stomach to complete their migratory phase after passing through the lungs and liver, 11 

it is unlikely that there will be sufficient contact between the CA and the parasite before the 12 

majority of the compound disappears through the stomach. To try and circumvent this problem, 13 

we included an additional group in the in vivo study that was dosed with CA in acid-resistant 14 

capsules that are designed to protect the dose through the stomach and release it in the small 15 

intestine. However, given that the A. suum infection was already established within the intestine 16 

and rapidly moving to a posterior location (as noted in our post-mortem data where only a tiny 17 

proportion of larvae were found in the anterior half of the small intestine at day 14 post-18 

infection), it may be that even this approach is not suitable for delivering a sufficiently high dose 19 

to the site of the infection. However, it may be interesting to ascertain whether CA could have in 20 

vivo efficacy on A. suum adults, which reside in the anterior half of the small intestine 43.  21 

 22 



14 
 

Whilst the rapid absorption of CA from the stomach reduces its potential as an anthelmintic agent 1 

against intestinal-dwelling parasites, formulation of the compound to increase its stability may 2 

present an option to overcome this issue. Notably, Si et al. have shown that emulsification of 3 

essential oils (including CA) in a variety of hydrocolloids can restore in vitro antimicrobial activity 4 

which is lost in the presence of pig dietary compounds41. Therefore, experiments to determine 5 

whether emulsification/stabilisation agents can enhance the in vivo anthelmintic activity of CA are 6 

warranted, as are studies against parasites residing in the anterior regions of the small intestine. 7 

Moreover, optimisation of microencapsulation procedures to protect the compound and facilitate 8 

its slow release in the intestine may also be a suitable option.  9 

 10 

In conclusion, we have shown for the first time that cinnamon bark has anthelmintic potential in 11 

vitro, and this derives both from its proanthocyanidin tannins and most notably from trans-12 

cinnamaldehyde. However, for the potential of trans-cinnamaldehyde to be realised as an 13 

anthelmintic against intestinal helminths in vivo, appropriate formulations to stabilise and protect 14 

the compound will likely be necessary.  15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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 1 

Materials and Methods 2 

Ethics statement 3 

All animal experimentation was approved by the Experimental Animal Unit, University of 4 

Copenhagen, and carried out according to the guidelines of the Danish Animal Experimentation 5 

Inspectorate (Licence number 2010/561-1914).  6 

 7 

Experimental Design 8 

A schematic outline of the experimental design for the anthelmintic testing is presented in Figure 9 

8. Cinnamon bark extract was first extracted and tested against A. suum in vitro using migration 10 

and motility inhibition assays. Two PAC fractions were derived from the extract and also tested 11 

against A. suum in vitro. Pure CA was then purchased commercially and tested against A. suum, O. 12 

dentatum and T. suis larvae in vitro and A. suum larvae in vivo. 13 

 14 

Materials 15 

Cinnamon bark (Cinnamomum verum) was obtained from Dary Natury (Grodzisk, Poland). 16 

Hydrochloric acid (36%), acetone [analytical reagent (AR) grade], dichloromethane (HPLC grade), 17 

and methanol (HPLC grade) were purchased from ThermoFisher Scientific Ltd (Loughborough, UK); 18 

(±)-taxifolin (98%) from Apin Chemicals (Abingdon, UK); benzyl mercaptan (98%) from Sigma-19 

Aldrich (Poole, UK) and procyanidin A2 (≥99% HPLC) from Extrasynthèse (Genay Cedex, France). 20 

Deionised water (dH2O) was purified in an Option 3 water purifier (ELGA Process Water, Marlow, 21 

UK) and ultrapure water was obtained from a Milli-Q System (Millipore, Watford, UK). For 22 

analytical experiments, cinnamaldehyde (95%) was obtained from Sigma-Aldrich (Poole, UK) and 23 
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for anthelmintic studies trans-cinnamaldehyde (>99%) and PVPP were obtained from Sigma-1 

Aldrich (Schellendorf, Germany).  2 

 3 

Extraction procedure and purification of proanthocyanidins 4 

Finely ground cinnamon bark (10 g) was extracted with acetone/water (140 mL, 7:3, v/v) for 1 h to 5 

yield a crude extract. Acetone was removed under vacuum on a rotary evaporator at 35°C; the 6 

remaining aqueous solution was centrifuged for 3 min at 3000 rpm and freeze-dried to yield 2.25 7 

g. The crude cinnamon extract (940 mg) was dissolved in distilled water (500 mL) and applied to a 8 

Sephadex LH-20 column (20 g, GE Healthcare, Little Chalfont, UK), which was conditioned with 9 

water. Deionised water (1 L) was added to remove sugars. Then, the first fraction (F1-fraction) of 10 

purified tannins was eluted with acetone/water (1 L, 3:7, v/v) and the second fraction (F2-fraction) 11 

was eluted with acetone/water (1 L, 1:1, v/v). The acetone was removed on a rotary evaporator at 12 

35 °C and the remaining aqueous solutions were frozen overnight and freeze-dried. 13 

 14 

LC-MS analysis 15 

Thiolysis reactions were performed as previously described44, except that 8 mg of extract or 16 

fraction was used for the reaction. Flavan-3-ols and their benzyl mercaptan (BM)-adducts were 17 

identified by LC-MS analysis on an Agilent 1100 Series HPLC system and an API-ES instrument 18 

Hewlett Packard 1100 MSD detector (Agilent Technologies, Waldbronn, Germany). Samples (20 19 

μL) were injected into the HPLC connected to an ACE C18 column (3 μm; 250 x 4.6 mm; Hichrom 20 

Ltd; Theale; UK), which was fitted with a corresponding ACE guard column, at room temperature. 21 

The HPLC system consisted of a G1379A degasser, G1312A binary pump, a G1313A ALS 22 
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autoinjector and a G1314A VWD UV detector. Data were acquired with ChemStation software 1 

(version A 10.01 Rev. B.01.03). The flow rate was 0.75 mL min-1 using 1% acetic acid in water 2 

(solvent A) and HPLC-grade acetonitrile (solvent B). The following gradient program was 3 

employed: 0-35 min, 36% B; 35-40 min, 36-50% B; 40-45 min, 50-100% B; 45-55 min, 100-0% B; 55-4 

60 min, 0% B. Eluting compounds were recorded at 280 nm. Mass spectra were recorded in the 5 

negative ionization scan mode between m/z 100 and 1000 using the following conditions: capillary 6 

voltage, -3000 V; nebulizer gas pressure, 35 psi; drying gas, 12 mL min-1; and dry heater 7 

temperature, 350 °C. Flavan-3-ol terminal and extension units were identified by their retention 8 

times and their molecular masses and their peak areas at 280 nm were integrated and quantified 9 

using response factors relative to taxifolin25. A response factor of 0.55 for A-type procyanidin 10 

dimer was calculated using authentic procyanidin A2, and in the absence of commercially available 11 

trimers the same response factor was used for A-type procyanidin trimers and their 12 

benzylmercaptan adducts (Ropiak et al., submitted). This provided information on the PAC 13 

composition in terms of % terminal and % extension flavan-3-ol units. It also allowed calculation of 14 

% procyanidins and % cis- and trans-flavan-3-ols according to Gea et al. 25, excluding the cis/trans 15 

ratio for A-type PAC. The percentage of A-type linkages (% A-type) and mean degree of 16 

polymerization (mDP) were calculated according to Ropiak et al. (submitted). For quantification of 17 

CA, pure CA was dissolved in methanol/water (1:1) at a range of concentrations between 0.03 and 18 

0.13 g/L in order to generate a standard curve from the corresponding peak areas. The whole 19 

extract was analysed under identical conditions and the concentration of CA in the extract 20 

determined by extrapolation from the standard curve.  21 

 22 

 23 
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Parasites 1 

A. suum eggs were obtained from gravid adult worms collected from a local slaughterhouse 2 

(Danish Crown, Ringsted, Denmark) and embryonated and stored as described45. To obtain the L3, 3 

eggs were hatched by mechanical stirring with 2 mm glass beads for 30 minutes at 37°C, and then 4 

viable larvae were purified by incorporating the eggs/hatched larvae into 0.5% agar and incubating 5 

overnight at 37°C in RPMI 1640 media containing L-glutamine (2mM), penicillin (100 U/mL), 6 

streptomycin (100 μg/mL) and amphotericin B (0.5 μg/mL). Larvae that migrated into the media 7 

were collected and used in the subsequent anthelmintic assays. L4 were collected from the small 8 

intestine of pigs 12-14 days after experimental infection, purified from the gut content and 9 

washed as described previously22. O. dentatum eggs were obtained by collecting faeces from 10 

mono-infected donor pigs, and L3 were produced by copro-culture and stored in water at 10°C. T. 11 

suis L1 were produced by mechanical hatching of embryonated eggs, followed by collection of 12 

viable larvae after migration through a 20 μm sieve, as previously described46. 13 

 14 

Anthelmintic assays 15 

Migration and motility assays for A. suum were conducted as previously described22. Briefly, for 16 

the migration inhibition assay, 100 A. suum L3 were added in triplicate to 48-well plates and 17 

incubated (37°C, 5% CO2 in air) overnight in either cinnamon extract, PAC fractions or CA. Agar was 18 

then added to a final concentration of 0.8% and the number of larvae able to migrate was 19 

assessed by light microscopy. In addition, the survival of L3 exposed to either cinnamon extract or 20 

CA was assessed at hourly intervals after the start of the incubation. Larvae were considered alive 21 

if they had a characteristic coiled appearance and were motile, and were considered dead if 22 

straight and immobile even after extended observation47. For PAC-depletion experiments, the 23 



19 
 

extract (1 mg/mL) was incubated overnight at 4°C with PVPP at a ratio of 1 mg extract to 50 mg 1 

PVPP. The extract was then centrifuged for ten minutes at 3000 g and the supernatant used in the 2 

assays. Controls consisted of media alone with PVPP and whole extract with no PVPP that were 3 

incubated in an identical fashion.  4 

Motility of L4 exposed to either cinnamon extract or PAC fractions was assessed at 12-hour 5 

intervals for up to 60 hours using a motility scoring system where 5 is fully motile and 0 is no 6 

movement22,48. Larvae that scored 0 on two successive time-points were considered dead.  The 7 

motility of L4 exposed to CA was assessed after 6 hours incubation. All assays included media only, 8 

as a negative control, and ivermectin (50 μg/mL) as a positive control. O. dentatum L3 survival was 9 

also assessed by an agar-based migration inhibition assay33. The number of migrating worms was 10 

used as a surrogate measure for the number of live worms, as we have observed with O. dentatum 11 

in this assay that close to 100% of viable worms are able to migrate. Survival of T. suis exposed to 12 

CA was assessed as described above for survival of A. suum L3, after 2 hours incubation.  13 

 14 

Electron Microscopy 15 

Transmission electron microscopy was carried out as described previously22. Briefly, worms were 16 

washed well in PBS and fixed in 2% glutaraldehyde in 0.05M phosphate buffer. Samples were post-17 

fixed and dehydrated before sectioning at 70 nm. Imaging was done using a Phillips CM100 18 

microscope. Images were obtained with an Olympus Veleta camera and processed using ITEM 19 

software. 20 

 21 

 22 

 23 
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In vivo testing 1 

Fifteen helminth-naive pigs (Danish Landrace/Yorkshire/Duroc, mean weight 26 kg) of mixed sex 2 

(females and castrated males) were obtained from a specific-pathogen free (SPF) farm with no 3 

history of helminth infection. The animals were stratified on the basis of sex and weight to three 4 

groups (n=5) and housed in separate pens with concrete floors. Straw was provided daily. All the 5 

pigs were fed restrictively (1 kg per pig/day) with a diet consisting of 75% ground barley and 25% 6 

protein/mineral supplement (NAG, Helsinge, Denmark) and had free access to water. Group 1 7 

served as a control. Group 2 was fed a daily supplement of 1000 mg cinnamaldehyde/kg of feed, 8 

which was mixed thoroughly into the feed immediately prior to feeding. Five days after the 9 

commencement of the supplementary feeding, all 15 pigs were inoculated with 5000 A. suum eggs 10 

by stomach tube. On days 11 and 13 post-infection (p.i.), a time-point when the larvae had 11 

returned to the small intestine following migration, pigs in group 3 were administered 1000 mg of 12 

cinnamaldehyde encapsulated in acid-resistant gelatin capsules (size 2 DR capsules, Capsugel, 13 

Bornem, Belgium) directly into the stomach by gavage. Pigs in the control group were similarly 14 

administered empty capsules by gavage on days 11 and 13 p.i. On day 14 p.i. all pigs were killed by 15 

captive bolt pistol and exsanguation. The entire small intestine was removed, and separated into 16 

equal halves. The distal half of the intestine was further separated into two equal segments. Thus, 17 

three segments of the small intestine were obtained (first half, third quarter and fourth quarter), 18 

and worms were isolated from a 50% subsample of each of these segments separately by the agar-19 

gel method using two hours of incubation49. Worms were stored in 70% ethanol and then counted 20 

using a dissecting microscope.  21 

 22 

 23 
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Data analysis and statistics 1 

Where mentioned, ANOVA analyses were carried out using GraphPad Prism version 6.0.  2 
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 1 

Figure Legends 2 

 3 

Figure 1 – Examples of an A-type and a B-type procyanidin dimer.  4 

 5 

Figure 2 – Anthelmintic effects of cinnamon bark extract against Ascaris suum 6 

A) Inhibition of A. suum third-stage larvae migration after incubation in cinnamon bark extract. 7 

Inhibition is expressed relative to larvae incubated only in culture media. Results are the means of 8 

three independent experiments, each performed in triplicate.  9 

B) Inhibition of A. suum fourth-stage larvae motility after incubation in the cinnamon bark extract. 10 

Results are from a single experiment performed in triplicate.  11 

 12 

Figure 3 – HPLC chromatograms of cinnamon bark extract  13 

A) HPLC chromatogram of cinnamon bark extract: Top panel shows detection of trans-14 

cinnamaldehyde. Bottom panel shows larger version of the area indicated by the red arrow in top 15 

panel, showing 2, A-type procyanidin (PC) dimer; 3, A-type PC trimer; 5, A-type PC trimer; 6, 16 

internal standard; 7, cis – Cinnamic acid; 9, trans – Cinnamic acid. 17 

B) HPLC chromatogram of thiolysed cinnamon bark extract (BM = benzylmercaptan adduct): 1, 18 

Catechin; 2, A-type PC dimer; 3, A-type PC trimer; 4, Epicatechin; 5, A-type PC trimer; 6, Internal 19 

standard; 7, cis – Cinnamic acid; 8, A-type PC – BM trimer; 9, trans – Cinnamic acid; 10, cis 20 

Catechin – BM; 11, Epicatechin – BM; 12, A-type PC – BM dimer. 21 

 22 



23 
 

Figure 4 – Anthelmintic effects of isolated proanthocyanidin (PAC) fractions  1 

A) Inhibition of Ascaris suum third-stage larvae (L3) migration after incubation in PAC fractions F1 2 

and F2. Inhibition is expressed relative to larvae incubated only in culture media. Results are the 3 

means of two independent experiments, each performed in triplicate. Error bars indicate the 4 

inter-replicate SEM. 5 

B) Inhibition of A. suum fourth-stage larvae (L4) motility after incubation in PAC fraction F2. 6 

Results are from a single experiment performed in triplicate. Error bars indicate the inter-replicate 7 

SEM. 8 

C) Incubation in PVPP does not remove anthelmintic effects of cinnamon bark extract. Results are 9 

the means of two independent experiments, each performed in triplicate. 10 

 11 

Figure 5 – Anthelmintic effects of pure trans-cinnamaldehyde (CA)  12 

A) Anthelmintic effects of CA against Ascaris suum third stage (L3) and fourth stage (L4) larvae. 13 

Mortality of A. suum was assessed after 12 hours incubation for L3 and 6 hours for L4. L3 results 14 

are the mean of three independent experiments, each performed in triplicate, and the L4 results 15 

are from a single experiment performed in triplicate. Error bars indicate the inter-replicate SEM.  16 

B) Anthelmintic effects of CA against Oesophagostomum dentatum L3 and Trichuris suis first-stage 17 

larvae (L1). Mortality of O. dentatum was measured by agar-based migration inhibition assay after 18 

overnight incubation in CA, and T. suis mortality by observation of motility after 2 hours 19 

incubation. O. dentatum results are the mean of two independent experiments, each performed in 20 

triplicate, and T. suis results from a single experiment performed in triplicate. Error bars indicate 21 

the inter-replicate SEM. 22 

 23 
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Figure 6 – Ultrastructural changes in Ascaris suum exposed to trans-cinnamaldehyde 1 

Transmission electron micrographs of A. suum fourth-stage larvae exposed to either culture media 2 

(Control) or 236 μM trans-cinnamaldehyde (CA) for 12 hours. For all panels scale bar indicates 2 3 

μm. 4 

A) Cuticle (cu) and underlying Muscular (mu) tissue – note the lesions in the muscle tissue 5 

underlying the cuticle and hypodermis in parasites exposed to CA (red arrows). 6 

B) Digestive tissues showing the microvilli (mv) overlying the intestinal lumen – note the 7 

destruction of the villi (red circle) and the presence of large vacuoles (red arrow) in parasites 8 

exposed to CA. 9 

 10 

Figure 7 – Total Ascaris suum larval burdens and distribution of larvae in the intestine of pigs 11 

administered trans-cinnamaldehyde  12 

A) Numbers of fourth-stage larvae (L4) in the small intestine (SI) at day 14 post-infection (p.i.) in 13 

pigs fed either trans-cinnamaldehyde (CA) in the diet daily (‘CA diet’), dosed with encapsulated CA 14 

at days 11 and 13 p.i. (‘CA capsules’), or not administered CA (‘Control’). Indicated is the mean and 15 

SEM.  16 

B) Proportions of L4 recovered from the three groups in Segment 1 (proximal half of the SI), 17 

Segment 2 (third quarter of the SI) and Segment 3 (distal quarter of the SI). See materials and 18 

methods for further information.  19 

 20 

Figure 8 – Schematic experimental design 21 

Stepwise outline of the anthelmintic testing of cinnamon bark extract, derived proanthocyanidin 22 

fractions and pure trans-cinnamaldehyde.  23 
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Tables 1 

 2 

Table 1. Proanthocyanidins (PAC) in cinnamon bark extract and purified fractions. PAC content (g 3 

of flavan-3-ol/100 g DW), mean degree of polymerization (mDP), PAC composition [% A-type 4 

linkages – remainder is B-type linkages; % procyanidins (PC); % cis- and trans-flavan-3-ols].  5  6 

Cinnamon PAC mDP A-type % PC cis* trans* 

Extract 24.2 (0.3) 5.2 (0.0) 21.3 (0.2) 100.0 (0.0) 66.6 (0.2) 33.4 (0.2) 

F1-fraction 52.4 (1.0) 3.7 (0.0) 37.4 (0.1) 100.0 (0.0) 72.9 (0.2) 27.1 (0.2)

F2-fraction 55.0 (0.9) 7.0 (0.1) 18.1 (0.3) 100.0 (0.0) 85.9 (0.1) 14.1 (0.1) 

*: does not include flavan-3-ols in A-type PAC 7 

 8 

 9 

 10 

 11 



26 
 

 

References 

 

1 Fitzpatrick, J. L. Global food security: The impact of veterinary parasites and parasitologists. Vet. 
Parasitol. 195, 233-248, (2013). 

2 Hale, O. M., Stewart, T. B. & Marti, O. G. Influence of an Experimental Infection of Ascaris suum on 
Performance of Pigs. J. Anim. Sci. 60, 220-225, (1985). 

3 Charlier, J., van der Voort, M., Kenyon, F., Skuce, P. & Vercruysse, J. Chasing helminths and their 
economic impact on farmed ruminants. Trends Parasitol. 30, 361-367, (2014). 

4 Mansfield, L. S. et al. Enhancement of disease and pathology by synergy of Trichuris suis and 
Campylobacter jejuni in the colon of immunologically naive swine. Am. J. Trop. Med. Hyg. 68, 70-80, 
(2003). 

5 Pullan, R., Smith, J., Jasrasaria, R. & Brooker, S. Global numbers of infection and disease burden of 
soil transmitted helminth infections in 2010. Parasites & Vectors 7, 37, (2014). 

6 Keiser, J. & Utzinger, J. Efficacy of current drugs against soil-transmitted helminth infections: 
Systematic review and meta-analysis. JAMA 299, 1937-1948, (2008). 

7 Sargison, N. D. Pharmaceutical treatments of gastrointestinal nematode infections of sheep—
Future of anthelmintic drugs. Vet. Parasitol. 189, 79-84, (2012). 

8 Sutherland, I. A. & Leathwick, D. M. Anthelmintic resistance in nematode parasites of cattle: a 
global issue? Trends Parasitol. 27, 176-181, (2011). 

9 Gerwert, S., Failing, K. & Bauer, C. Prevalence of levamisole and benzimidazole resistance in 
Oesophagostomum populations of pig-breeding farms in North Rhine-Westphalia, Germany. 
Parasitol. Res. 88, 63-68, (2002). 

10 Kotze, A. C. et al. Recent advances in candidate-gene and whole-genome approaches to the 
discovery of anthelmintic resistance markers and the description of drug/receptor interactions. 
International Journal for Parasitology: Drugs and Drug Resistance 4, 164-184, (2014). 

11 Thamsborg, S., Roepstorff, A., Nejsum, P. & Mejer, H. Alternative approaches to control of parasites 
in livestock: Nordic and Baltic perspectives. Acta Vet. Scand. 52, S27, (2010). 

12 Hoste, H. et al. Direct and indirect effects of bioactive tannin-rich tropical and temperate legumes 
against nematode infections. Vet. Parasitol. 186, 18-27, (2012). 

13 Gazzinelli, A., Correa-Oliveira, R., Yang, G.-J., Boatin, B. A. & Kloos, H. A Research Agenda for 
Helminth Diseases of Humans: Social Ecology, Environmental Determinants, and Health Systems. 
PLoS Negl. Trop. Dis. 6, e1603, (2012). 

14 Jayaprakasha, G. K. & Rao, L. J. M. Chemistry, Biogenesis, and Biological Activities of Cinnamomum 
zeylanicum. Crit. Rev. Food Sci. Nutr. 51, 547-562, (2011). 

15 Mueller-Harvey, I. Unravelling the conundrum of tannins in animal nutrition and health. J. Sci. Food 
Agric. 86, 2010-2037, (2006). 

16 Porter, L. J. in The Flavonoids   (ed J.B. Harbone)  23-53 (Chapman & Hall, 1994). 
17 Mateos-Martín, M., Fuguet, E., Quero, C., Pérez-Jiménez, J. & Torres, J. New identification of 

proanthocyanidins in cinnamon (Cinnamomum zeylanicum L.) using MALDI-TOF/TOF mass 
spectrometry. Analytical and Bioanalytical Chemistry 402, 1327-1336, (2012). 

18 Kubata, B. K. et al. Kola acuminata proanthocyanidins: a class of anti-trypanosomal compounds 
effective against Trypanosoma brucei. Int. J. Parasitol. 35, 91-103, (2005). 

19 Saratsis, A. et al. In vivo and in vitro efficacy of sainfoin (Onobrychis viciifolia) against Eimeria spp in 
lambs. Vet. Parasitol. 188, 1-9, (2012). 

20 Brunet, S., Jackson, F. & Hoste, H. Effects of sainfoin (Onobrychis viciifolia) extract and monomers 
of condensed tannins on the association of abomasal nematode larvae with fundic explants. Int. J. 
Parasitol. 38, 783-790, (2008). 



27 
 

21 Lee, S. H. et al. Cinnamaldehyde enhances in vitro parameters of immunity and reduces in vivo 
infection against avian coccidiosis. Br. J. Nutr. 106, 862-869, (2011). 

22 Williams, A. R., Fryganas, C., Ramsay, A., Mueller-Harvey, I. & Thamsborg, S. M. Direct anthelmintic 
effects of condensed tannins from diverse plant sources against Ascaris suum. PLoS One 9, e97053, 
(2014). 

23 Jex, A. R. et al. Ascaris suum draft genome. Nature 479, 529-533, (2011). 
24 Zeller, W. E. et al. 1H–13C HSQC NMR Spectroscopy for Estimating Procyanidin/Prodelphinidin and 

cis/trans-Flavan-3-ol Ratios of Condensed Tannin Samples: Correlation with Thiolysis. J. Agric. Food 
Chem., (2015). 

25 Gea, A., Stringano, E., Brown, R. H. & Mueller-Harvey, I. In Situ Analysis and Structural Elucidation 
of Sainfoin (Onobrychis viciifolia) Tannins for High-Throughput Germplasm Screening. J. Agric. Food 
Chem. 59, 495-503, (2011). 

26 Makkar, H. P. S., Blümmel, M. & Becker, K. Formation of complexes between polyvinyl pyrrolidones 
or polyethylene glycols and tannins, and their implication in gas production and true digestibility in 
in vitro techniques. Br. J. Nutr. 73, 897-913, (1995). 

27 Zhang, H. et al. Inhibitory Effects of Citral, Cinnamaldehyde, and Tea Polyphenols on Mixed Biofilm 
Formation by Foodborne Staphylococcus aureus and Salmonella Enteritidis. J. Food Prot. 77, 927-
933, (2014). 

28 Ravishankar, S., Zhu, L., Law, B., Joens, L. & Friedman, M. Plant-Derived Compounds Inactivate 
Antibiotic-Resistant Campylobacter jejuni Strains. J. Food Prot. 71, 1145-1149, (2008). 

29 Caboni, P. et al. Potent Nematicidal Activity of Phthalaldehyde, Salicylaldehyde, and Cinnamic 
Aldehyde against Meloidogyne incognita. J. Agric. Food Chem. 61, 1794-1803, (2013). 

30 Blaxter, M. L. et al. A molecular evolutionary framework for the phylum Nematoda. Nature 392, 71-
75, (1998). 

31 Yan, L. & Kim, I. H. Effect of Eugenol and Cinnamaldehyde on the Growth Performance, Nutrient 
Digestibility, Blood Characteristics, Fecal Microbial Shedding and Fecal Noxious Gas Content in 
Growing Pigs. Asian-Australasian Journal of Animal Sciences 25, 1178-1183, (2012). 

32 Feliciano, R. P., Meudt, J. J., Shanmuganayagam, D., Krueger, C. G. & Reed, J. D. Ratio of “A-type” to 
“B-type” Proanthocyanidin Interflavan Bonds Affects Extra-intestinal Pathogenic Escherichia coli 
Invasion of Gut Epithelial Cells. J. Agric. Food Chem. 62, 3919-3925, (2014). 

33 Williams, A. R. et al. Assessment of the anthelmintic activity of medicinal plant extracts and purified 
condensed tannins against free-living and parasitic stages of Oesophagostomum dentatum. 
Parasites & Vectors 7, 518, (2014). 

34 Novobilský, A. et al. In vitro effects of extracts and purified tannins of sainfoin (Onobrychis viciifolia) 
against two cattle nematodes. Vet. Parasitol. 196, 532-537, (2013). 

35 Barrau, E., Fabre, N., Fouraste, I. & Hoste, H. Effect of bioactive compounds from Sainfoin 
(Onobrychis viciifolia Scop.) on the in vitro larval migration of Haemonchus contortus: role of 
tannins and flavonol glycosides. Parasitology 131, 531-538, (2005). 

36 Kim, H. O., Park, S. W. & Park, H. D. Inactivation of Escherichia coli O157:H7 by cinnamic aldehyde 
purified from Cinnamomum cassia shoot. Food Microbiology 21, 105-110, (2004). 

37 Wendakoon, C. N. & Sakaguchi, M. Inhibition of Amino Acid Decarboxylase Activity of Enterobacter 
aerogenes by Active Components in Spices. J. Food Prot. 58, 280-283, (1995). 

38 Verlinden, M. et al. In vitro sensitivity of poultry Brachyspira intermedia isolates to essential oil 
components and in vivo reduction of Brachyspira intermedia in rearing pullets with 
cinnamaldehyde feed supplementation. Poult. Sci. 92, 1202-1207, (2013). 

39 Michiels, J. et al. In vitro degradation and in vivo passage kinetics of carvacrol, thymol, eugenol and 
trans-cinnamaldehyde along the gastrointestinal tract of piglets. J. Sci. Food Agric. 88, 2371-2381, 
(2008). 



28 
 

40 Hébert, C. D., Yuan, J. & Dieter, M. P. Comparison of the toxicity of cinnamaldehyde when 
administered by microencapsulation in feed or by corn oil gavage. Food Chem. Toxicol. 32, 1107-
1115, (1994). 

41 Si, W. et al. In vitro assessment of antimicrobial activity of carvacrol, thymol and cinnamaldehyde 
towards Salmonella serotype Typhimurium DT104: effects of pig diets and emulsification in 
hydrocolloids. J. Appl. Microbiol. 101, 1282-1291, (2006). 

42 Sadofsky, L. R. et al. TRPA1 is activated by direct addition of cysteine residues to the N-
hydroxysuccinyl esters of acrylic and cinnamic acids. Pharmacol. Res. 63, 30-36, (2011). 

43 Roepstorff, A., Eriksen, L., Slotved, H.-C. & Nansen, P. Experimental Ascaris suum infection in the 
pig: worm population kinetics following single inoculations with three doses of infective eggs. 
Parasitology 115, 443-452, (1997). 

44 Novobilský, A., Mueller-Harvey, I. & Thamsborg, S. M. Condensed tannins act against cattle 
nematodes. Vet. Parasitol. 182, 213-220, (2011). 

45 Oksanen, A. et al. Embryonation and infectivity of Ascaris suum eggs. A comparison of eggs 
collected from worm uteri with eggs isolated from pig faeces. Acta Vet. Scand. 31, 393-398, (1990). 

46 Hansen, E. P., Kringel, H., Williams, A. R. & Nejsum, P. Secretion of RNA-containing extracellular 
vesicles by the porcine whipworm, Trichuris suis. J. Parasitol. 101, 336-340. 

47 Masure, D. et al. A Role for Eosinophils in the Intestinal Immunity against Infective Ascaris suum 
Larvae. PLoS Negl. Trop. Dis. 7, e2138, (2013). 

48 Stepek, G., Buttle, D. J., Duce, I. R., Lowe, A. & Behnke, J. M. Assessment of the anthelmintic effect 
of natural plant cysteine proteinases against the gastrointestinal nematode, Heligmosomoides 
polygyrus, in vitro. Parasitology 130, 203-211, (2005). 

49 Slotved, H. C. et al. Use of an agar-gel technique for large scale application to recover Ascaris suum 
larvae from intestinal contents of pigs. Acta Vet. Scand. 38, 207-212, (1997). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


















	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

