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Abstract 
 
The toxicity of bracken (Pteridium aquilinum) has long raised several problems from the 

viewpoints of human and animal health. The carcinogenic properties of one of its toxins, 

ptaquiloside, have claimed considerable attention since its discovery, in 1983. However, 

the instability of ptaquiloside and the corresponding difficulties surrounding its isolation and 

manipulation precluded the much wider experimental works needed for advancing our 

understanding of its toxicity mechanisms. This work aimed to experimentally study the 

mechanisms of ptaquiloside-induced carcinogenesis, using both in vitro and in vivo 

approaches, and is divided into six chapters.  

The chemical and toxicological properties of bracken and, in particular, of ptaquiloside, are 

reviewed in the first chapter.  

In the second chapter, a chemical study of bracken aiming to optimize the isolation of 

ptaquiloside, is described. The isolation of ptaquiloside allowed for the development of the 

subsequent in vitro and in vivo studies. The works leading to the isolation and identification 

of two other molecules from bracken are also detailed. 

The third chapter describes how human peripheral white blood cells were exposed to 

ptaquiloside in vitro, in order to study its genotoxic properties. Genetic damage is believed 

to underlie carcinogenesis in general, so understanding ptaquiloside-induced genotoxicity 

will improve our knowledge of how it causes cancer. Our results show that ptaquiloside 

induces several previously unreported genotoxic effects, including aneugenesis and 

increased sister chromatid exchange.  

In vivo ptaquiloside toxicity studies in mice are discussed in the fourth and fifth chapters. 

The lymphoproliferative lesions induced by ptaquiloside in mice are described and shown 

to be of the B-cell type. Furthermore, ptaquiloside is, for the first time, shown to induce 

urothelial pre-neoplastic lesions in mice.  

The fifth chapter is devoted to an immunohistochemical investigation of these pre-

neoplastic lesions. Our results indicate that these lesions present increased cell 

proliferation (as assessed by the Ki-67 labelling index) but retain normal expression of 

intercellular adhesion molecules (E-cadherin and β-catenin).  

The sixth chapter brings together the main conclusions of this work and points some future 

perspectives now open to investigation. As a whole, this work opens new perspectives for 

the understanding of ptaquiloside-induced carcinogenesis. The improvements on 

ptaquiloside isolation and the establishment of a mouse model for chronic ptaquiloside-
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induced toxicity pave the way for further studies, taking advantage of different 

administration routes and exposure times and the different mouse strains available. The 

possible synergistic effects of ptaquiloside and other chemical substances such as 

quercetin and biological agents such as papillomaviruses and Helicobacter pylori form 

another important field of interest. Given that ptaquiloside induces multiple genotoxic 

effects, further studies on the rapidly-evolving area of DNA damage and repair 

mechanisms are also envisioned.  
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Resumo 
 
A toxicidade do feto comum (Pteridium aquilinum) tem levantado, há longos anos, 

múltiplas questões dos pontos de vista da saúde humana e animal. As propriedades 

carcinogénicas de uma das suas toxinas, o ptaquilosídeo, foram alvo de considerável 

interesse desde a sua descoberta em 1983. No entanto, a instabilidade do ptaquilosídeo e 

as consequentes dificuldades do seu isolamento e manipulação limitaram a realização de 

estudos mais aprofundados, necessários para compreender adequadamente a sua 

toxicidade.  

O presente trabalho pretende estudar experimentalmente os mecanismos da 

carcinogénese induzida pelo ptaquilosídeo usando técnicas in vitro e in vivo, estando 

dividido em seis capítulos.  

As propriedades químicas e toxicológicas do feto comum e, em particular, do 

ptaquilosídeo, são alvo de uma revisão no primeiro capítulo.  

No segundo capítulo é descrito um estudo químico do feto comum, orientado para a 

optimização do isolamento da ptaquilosídeo. O isolamento deste composto permitiu a 

realização dos estudos in vitro e in vivo subsequentes. É também explicado o isolamento e 

a identificação de duas outras moléculas de P. aquilinum.  

O terceiro capítulo descreve a exposição de leucócitos do sangue periférico humano ao 

ptaquilosídeo, in vitro, a fim de estudar a genotoxicidade deste composto. Pensa-se que o 

dano genético é o fenómeno responsável pela carcinogénese em geral, pelo que a 

compreensão da genotoxicidade do ptaquilosídeo deverá contribuir para uma melhor 

compreensão da sua carcinogenicidade. Os nossos resultados indicam que o 

ptaquilosídeo induz múltiplos efeitos genotóxicos até agora desconhecidos, 

nomeadamente aneuploidia e trocas intercromatídicas.  

Os estudos de toxicidade do ptaquilosídeo in vivo em ratinhos são apresentados no quarto 

e quinto capítulos. As lesões linfoproliferativas induzidas pelo ptaquilosídeo são descritas 

pela primeira vez e demonstra-se serem do tipo B. Adicionalmente, demonstra-se pela 

primeira vez que o ptaquilosídeo induz lesões uroteliais pré-neoplásicas em ratinho.  

O quinto capítulo é dedicado a um estudo imunohistoquímico das lesões pré-neoplásicas 

induzidas. Os resultados indicam que estas lesões apresentam proliferação celular 

aumentada (avaliada pelo índice de imunomarcação pelo Ki-67) mas mantêm a expressão 

normal de moléculas de adesão intercelular (E-caderina e β-catenina).  



 

 XXXII

O sexto capítulo resume as principais conclusões do trabalho e apresenta algumas 

perspectivas futuras por ele abertas. Este trabalho abre novas perspectivas na 

compreensão da carcinogénese induzida pelo ptaquilosídeo. A optimização do isolamento 

deste composto e o desenvolvimento de um modelo murino de toxicidade crónica abriram 

caminho para novos estudos que tirem partido de outras vias de administração e tempos 

de exposição, bem como da utilização das numerosas estirpes de ratinhos disponíveis. O 

estudo de possíveis sinergias entre o ptaquilosídeo e outras substâncias como a 

quercetina ou agentes biológicos como os papilomavirus e Helicobacter pylori é outra 

importante área de interesse. Prevêem-se também estudos mais aprofundados na área do 

dano e reparação do ADN, uma vez que a genotoxicidade do ptaquilosídeo se revelou 

mais complexa do que anteriormente se supunha.  
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Chapter 1: Introduction: bracken-associated 
toxicity1  

                                                 
1  The contents of this chapter were adapted from:  
 
- Gil da Costa R.M., Bastos M.M.S.M., Oliveira P.A., Lopes C. (2011) Bracken-associated human 

and animal health hazards: chemical, biological and pathological evidence. Journal of Hazardous 

Materials (in press) DOI: 10.1016/j.jhazmat.2011.12.046. 

.  
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1.1- Bracken: taxonomy and geographical distribution 
 
An increasing number of plants are recognized to be toxic to man, to animals, or both 

(Panter et al., 2007). Few among these plants, however, can claim so conspicuous a place 

as bracken (Pteridium aquilinum (L.) Kuhn) (Figure 1), one of the few to naturally cause 

cancer in animals (Smith, 1997).  

 

 
Figure 1 – Mature bracken (Pteridium aquilinum aquilinum) plants at Arcos de Valdevez, 

Portugal.  

 

Bracken is a fern belonging to the Dennstaedtiaceae family and consists of two subspecies: 

Pteridium aquilinum aquilinum and P. aquilinum caudatum (Tryon, 1941; Cooper-Driver, 

1976; Smith et al., 2006). Eight varieties can be considered within P. aquilinum aquilinum, 

which includes European bracken, and 4 within P. aquilinum caudatum, which is mainly 

found in South and Central America, South-East Asia and Oceania, each defined by 

morphological and/or chemical criteria (Figure 2). However, although the Pteridium genus 

forms a readily delimited taxonomic entity, infrageneric bracken taxonomy is still in dispute, 

with some authors proposing that varieties such as revolutum or esculentum be considered 

as independent species (Thompson, 2000; Thompson and Alonso-Amelot, 2002; 

Thompson, 2004). These disputes, based on chromosomal ploidy and on DNA and 
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isoenzyme homology (Page, 1995; Wolff et al., 1995; Thomson et al., 1995) are largely due 

to the phenotypic plasticity of the fern in response to environmental factors and to the 

occurrence, in the field, of numerous morphological intermediates between definable 

morphotypes (Thompson, 2004). Further research is needed before the taxonomy of this 

actively evolving fern can be firmly established (Page, 1990). Considering this taxonomical 

controversy, the long-used classification system established by Tryon (1941) and Cooper-

Driver (1976) was adopted as the basis for this review, for the sake of clarity. Alternative 

names for bracken varieties are occasionally referred in connection with works by authors 

who adopted other classifications. 

                                    

  
Figure 2 - The taxonomy of Pteridium aquilinum, including subspecies and varieties (Tryon, 
1941; Cooper-Driver, 1976).  

 
Bracken is one of the five most abundant plants on Earth, being present in all continents 

except Antarctica. The only limitations to its distribution are extreme temperatures and lack 

of humidity (Smith and Seawright, 1995). Bracken behaves in an opportunistic way, taking 

advantage of its extensive rhizomes (Sheffield et al., 1989); often invading abandoned, 

newly cut or burned areas, and can become quite a difficult weed to manage (Tryon, 1941; 

Fletcher and Kirkwood, 1979; Page, 1986; Taylor, 1990; Miatto et al., 2006; Pakeman and 

Marrs, 2009; Roos et al., 2010). Bracken is actually occupying or invading 1.7 million 

hectares in the United Kingdom, which accounts for 7% of the land surface in that country 
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(Robinson, 2009), and the average annual increase in bracken-covered land has been 

estimated at approximately 1% (Taylor, 1986; Taylor and Smith, 1994). Losses due to 

bracken invasion of heather moorland, used for grouse shooting, were pointed to amount to 

£ 15.5 million every year (Robinson, 2009). Bracken also causes other kinds of economic 

losses, due to its toxicity towards farm animals (see section 1.3). In Portugal, bracken (P. 

aquilinum  aquilinum) is present both in the mainland (Figure 3) - especially in the northern 

parts of the country - and in the Madeira and Azores archipelagos, in altitudes ranging from 

the sea-level up to 1500 m (Bacili, 1963; Wilmans and Rasbach, 1973; Franco and Afonso, 

1982; Fernandes and Fernandes, 1983). 

 

 
Figure 3 – Bracken distribution in mainland Portugal. Adapted from Franco and Afonso (1982). 
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1.2- Bracken bioactive compounds  
 
Bracken contains a large number of chemically heterogeneous compounds with varied and, 

often, poorly understood biological activity. While some compounds are recognised as major 

determinants of bracken toxicity or as defences against insect or herbivore attack (Cooper-

Driver, 1990), the impact of many others is unknown or merely guessed. The whole plant is 

toxic (Tokarnia et al., 1967; Villalobos-Salazar et al., 1995) but young shoots (called 

crosiers) and fronds, which accumulate some of the most important toxic principles in 

bracken, are preferred by grazing animals (Bringuier and Jean-Blain, 1987).  

 

1.2.1- Illudane and illudalane sesquiterpenes and their glycosides 
Illudane and illudalane sesquiterpenes and nor-sesquiterpenes are found in bracken as well 

as in other members of the Dennstaedtiaceae and other ferns (Soeder, 1985). These 

compounds include the numerous and long-known family of pterosins and their glycosides, 

called pterosides (Table 1) (Fukuoka et al., 1972; Kuroyanagi et al., 1974; Murakami et al., 

1974; Fukuoka et al., 1978; Yoshihira et al., 1978; Tanaka et al., 1982; Fenwick, 1988; 

Murakami and Tanaka, 1988; Castillo et al., 2003; Kovganko et al., 2004; Ge et al., 2008; 

Fraga, 2009; Fraga, 2010; Ouyang, 2010; Zhan et al., 2010; Fraga, 2011). Although some 

pterosins and pterosides show some in vitro cytotoxicity against neoplastic cell lines, they 

are not genotoxic and none of them was considered to be a determinant of bracken toxicity 

towards animals (Yoshihira et al., 1978; Evans et al., 1983; Chen et al., 2008b).  

The simultaneous discovery of ptaquiloside (1) by two different groups in Japan and in the 

Netherlands (Niwa et al., 1983a, b; van der Hoeven et al., 1983) was a landmark in bracken 

research. This compound proved to be the long-awaited toxin responsible for both acute and 

chronic bracken toxicity, and especially for its carcinogenic affects (Yamada et al., 2007). 

The finding that the boiling water extract of bracken retained some of its carcinogenic 

properties (Hirono et al., 1978) meant that the carcinogenic substance could be extracted 

with hot water. Hence, the group of Professor Yamada at the University of Nagoya, Japan, 

chose to start the isolation process with a hot water extraction. The discovery of ptaquiloside 

took a very long time because, in fact, this compound is highly unstable towards water, heat, 

light and both acid and alkaline pH, so several attempts have been made to perfect the 

isolation methods (Ojika et al., 1985, Matoba et al., 1987; Saito et al., 1989; Oelrichs et al., 

1995, Burkhalter et al., 1996).  
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Table 1 - Some pterosins and pterosides from bracken. Adapted from Kuroyanagi et al. (1974), 
Yoshihira et al. (1978), Tanaka et al. (1982), Soeder (1985), Kovganko et al. (2004), Li et al. (2009) 
and Zhan et al. (2010).   

 
Compound 
 

R1 R2 R3 R4 R5 R6 R7 R8 R9 

Pterosin B (2S) 
 

H CH3 H H H, 
CH2OH

 

H =O H H 

Pterosin C 
(2R, 3R) trans 
 

CH3 H H OH H, 
CH2OH

H =O H H 

Pterosin C 
(2S, 3S) Trans 
 

H CH3 OH H H, 
CH2OH

H =O H H 

Pterosin C 
(2S, 3R) Cis 
 

H CH3 H OH H, 
CH2OH

H =O H H 

Pterosin F 
 
 

CH3 H H H H, 
CH2Cl

H =O H H 

Pterosin J 
 
 

H CH3 OH H H, 
CH2Cl

H =O H H 

Pterosin P 
 
 

H CH3 H H H, 
CH2OH

H =O H OH 

Palmityl-pterosin 
A 
 
 

CH2OH CH3 H H H, 
CH2O-
palmityl

H =O H H 

Benzoyl-pterosin 
B 
 
 

CH3 H H H H, 
CH2O-
benzoyl

H =O H H 

Acetyl-pterosin C 
 
 

H CH3 OH H H, 
CH2O-
acetyl 

 

H =O H H 

Semipterosin A 
 

H CH3 H OH H, 
CH2OH

 

H OH H OH 

Onitisine 
 

CH2OH CH3 H H H, 
CH2OH

 

OH =O H H 

Pteroside A 
 

CH2OH CH3 H H H, CH2-
O-glu 

 

H =O H H 

Pteroside D CH3 CH3 H OH H, CH2-
O-glu 

H =O H H 

glu – glucose, R1- R9 – radicals 1 to 9. 
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This compound proved to be the long-awaited toxin responsible for both acute and chronic 

bracken toxicity, and especially for its carcinogenic affects (Yamada et al., 2007). The 

finding that the boiling water extract of bracken retained some of its carcinogenic properties 

(Hirono et al., 1978) meant that the carcinogenic substance could be extracted with hot 

water. Hence, the group of Professor Yamada at the University of Nagoya, Japan, chose to 

start the isolation process with a hot water extraction. The discovery of ptaquiloside took a 

very long time because, in fact, this compound is highly unstable towards water, heat, light 

and both acid and alkaline pH, so several attempts have been made to perfect the isolation 

methods (Ojika et al., 1985, Matoba et al., 1987; Saito et al., 1989; Oelrichs et al., 1995, 

Burkhalter et al., 1996). Figure 4 summarizes the original water-based method by Niwa et al. 

(1983a), as well as the simplified and more efficient method by Ojika et al. (1985) and an 

organic solvent-based method by Oelrichs et al. (1995), designed to reduce ptaquiloside (1) 

hydrolysis in aqueous solutions. Methods for quantifying ptaquiloside (1) in bracken have 

also been developed (Agnew and Lauren, 1991; Alonso-Amelot et al., 1992; Bonadies et al., 

2004; Jensen et al., 2008, Bonadies et al., 2011). Maximum ptaquiloside (1) concentrations 

are found in young crosiers. Great variations in ptaquiloside (1) concentration occur during 

the year, between bracken strains and even between different bracken stands located near 

each other (Smith et al., 1993; Alonso-Amelot et al., 1995; Smith, 1997; Somvanshi et al., 

2006), with up to 12.9 mg/g in some Australian bracken samples (Smith et al., 1994a). 

Ptaquiloside (1) and several other ptaquiloside-like molecules such as isoptaquiloside (2), 

ptaquiloside Z (3), caudatoside (4), the recently identified ptesculentoside (5), dennstosides 

A (6) and B (7) and hypolosides A (8), B (9) and C (10), the protoilludane pteridanoside (11) 

and the secoilludoid hypacrone (12) (Figure 5) are still being discovered both in bracken and 

in other related ferns (Hayashi et al., 1973; Saito et al., 1989, Koyama et al., 1991; Saito et 

al., 1990; Castillo et al., 1997; Castillo et al., 1998; Castillo et al., 1999; Castillo et al., 2000; 

Li et al., 2009; Fletcher et al., 2010). In general, they share the the C-1 carbonyl group and 

the reactive cyclopropylidene ring, with the remarkable exception of pteridanoside (11) 

which contains a cyclobutylidene ring instead. These structurally-related molecules are 

thought to be pterosin precursors and, indeed, they originate their corresponding pterosins 

by hydrolysis in aqueous solution. Although little is known about the toxic properties of these 

compounds, they are expected to show much the same reactivity and toxic effects as 

ptaquiloside (1) (Yamada et al., 2007; Fletcher et al., 2011a), whose toxicity is discussed in 

section 3.  
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Figure 4 - Some ptaquiloside-isolation methods. Adapted from Yamada et al. (2007). 
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Figure 5 - Ptaquiloside (1) and ptaquiloside-related terpene glycosides. 
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1.2.2- p-Hydroxystyrene derivates 
This group of substances includes five compounds named ptelatosides A (13), B (14) and 

C (15), p-hydroxystyrene β-D-glycoside (16) and glycoside A (17) (Ojika et al., 1984; Ojika 

et al., 1985) (Figure 6). Not much is known about the toxicity of these substances, but 

ptelatoside A was fed to rats as part of their diet at a concentration of 0.065 mg/kg/day for 

109 or 125 days (Hirono, 1986a) and no toxic effects were noted when euthanasia took 

place, 520 days after the experiment started. Accordingly, p-hydroxystyrene derivates are 

not thought to play a major role in bracken-induced toxicity.   

 

A         

 

         (13) - R1= H    R2=                           (14) - R2= H    R1=                

                                                                                                     

           

(15) - R1= H    R2=         (16) - R1= R2= H         (17) - R1= H   R2=  

           
Figure 6 - The structures of p-hydroxystyrene derivates. A- General structure. R1, R2 – radicals 1 
and 2. 

 

 

 

1.2.3- Cyanogenic glycosides 
Cyanogenic glycosides are enzymatically hydrolysed by β-glycosidases, thereby releasing 

hydrocyanic acid (HCN) and a sugar moiety. The only such molecule reported in bracken is 

prunasin (18) (Figure 7), which is thought to act as feeding deterrent against insects and 

also against herbivore mammals, due to its acrid taste (Kofod and Eyjolfsson, 1966; Berti 

and Botari, 1968; Alonso-Amelot and Oliveros-Bastidas, 2005). Not all bracken varieties 
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are cyanogenic (Hadfield and Dyer, 1988; Low and Thomson, 1990). Prunasin was present 

in amounts varying from 10 to 61 mg/g plant biomass (Alonso-Amelot and Oliveros, 2000) 

or 1.84 to 107.70 mg/g of dry weight (Alonso-Amelot and Oliveros-Bastidas, 2005) in 

samples from P. aquilinum var. arachnoideum, from Venezuela and is most abundant in 

the young crosiers (Oliveros-Bastidas and Alonso-Amelot, 2010). Cases of cyanide 

poisoning in animals caused by bracken ingestion have very seldom been reported 

(Fenwick, 1988; Alonso-Amelot, 2002).   

 

 
 

Figure 7 - Prunasin (18), a bracken cyanogenic glycoside. 
 
 
1.2.4- Flavonoids and tannins 
A number of flavonoids and their corresponding glycosides have been identified in 

bracken, including quercetin (19), kaempferol (20) (Figure 8) and many of their derivatives 

(Nakabayashi, 1955; Tanaka et al., 1982; Imperato, 1995; Imperato, 1996; Imperato, 

1998). These compounds are present in up to 10-25 mg/g of plant material and are most 

abundant during spring and early autumn (Cooper-Driver et al., 1977). 

 

 

   
 

Figure 8 - Quercetin (19) and kaempferol (20).  
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Toxicity due to ingestion of large amounts of tannins is sometimes observed in farm 

animals fed with oak (Quercus spp.) leaves or acorns. Tannins and their metabolites (gallic 

acid, digallic acid and pyrogallol) are responsible for the observed toxic effects, mainly 

renal tubular necrosis with interstitial oedema and haemorrhage and gastrointestinal ulcers 

(Sebastian et al, 2007). Bracken tannins are mostly condensed tannins derived from 

procyanidin and prodelphidin, and can reach up to 120 mg/g in plant material (Alonso-

Amelot 2002; Alonso-Amelot et al., 2004). Although bracken toxicity is not commonly linked 

with tannins, it is conceivable that these compounds may contribute to irritate the 

gastrointestinal tract of bracken-fed animals. During the long search for the ultimate 

bracken carcinogen, tannins were also tested for carcinogenicity in rats and mice with 

conflicting results. Subcutaneous injection caused liver tumours and local sarcomas at the 

injection site, but rats fed a tannin-containing diet (4 mg/g) didn’t develop any tumours 

(Pamucku et al., 1980a). Bearing this in view and considering their natural abundance, 

tannins are not currently considered one of brackens main toxins.  

 

 

1.2.5- Shikimic acid derivates 
A number of benzoic and cinnamic acid derivates have been identified in bracken (Bohm 

and Tryon, 1967; Glass and Bohm, 1969; Evans, 1976a; Fukuoka, 1982; Whitehead et al., 

1982; Tanaka et al., 1993; Alonso-Amelot et al., 2001; Méndez, 2005). Shikimic acid was 

found at 1.44 mg/g (dry weight) in bracken from Wales (Hirono et al., 1977). Conflicting 

evidence exists concerning its mutagenicity and carcinogenicity (Evans and Osman, 1974; 

Hirono et al., 1977, Jones et al., 1983, Ngomuo and Jones, 1996). Nevertheless it is 

unlikely that this compound plays a major role in bracken-induced carcinogesis (Smith and 

Seawright, 1995), since the mutagenicity and carcinogenicity of bracken are enhanced at 

high pH, while that of shikimate is eliminated.  

 

 

1.2.6- Thiaminases 
Bracken contains two types of thiaminases, which cause thiamine (vitamin B1) deficiency 

(Alonso-Amelot 2002; Panter et al., 2007), especially in horses, as described in section 

4.1. Bracken thiaminases 1 and 2 activities have been quantified at 3.1 and 3.5 µg of 

destroyed thiamine per gram of plant material per hour, respectively (Meyer, 1989). 

Thiaminase concentrations are higher in rhizomes and very young fronds, falling sharply in 

the fronds as they unfold.  
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1.2.7- Braxins 
In 1986 Saito and Mochizuki reported the isolation of two active glycosides from bracken 

rhizomes, called braxins A1 and A2. These compounds were shown to be aromatic β-

glycopiranosides, but their structures were not fully elucidated. Braxins A1 and A2 were 

found to induce histamine release from rat mast cells (Saito and Mochizuki, 1986) and to 

induce acute haemorrhagic cystitis in Guinea pigs (Saito et al., 1987). The same lesions 

were induced by braxin C, which was found to be identical to ptaquiloside (1) (Yoshihira 

and Saito, 1994a, b). The structure of braxin B has not been reported (Tjatur et al., 1999). 

 

 

1.2.8- Other compounds 
Several other compounds identified in bracken include ecdsteroids (Jones and Firn, 1978), 

5-hydroxypyrrolidin-2-one (Chen, 2008a), a poorly characterized polysaccharide (Xu et al., 

2009), a range of sugars and simple aliphatic carboxylic acids and esters (Evans et al., 

1984) and pterolactam (Takatori et al., 1972). 

 

 

1.3- Bracken-associated toxicity  
Bracken has long been known as a plant of pharmaceutical and toxicological interest 

(Culpeper, 1652). During periods of reduced food availability, domestic animals (herbivores 

and pigs) readily consume bracken, especially its younger and tender parts (Shahin et al., 
1999). The effects of bracken ingestion are various, depending on the animal species 

involved and in the ingested dose(s). Five different syndromes are described in farm 

animals: thiamine deficiency, acute bracken poisoning, progressive retinal degeneration, 

bovine enzootic haematuria and upper alimentary tract carcinomas (Hopkins, 1990; Panter 

et al., 2007; Vetter, 2010).  

 

1.3.1- Thiamine deficiency  
Monogastric animals, mostly horses (Evans et al., 1954a, b) and, to a lesser extent, pigs 

(Evans et al., 1963), develop a thiamine (vitamin B1) deficiency syndrome, due to the 

action of bracken anti-thiamine factors described in section 1.2.6. This syndrome, akin to 

human B1 avitaminosis (beri beri), is initially characterized by anorexia and ataxia, followed 

by convulsions and death. Polyoencephalomalatia is the main lesion found in affected 

animals (Smith and Pinto, 2006). Ruminants, whose ruminal flora produces enough 
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thiamine, are generally resistant, although the syndrome has been reproduced 

experimentally in bracken-fed sheep (Evans et al., 1975; Evans, 1976b; Bakker et al., 

1980). A similar experiment in rats also resulted in thiamine deficiency (Evans, 1976b).   

 

 

1.3.2- Acute bracken poisoning 
Bracken poisoning has been reported in animals since the late nineteenth century 

(Penberthy, 1893; Storrar, 1893; Almond, 1894). Acute bracken poisoning occurs mostly in 

ruminants, especially in cattle and, to a lesser extent, in sheep (Parker and McCrea, 1965) 

when bracken toxins target the more rapidly dividing cells of animals (Shahin et al., 1999). 

Many of its main features are haematological changes (Evans et al., 1951; Evans and 

Howell, 1962) resulting from bone marrow depression, with reduced production of platelets, 

erythrocytes and leukocytes. The resulting severe thrombocytopaenia leads to widespread 

haemorrages, while leukopaenia results in increased susceptibility to infections. Affected 

cattle often show severe neutropaenia (Smith, 1980; Xu, 1992), while sheep are reported 

to show lymphopaenia (Sunderman, 1987).  

Necrosis of the laryngeal, pharyngeal and intestinal epithelial layer may also occur, leading 

to the so-called laryngeal and intestinal forms of the disease (Panter et al., 2007; Pinto et 

al., 2007). The intoxication was experimentally induced in bracken-fed cattle (Evans et al., 

1954a, b, c; Naftalin and Cushnie, 1951; Naftalin and Cushnie, 1954a, b; Naftalin and 

Cushnie, 1956) and sheep (Moon and Rafat, 1951). The same effect was obtained when 

ptaquiloside (1), a bracken constituent (see section 3.1), was administered to a calf (Hirono 

et al., 1984b), showing ptaquiloside (1) to be the etiological agent of acute bracken 

poisoning in cattle. 

 

 

1.3.3- Progressive retinal degeneration 
Progressive retinal degeneration is observed in sheep grazing on bracken-infested areas 

and results in a so-called “bright” blindness, and in a behaviour known as “star gazing” 

(Barnett and Watson, 1970, Barnett et al., 1972). Administration of bracken (Watson et al., 

1972a, b) or ptaquiloside (1) isolated from bracken (Hirono et al., 1993) reproduced the 

disease, showing this toxin to be its etiological agent.  
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1.3.4- Teratogenesis 
When pregnant ICR-JCL mice were fed a diet containing 30% (w/w) bracken the embryos 

suffered several bone malformations including rib anomalies and incomplete fusion of 

sternebrae (Yasuda et al., 1974). Newborn mice dosed with ptaquiloside (1) showed 

karyorrhexis in the granular layer of the cerebellum and rosette formation in the 

neuroblastic layer of the retina (Fujimoto et al., 1987).   

 

 

1.3.5- Carcinogenesis 
The prevailing theory of carcinogenesis explains it as a complex multistep process, driven 

by the accumulation of somatic genetic mutations and epigenetic changes caused by 

chemical, physical and biological carcinogens. Such changes often target the so-called 

tumour-suppressor genes and proto-oncogenes, and contribute to deregulate essential 

cellular functions, such as cell cycling and proliferation, apoptosis and differentiation, as 

well as to induce a remodelling of the surrounding stroma. This process is commonly 

divided into three consecutive steps, known as initiation, promotion and progression, and 

often gives rise to a sequence of morphologically and clinically distinct entities, including 

preneoplastic, benign and malignant lesions (Bignold, 2003; Bignold et al., 2006; Oliveira 

et al., 2007; Iacobuzio-Donahue, 2009).  

 

 

1.3.5.1- The carcinogenic properties of bracken 
Since the observations of Rosenberger and Heeschen (1960) and Rosenberger (1965), 

relating bracken feeding with bovine haematuria and bladder tumours bracken became a 

suspect carcinogen. The experimental induction of canine bladder tumours and cutaneous 

papillomas in rabbits with urine extracts from bracken-fed cows (Georgiev et al., 1963) 

reinforced this suspicion. The carcinogenic potential of bracken was experimentally 

demonstrated by Evans and Mason (1965) who obtained ileal adenocarcinomas in rats fed 

bracken, an experiment later reproduced by otherl research teams (Santos et al., 1987). 

Other histological tumour types, including mesenchimal tumours, were less frequent 

(Oyamada and Yoshikawa, 1987). Slightly later findings by Pamucku and Price (1969) 

have shown that rats would develop both ileal and bladder tumours if the exposure time 

was long enough. Apparently, in rats, the development of bracken-induced bladder 

tumours is slower than that of ileal tumour and requires a longer period of bracken 

exposure. Several phenotypically distinct bladder neoplasms were then induced 
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(Sofrenovic et al., 1965; Pamucku et al., 1967; Price and Pamucku, 1968) by feeding 

bracken to cattle, thereby demonstrating the link between bracken and bovine enzootic 

haematuria. Several research groups sharing an interest in bracken toxicology then began 

to intensively search for the mutagenic and carcinogenic principle in bracken, with different 

types of assays being employed (Roberts et al., 1971; Leach et al., 1971). Evans (1968) 

reflected on the radiomimetic nature of the carcinogen in bracken, while Pamucku et al. 

(1970b) wondered if the anti-thiamine effects of this plant had anything to do with its 

carcinogenicity. Another strategy used by the Pamucku group, at the University of Ankara, 

was to study the effects in yet another species (Pamucku et al., 1972). The authors 

reported that, in mice, leukaemia and pulmonary adenomas and adenocarcinomas 

occurred instead of bladder or intestinal tumours, thus stressing the importance of inter-

species variation in response to bracken toxicity. Pulmonary adenomas had already been 

found in bracken-fed Swiss mice (Widdop, 1967). Bracken was also found to induce 

tumours in the terminal jejunum of C57Bl/6 mice (Hirono, 1986b), although these findings 

could not be reproduced in dd mice (Hirono, 1986b) and Swiss mice (Evans, 1968). In both 

these mice strains the lung, rather than the ileum, was the target organ. Pamucku et al., 

(1978) demonstrated that milk from bracken-fed cows induced ileal, bladder and kidney 

carcinomas in rats. When a diethyl ether fraction was prepared from milk and implanted 

unto the bladder of mice, these developed urothelial carcinomas in high incidence. These 

experiments clearly showed that the carcinogenic principle of bracken could be transmitted 

through milk. A Japanese group from the University of Nagoya adopted a different strategy, 

by fractionating bracken in search of its ultimate carcinogen (Hirono et al., 1973; Hirono et 

al., 1978; Hirono et al., 1984c). The same group also demonstrated that rats fed bracken 

could develop mammary carcinomas, besides ileal and bladder tumours (Sumi et al., 1981; 

Hirono et al., 1983), and showed bracken to promote carcinogenesis initiated by N-propyl-

N-nitrosourethan (Hirono et al., 1982). Other authors, however, found bracken to have no 

effects on N-butyl-N-(4-hydroxybutyl)-nitrosamine induced bladder carcinogenesis (de 

Oliveira et al., 1995). Other species, such as guinea pigs, were shown to develop mostly 

bladder tumours when fed a bracken diet (Evans, 1968; Bringuier et al., 1995; Dawra et al., 

2002). Japanese quail (Coturnix coturnix japonica) fed on a bracken extract developed 

ileal, colonic and caecal adenocarcinomas (Evans et al., 1967) while Egyptian toads 

developed hepatomas and ileal adenocarcinomas (el-Mofty et al., 1980). The fractionation 

strategy proved successful, though laborious, and led to the discovery of ptaquiloside (1) 

(Niwa et al., 1983a, b) (see section 3.1), which proved to be the main bracken carcinogen 

(Hirono et al., 1984a, c). Other compounds, such as the flavonoid quercetin (19) (Pamucku 

et al., 1980b) and shikimic acid (Evans and Osman, 1974) were proposed to be important 
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bracken carcinogens. However, it has not been possible to reproduce the findings of 

Pamucku et al. (1980b) and evidence to support the role of shikimic acid is still lacking 

(Hirono et al., 1977; Saito et al., 1980; Hirono et al., 1981; Morino et al., 1982; Takanashi 

et al., 1983).   

 

 

1.3.5.2- Reactivity and mutagenicity of ptaquiloside 
In aqueous solution ptaquiloside (1) is gradually converted into pterosin B (21) with D-

glucose liberation, conversion rates depending on temperature and pH (Figure 9). Under 

weakly alkaline conditions a highly reactive intermediate compound, referred to as bracken 

dienone (22) or activated ptaquiloside, is rapidly generated (Ojika et al., 1987), which is 

thought to be the active form of ptaquiloside (Yamada et al., 2007). This is remarkable 

because while most chemical carcinogens are either directly active or dependent on 

metabolic activation (Oliveira et al., 2007), ptaquiloside (1) is unique in that its activation is 

not enzyme-mediated. Bracken dienone is stable in alkaline solutions for at least one hour, 

but is extremely unstable under acidic conditions being immediately converted into pterosin 

B (21) (Yamada et al., 2007). 

 
 

Figure 9 - Hydrolysis of ptaquiloside (1) in aqueous solution, in acidic or alkaline conditions, to 
afford pterosin B (21) or bracken dienone (22), respectively. Adapted from Shahin et al. (1998). 
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The reaction of ptaquiloside (1) and its derivatives with biomolecules was extensively 

studied by Professor Yamada’s group at the University of Nagoya, Japan. Bracken dienone 

(22) was shown to form adducts with sulphur-containing aminoacids – cysteine (23), 

methionine (24) and glutathione (25) - (Figure 10), as well as with nucleosides and 

nucleotides, via its reactive cyclopropylidene ring (Ojika et al., 1987).  
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Figure 10 - Alkylation of sulphur-containing aminoacids by bracken dienone. Adapted from Yamada 
et al. (2007).   
 

 
Under physiological conditions, the dienone (22) alkylates the DNA to form adducts 

through the N-3 of adenine and/or the N-7 of guanine, leading to DNA depurination and 

breakage at the adenine (Figure 11) but not guanine sites (Ojika et al., 1989; Kushida et 

al., 1994; Kigoshi et al., 1992). 
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Figure 11 - Bracken dienone (22) alkylates DNA at the N-3 of adenine (arrow), leading to depurination and DNA cleavage. A- adenine, C- cytosine, G- guanine,  
T-thymine. Adapted from Yamada et al. (2007).  
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This DNA cleavage activity was sequence-selective as follows: 5’-AT > 5’-AG > 5’-AC > 

5’-AA for the 3’-flanking nucleotides and 5’-AA >5’-TA > 5’-GA > 5’-CA for the 5’-flanking 

nucleotides (sites of cleavage are underlined). 

The most preferable sequence was estimated to be 5’-AAAT (Kushida et al., 1994). 

Such sequence selectivity was also observed with other cyclopropylidene-containing 

carcinogens (Hurley et al., 1988) and with dimethylbenzanthracene (Jones et al., 1991).  

Siman et al. (2000) and Pereira et al. (2009) also demonstrated the DNA-damaging 

properties of bracken extracts using the comet assay. The DNA-alkylating properties of 

ptaquiloside (1) were demonstrated by another group, who used a 32P-postlabelling 

assay to identify DNA adducts formed in vitro by ptaquiloside (1) (Smith et al., 1994b). 

DNA adducts formed in vivo were also detected in the ileum of calves fed bracken 

(Prakash et al., 1996), in mammary carcinomas of rats dosed with bracken dienone (22)  

(Shahin et al., 1998b) and in mice treated with bracken spores, extracts or bracken 

dienone (Povey et al., 1994; Povey et al., 1996; Freitas et al., 2001).  

Prakash et al. (1996) found that ptaquiloside (1) alkylated the H-ras proto-oncogene at 

adenine sites, resulting in an activating mutation (an adenine to pyrimidine transversion) 

at codon 61, and proposed that such mutations constituted the basis for bracken-

induced carcinogenesis. This hypothesis was further supported by the findings of 

Shahin et al. (1998a), who found activating H-ras mutations on rat mammary 

carcinomas induced by bracken dienone (22).The genotoxicity of ptaquiloside (1) thus 

seems to depend upon its DNA-alkylating properties. The genotoxicity of ptaquiloside 

(1) was further demonstrated by Mori et al. (1985) on the rat hepatocyte primary 

culture/DNA-repair test, by Matoba et al. (1987) and Nagao et al. (1989) on Salmonella 

typhimurium and by Matsuoka et al. (1989) who showed it to induce structural 

chromosomal aberrations on Chinese hamster lung cells. The genotoxic properties of 

ptaquiloside (1) were expressed in alkaline conditions and were much reduced at 

pH<7.4 (Matoba et al., 1987; Nagao et al., 1989; Matsuoka et al., 1989). The genotoxic 

action of ptaquiloside against soil microorganisms was also demonstrated by Schmidt et 

al. (2005). 

 

1.3.5.3- The carcinogenicity of ptaquiloside 
The carcinogenicity of ptaquiloside (1) results from its previously described 

mutagenicity. The carcinogenicity of ptaquiloside (1) was proved soon after its isolation 

by the Nagoya group (Hirono et al., 1984a, c; Hirono et al., 1987) and repeatedly 

confirmed (Shahin et al., 1998a, b). As observed with bracken, the target organs for 

ptaquiloside-induced carcinogenicity seem to be dependent on the administration route, 
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ptaquiloside (1) dose and on the exposure time. Only mammary carcinomas were 

obtained by intravenous administration of a low bracken dienone (22) dose for a short 

period (Shahin et al., 1998a), while the induction of ileal and bladder tumours required 

prolonged oral administration of higher doses (Hirono et al., 1984a, c). One interesting 

observation is that target organs, such as the ileum of rodents, have alkaline pH. This is 

thought to reflect ptaquiloside (1) activation and formation of the more reactive bracken 

dienone (22).  

 

1.3.5.4- The immunomodulatory effects of ptaquiloside 
Early studies of bracken toxicity reported severe neutropaenia as one of its effects 

(Hirono et al., 1984b). Monocytosis and increased TNFα levels were reported as long-

term effects of bracken dienone (22) (Shahin et al., 1998b), thirty weeks after the last 

intravenous administration. More recently, bracken extracts were shown to reduce 

natural killer (NK) cells activity and to induce splenic white pulp atrophy (Latorre et al., 

2009). Ptaquiloside (1) was also shown to reproduce these effects, which were fully 

reversible by selenium co-treatment or post-treatment (Latorre et al., 2011). These 

findings suggest that ptaquiloside (1) may also promote carcinogenesis by reducing 

immune surveillance against (bracken-induced or otherwise) newly-arising tumours.  

 

1.3.5.5- Upper digestive tract carcinomas 
In cattle, bovine papillomavirus type 4 (BPV-4) infects the mucosa of the upper 

gastrointestinal tract leading to the formation of papillomas (Campo et al., 1980; 

Tsirimonaki et al., 2003). BPV-4 infection and associated gastrointestinal tumours have 

been found in several world locations, including Brazil, Bolivia, the Nasampolai Valley of 

Kenya, the Scottish Highlands and in southern Italy (Dobereiner et al., 1967; Jarrett et 

al., 1978a, b; Marrero et al., 2001; Borzacchiello et al., 2003b). In the presence of 

bracken, BPV-4-induced papillomas undergo malignant transformation into carcinomas 

(papilloma-carcinoma transition) (Jarrett, 1978; Gaukroger et al., 1993; Knowles et al., 

1996; Campo et al., 1990; Campo et al., 1994; Campo, 1997; Tsirimonaki et al., 2003; 

Borzacchiello and Roperto, 2008; Lucena et al., 2011). It has been argued that this may 

be partly due to an immunosuppressive effect induced by bracken toxins (Figure 12), 

which would stop the host’s immune system from eradicating the infection and 

eliminating the papillomas. Persistent papillomas would then be at increased risk of 

suffering malignant transformation. The recent findings of Latorre et al., (2009) and 

Latorre et al., (2011) certainly support this hypothesis by showing that ptaquiloside (1) 
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reduces NK cell function, therefore colliding with immunosurveillance against arising 

tumours.  

 

BPV-4

Normal GI mucosa

Papilloma

regression

Carcinoma

E5/E7 oncoproteins

quercetin
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immunossuppression
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(H-ras activation,
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Figure 12 – How BPV-4 and bracken fern are thought to cooperate in the development of 
gastrointestinal tumours in cattle. Adapted from Borzacchiello and Roperto (2008). 
 

Papillomaviruses transform host cells by expressing several oncoproteins (E5, E6 and 

E7) (Borzacchiello and Roperto, 2008). Quercetin (19), a flavonoid found in bracken, 

was shown to interact in vitro with the long control region (LCR) of BPV-4 (Conolly et al., 

1998; Beniston et al., 2001) and human papillomavirus type 18 (HPV-18), but not HPV-

16, through a conserved quercetin response element in the viral genome (Beniston and 

Campo, 2005). Prof. Saveria Campo’s group, at the University of Glasgow, 

demonstrated that this interaction results in a dose-dependent increase in the 

expression of viral oncoproteins E6 and E7. Partially transformed BPV-4-infected cells 

were shown to suffer full malignant transformation with a single quercetin (19) dose, 

acquiring immortality and tumourigenicity (Pennie and Campo, 1992). It remains to be 

known whether this in vitro synergy mechanism remains valid in field conditions 

(Borzacchiello and Roperto, 2008). 

Quercetin (19) was also shown to exhibit dose-dependent in vitro (Sahu and 

Washington, 1991; Rahman et al., 1992) but not in vivo (Utesch et al., 2008) 

genotoxicity. This discrepancy is, most likely, due to hepatic metabolic inactivation by 

catechol-o-mertyltransferase (Zhu et al., 1994). Thus, although some authors proposed 

that quercetin-induced mutations might also contribute to the appearance of a malignant 
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phenotype in vivo (Leal et al., 2003; Borzacchiello and Roperto, 2008), this seems 

unlikely (van der Hoeven, 1985). Indeed, many authors reported that quercetin (19) and 

other flavonoids act as anti-oxidants capable of reducing oxidative stress-induced 

mutagenesis (Mehta and Seshandri, 1958; de Whalley et al., 1990; Yuting et al. 1990; 

Yukiko et al. 1994; Chen et al. 1996; Noroozi et al., 1998) and quercetin (19) is even 

used as a dietary supplement (Harwood et al., 2007).  

The mutagen and carcinogen ptaquiloside (1) is likely to be implicated in bovine 

gastrointestinal cancers. This compound may inactivate tumour-suppressor genes (such 

as p53) and activate proto-oncogenes (such as H-ras), thus driving the papilloma-

carcinoma transition (Jaggar et al., 1990; Scobie, 1996; Scobie et al., 1997).  

     

1.3.5.6- Bovine enzootic haematuria 
Haematuria has long been enzootically associated with cattle feeding over two or three 

years in bracken-infested areas and results from haemorrhages due to bracken-induced 

bladder tumours (Rosenberger and Heeschen, 1960; Smith and Beatson, 1970; 

Hopkins, 1986; Bringuier and Jean-Blain, 1987; Dawra and Sharma, 2001; Panter et al., 

2007; Lucena et al., 2011) rather than hemostasis disturbances (Di Loria et al., 2011). A 

recent report refers the occurrence of a similar syndrome in buffaloes (Somvanshi, 

2011). Cattle with enzootic haematuria show an increased incidence of structural 

chromosomal aberrations in peripheral blood lymphocytes (Lioi et al., 2004). The 

disease has been recognised worldwide and in Portugal it has been especially well 

characterized in the Azores (Pinto et al., 2000; Pinto et al., 2001; Pinto et al., 2004; 

Pinto, 2010). The symptoms and its underlying neoplastic bladder lesions were 

experimentally reproduced by feeding bracken to cows (Pamucku et al., 1967; Price and 

Pamucku, 1968) and laboratory rats and guinea pigs (Pamucku et al., 1969; Bringuier et 

al., 1995). Ptaquiloside (1) is believed to cause bovine enzootic haematuria, since its 

administration also induced bladder tumours in laboratory animals (Hirono et al., 1987) 

though its importance in field conditions remains to be confirmed. The oncogenesis of 

ptaquiloside-induced bladder lesions has not been thoroughly investigated, but a 

number of studies have addressed its morphologic and molecular features (Pamucku et 

al., 1976; Seixas, 1999; Borzacchiello et al., 2001; Borzacchiello et al., 2003; Sardon et 

al., 2005; Carvalho et al., 2006; Carvalho et al., 2007; Carvalho, 2008; Roperto et al., 

2007; Brun et al., 2008; Guidi et al., 2008; Corteggio et al., 2010; Pires et al., 2010; 

Roperto et al., 2010a, b; Corteggio et al., 2011; Cota, 2011).  

In the year 2000, 28% of cattle herds from São Miguel Island contained one or more 

affected animals and bladder tumours accounted for the rejection of 14% of all 
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slaughtered cattle (Pinto et al., 2004). The economic impact of bovine enzootic 

haematuria can be appreciated from the 4 220 443.7 euros on state compensations and 

insurances paid to affected milk producers in the Azores between 2000 and 2006 

(Pinto, 2010), though this may be an underestimate.  

 

A possible synergism between ptaquiloside (1) and bovine papillomavirus type 2 (BPV-

2) is a hypothesis that has been gaining support over the years (Campo et al., 1992; 

Borzacchiello et al., 2003c; Borzacchiello and Roperto, 2008; Resendes et al., 2011). 

Bovine papillomavirus type 2 DNA (but no nuclear capsids) was shown to be present in 

the normal bladder mucosa in up to 50% of sampled cattle in both Italy (Borzacchiello et 

al., 2003c) and Romania (Balcos et al., 2008), probably reflecting a latent infection. 

Expression of the BPV-4 major oncoprotein, E5, which induces malignant 

transformation by activating the platelet-derived growth factor receptor β (PDGFR β) in 

vitro (DiMaio and Mattoon, 2001), was also implicated in bladder carcinogenesis 

(Borzacchiello et al., 2003c; Borzacchiello et al., 2006). The real contribution of bovine 

papillomaviruses for bladder carcinogenesis and the mode of their possible interaction 

with ptaquiloside (1) or other bracken toxins are still in debate (Borzacchiello and 

Roperto, 2008).  

 

1.4- Bracken and its potential impact on human health  
Bracken has long been used by man (Culpeper, 1652). Historically, bracken has been 

used for animal bedding, for soap production (Sanderson and Prendergast, 2002) and 

for medicinal uses (Culpeper, 1652); the starch-rich rhizomes were used as food in 

times of hunger (Smith and Seawright, 1995; Alonso-Amelot and Avendaño, 2002). 

However, even as early as in the XVII century, Nicholas Culpepper reported that: 

 

 “The roots… killeth both the broad and long worms in the body (…) but it troubles the 

stomach. They are dangerous for women with child… by reason they cause abortment” 

(Culpepper, 1652). 

 

The potential public health risks associated with bracken have thus been long 

recognized (Evans et al., 1971), and especially since the discovery of ptaquiloside (1) 

(Niwa et al., 1983a, b; van der Hoeven et al., 1983) and its carcinogenic properties 

(Hirono et al., 1984a, c). Nowadays, bracken is still used, for instance in the United 

Kingdom, for the production of a peat substitute for horticultural use (Sanderson and 
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Prendergast, 2002). In 1992 and 1993 approximately 1500 m3 of bracken were 

composted and the figure doubled in the following year. Composting was reported to be 

effective in destroying ptaquiloside (1) in bracken (Potter and Pitman, 1994). The 

worldwide increase in bracken-covered land, which reaches up to 11120 kg bracken 

biomass per hectare (Smith et al., 1994a), leads to a closer contact between this plant 

and human communities and their animals. It is feared that the toxicity of bracken 

towards domestic animals may, directly or indirectly, affect people too, particularly in the 

case of ptaquiloside-induced carcinogenesis.   

 

1.4.1- Bracken as food 
Some human populations, namely in Japan, in the Ouro Preto area, in Brazil, and in 

Canada also eat bracken crosiers as a delicacy, known as warabi, as broto de 

samambaia and as fiddleheads, respectively (Hirono, 1993; Marliére et al., 1998; 

Yamada et al., 2007; Hojo-Souza, 2010). Cooked or salted bracken was demonstrated 

to retain some of its carcinogenic potential (Hirono et al., 1972) and bracken-eating 

Brazilians showed increased chromosomal aberrations in peripheral blood leukocytes, 

compared with non-bracken eating controls (Recouso et al., 2003). Interestingly, a 

similar observation was made on cattle affected by bovine enzootic haematuria (Lioi et 

al., 2004). Since the Japanese warabi production is insufficient to meet local demands, 

as much as 13000 tons, which may contain 13 to 169 Kg of pure ptaquiloside (1), are 

imported yearly, mostly for the prefectures of central Honshu island (Alonso-Amelot and 

Avendaño, 2002). Significantly, the first reports to connect bracken with human cancer 

were by Kamon and Hirayama (1975) and by Hirayama (1979), establishing an 

association between increased oesophageal cancer risk and bracken consumption. 

Oesophageal cancer risk was found to be respectively, 2.1 and 3.7-fold higher in men 

and women who consumed warabi in a daily basis, when compared with controls 

(Hirayama, 1979). However, in contrast with previous studies on farm and laboratory 

animals, no association was observed between bracken fern consumption and high 

bladder cancer mortality in New England (Brown et al., 1995; Brown et al., 1999) or 

increased bladder cancer risk in Canada (Howes et al., 1980), where bracken crosiers 

are known as fiddleheads.  

 

1.4.2- Inhalation of bracken spores 
The inhalation of bracken spores has raised concerns as a possible exposure route to 

bracken carcinogens (Simán et al., 1999). An epidemiological study in Wales (Galpin et 
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al., 1990) pointed out a possible relation between bracken-contaminated foodstuffs or 

air-borne bracken spores and gastric cancer. Bracken spores may pose a risk to human 

health as they were shown to be mutagenic in vitro (Siman et al., 2000) and in vivo 

(Povey et al., 1994; Povey et al., 1996), but they have not yet been demonstrated to 

contain ptaquiloside (1).   

 

1.4.3- Ptaquiloside-contaminated milk 
Two studies in South and Central America associated increased digestive tract cancer 

risk with exposure to bracken (Villalobos-Salazar, 1985; Villalobos-Salazar et al., 1989; 

Alonso-Amelot and Avendaño, 2001). In Costa Rica, the frequency of gastric and 

oesophageal neoplasms was found to be higher on high-altitude, bracken-infested 

areas, compared with low-altitude, bracken-free areas (odds ratios of 2.50 and 2.73 for 

males and females, respectively) and to co-localize with bovine enzootic haematuria 

(Villalobos-Salazar, 1985; Villalobos-Salazar et al., 1989). In Venezuela, increased 

mortality due to gastric cancer was associated with high-altitude, bracken-infested areas 

where bovine enzootic haematuria is prevalent, compared with low-altitude, bracken-

free areas (odds ratio 3.64), but no association was found with oesophageal cancer 

(Alonso-Amelot and Avendaño, 2001).  

In fact, 8.6 ± 1.2% of the ptaquiloside (1) ingested by bracken-fed cows was shown to 

be excreted dose-dependently in milk (Alonso-Amelot et al., 1993; Alonso-Amelot et al., 

1996; Alonso-Amelot, 1997; Alonso-Amelot et al., 1998). This important discovery 

explained earlier findings by Pamucku et al. (1978), who reported that milk from 

bracken-fed cows showed carcinogenic activity in mice. The contamination of milk may 

be an important route for human exposure to ptaquiloside (1) among rural populations 

who consume milk directly from bracken-grazing cows. Urban populations consuming 

industrially processed milk from stabled animals fed on controlled diets should be at 

lower risk, as any ptaquiloside-contaminated milk entering the industrial circuit will, most 

likely, be diluted in milk from stabled animals and will be pasteurised before being 

further used (Alonso-Amelot et al., 1998). Pasteurisation was found to decrease 

ptaquiloside (1) concentrations in milk by 50% and boiling by about 75% (Villalobos-

Salazar et al., 2000). In view of these findings, boiling the milk before drinking it may be 

a useful recommendation for rural populations suspected of being exposed to 

considerable amounts of ptaquiloside (1).   
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1.4.4- Ptaquiloside residues in meat 
The presence of ptaquiloside in products used for human consumption has raised 

considerable concerns (Ferguson and Philpott, 2008) and a governmental report by the 

British Committee on the Toxicity of Chemicals in Food, Consumer Products and the 

Environment (COT) has recently addressed the risks placed by ptaquiloside-

contaminated foodstuffs, in particular by milk (COT, 2008) and considered it prudent to 

regard bracken as potentially carcinogenic at all levels of ingestion. This Committee also 

called for further studies on ptaquiloside (1) residues that may be present in foods 

derived from bracken-fed animals and on the determination of safety intervals for 

ptaquiloside (1) clearance from tissues and milk (COT, 2008).  

Very recent findings by Fletcher et al. (2011b) indicate that ptaquiloside (1) is present in 

skeletal muscles (0.42 µg/g) and liver (0.32 µg/g) of bracken-fed cattle, fifteen days after 

bracken consumption ended. Bracken represented 19% of these animals diet, 

corresponding to 1.8 mg ptaquiloside (1) and 4.0 ptesculentoside (5) daily intakes, per 

kilogram of body weight. The same authors suggest that other illudane-type molecules 

such as ptesculentoside (5) may leave more residues than ptaquiloside (5). As 

mentioned on section 1.2.1, the toxicity of the other ptaquiloside-like illudane 

compounds in bracken is still porrly understood. However, in a toxicity assay (Castillo et 

al., 1998) against Artemia salina, ptaquiloside Z (5) and ptaquiloside (1) showed the 

same lethal concentrations (LC50) at 24 and 48 hours (62.5 µg/ml and 7.8µg/ml, 

respectively). These findings support the hypothesis that such bracken ptaquiloside-like 

compounds possess identical toxicological properties, since their chemical reactivity is 

very similar, and the presence of their residues in foodstuffs should be of concern.   

 

1.4.5- Ptaquiloside contamination of soil and water 
Human exposure to bracken toxins, namely to ptaquiloside (1), was also proposed to 

occur through contamination of underground waters (Rasmussen, 2003a, b, c; 

Rasmussen et al., 2005; Ayala-Luis et al., 2006; Engel et al., 2007; Ovesen et al., 

2008). These authors, from the Royal Veterinary and Agricultural University of Denmark, 

demonstrated that ptaquiloside (1) can be quite stable in the soil environment, 

especially in clay-rich soils (Rasmussen et al., 2005) and is present in some soils after 

72 days, with a half-life of 150-180 hours. Between 0.05% and 0.25% of total 

ptaquiloside (1) present on bracken fronds is liable to leach into the surrounding soil due 

to the action of rain (Rasmussen et al., 2003b). This toxin was shown to have the 

potential to contaminate underground waters, especially when leaching into lightly 
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acidic, sandy soils, poor in organic matter, during rainy and cold seasons (Rasmussen 

et al., 2005; Ayala-Luís et al., 2006). In a recent report by the British Food and 

Environmental Research Agency, human exposure to ptaquiloside (1) via drinking water 

in the United Kingdom was estimated to be minimal, even though the ultimate risk 

arising from contaminated water consumption could not be quantified (Ramwell et al., 

2010). These authors estimated that ptaquiloside (1) concentrations in underground 

waters could reach up to 11.5 µg/L, but the overall risk posed by contaminated water 

was estimated to be lower than that posed by contaminated foodstuffs (Ramwell et al., 

2010). These values agree with the findings of Rasmussen (2005) who found 

ptaquiloside (1) concentrations of 4 to 6 µg/L in Denmark and up to 45 µg/L in Sweden. 

The differences are likely to be due to differences in soil composition, bracken coverage 

and ptaquiloside (1) concentration in bracken. Ptaquiloside (1) was also shown to have 

a considerable impact on soil microbial communities as reflected by the inhibition of soil 

microbial respiration (Schmidt et al., 2005), an effect which helps prolonging its 

persistence in soil and underground waters. 

 

1.4.6- Bracken and ptaquiloside: human carcinogens? 
In view of some of these these findings the International Agency for Research on 

Cancer (IARC) classified bracken as carcinogenic to animals and possibly carcinogenic 

to humans (group 2B) and considered ptaquiloside (1) unclassifiable as to its 

carcinogenicity (group 3) (IARC, 1986), but a later report from the Dutch government 

stated that ptaquiloside (1) should be considered as a human carcinogen (DECOS, 

1995). The interest of the scientific community in bracken was considerably excited by 

the discovery of ptaquiloside (1) and its carcinogenicity and a number of reviews on 

bracken-associated risks were published over the years (Trotter, 1990; Seawright, 1995; 

Smith and Seawright, 1995; Wilson et al., 1998; Shahin et al., 1999; Potter and Baird, 

2000; Alonso-Amelot and Avendaño, 2002; Abnet, 2007; Yamada et al., 2007, Vetter, 

2009). Despite the role that quercetin may play in papillomavirus-induced 

carcinogenesis in vivo, ptaquiloside (1) has emerged, since its discovery, as the main 

bracken carcinogen. The existence of different routes for human exposure to this toxin 

(Figure 13) cannot but raise concerns about its impact on public health. New 

epidemiological studies addressing the association of bracken exposure with gastric and 

oesophageal cancers should be undertaken, taking into account other factors, such as 

Helicobacter pylori infection.  
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Figure 13 – Ptaquiloside (1) flow through the environment and human exposure routes. 

 

  

1.5 – Objectives and outline 
The purpose of this work was to study the mechanisms of bracken-induced 

carcinogenesis. The work plan was accordingly focused on the main bracken 

carcinogen, ptaquiloside (1), and a number of specific aims were defined: 

 

- to develop an efficient method for isolating ptaquiloside (1) from bracken, so as to 

make it available for in vitro and in vivo toxicological studies. The further chemical 

characterization of plant specimens, by identifying other bioactive natural products, was 

envisioned as an interesting secondary objective;  

 

- to study the genotoxic properties of ptaquiloside (1) in vitro, using yet unexplored 

endpoints (aneugenesis, sister chromatid exchange induction);  

 

- to develop an in vivo mouse model for ptaquiloside-induced chronic toxicity, focused 

on carcinogenesis; 
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- to characterize ptaquiloside-induced lesions from the morphological and molecular 

points of view, so as to gain further insights into their pathogenesis;  

 

The workflow was planned as explained in the diagram on Figure 14; 

 

 

 

 
Figure 14 – Planned workflow for studying the carcinogenicity of bracken.
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Chapter 2: Chemical studies on bracken and 
ptaquiloside isolation2   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
2  The contents of this chapter were partially presented on:  

- Gil da Costa R.M., Bastos M. M. S. M., Oliveira P.A., Lopes C. (2011) Isolation of carcinogenic 

and cyanogenic bracken (Pteridium aquilinum) constituents from mainland Portugal specimens. 

Proceedings of the 9th European Congresso of Toxicological Pathology, Uppsala, Sweden, 

233. 

- Gil da Costa R.M., Bastos M. M. S. M., Oliveira P.A., Lopes C. (2011) Toxic bracken 

(Pteridium aquilinum) constituents from mainland Portugal. Proceedings of the 2nd Iberic 

Meeting of Veterinary Pathology, Lisbon, Portugal, 124. 
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2.1- Introduction 
 
Bracken (Pteridium aquilinum) is an ancient fern of the Dennstaedtiaceae family and one 

of the five most common plants in the world, the only climatic limitations to its distribution 

being extreme heat or cold or lack of moisture (Smith and Seawright, 1995; Smith et al., 

2006). Bracken behaves in an opportunistic way, taking advantage of its extensive 

rhizomes and often invading abandoned, newly cut or burned areas, and can become 

quite a difficult weed to manage (Sheffield et al., 1989; Miatto et al., 2006; Pakeman and 

Marrs, 2009; Roos et al., 2010). Bracken ingestion has been shown to cause a number of 

toxic syndromes in animals (Panter et al., 2007; Vetter, 2010). Acute bracken toxicity, 

progressive retinal atrophy, gastrointestinal tumours and bovine enzootic haematuria 

arising due to bladder tumours have been attributed to a DNA-alkylating agent called 

ptaquiloside (1) (Niwa et al., 1983a, b; van der Hoeven et al., 1983; Yamada et al., 2007). 

Ptaquiloside (1), a nor-sesquiterpene glycoside of the illudane family, induces DNA 

adducts in a sequence-selective way, which, if inadequately repaired, may give rise to 

cancer-causing mutations (Mori et al.; 1985; Matoba et al., 1987; Matsuoka et al., 1989; 

Nagao et al., 1989; Ojika et al., 1989; Kushida et al., 1994; Kigoshi et al., 1992). Bracken 

has long been used as food in certain parts of the world and as bedding for cattle and 

small ruminants. In the Ouro Preto region (Brazil), young bracken shoots (crosiers) are 

called broto de samambaia and consumed as a typical dish (Alonso-Amelot and 

Avendaño, 2002). In Japan, bracken crosiers are eaten after boiling and/or treatment with 

soda ash or sodium bicarbonate to remove bitterness and called warabi. The Japanese 

warabi production (Alonso-Amelot and Avendaño, 2002) was insufficient to satisfy the 

local demand and approximately 13 000 tonnes were imported yearly. Furthermore, 

human populations may become exposed to bracken genotoxins by inhaling air-borne 

bracken spores (Simán et al., 2000), by drinking milk or eating meat from bracken-fed 

cows (Alonso-Amelot et al., 1996; Fletcher et al., 2011) or, possibly, through water from 

ptaquiloside-contaminated water sources (Rasmussen et al., 2005). Several 

epidemiological studies from different parts of the world have associated bracken ingestion 

and living in densely bracken-infested areas with increased gastric (Villalobos-Salazar, 

1985; Galpin et al., 1990; Alonso-Amelot and Avendaño, 2001) and oesophageal 

(Hirayama, 1979) cancer risk.  

Since the International Agency for Research on Cancer (IARC) classified bracken as 

carcinogenic to animals and possibly carcinogenic to humans (group 2B), and considered 

ptaquiloside (1) unclassifiable as to its carcinogenicity (group 3) (IARC, 1986) several 
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other assessments have been made. The British Committee on Toxicity of Chemicals in 

Food, Consumer Products and the Environment (COT) issued a report considering it 

prudent to regard bracken and ptaquiloside (1) as potentially carcinogenic to humans at all 

levels of ingestion (COT, 2008). Ramwell et al. (2010), reporting on the potential of 

ptaquiloside (1) to contaminate water contamination in the United Kingdom, considered 

the risk to be minimal, when compared with the contamination of food products. The study 

of ptaquiloside-induced toxicity has been considerably hampered over the years by the 

instability of this compound. This makes the isolation of ptaquiloside (1) in the amounts 

needed for toxicity testing, a particularly challenging task, and a number of different 

methodologies have been proposed for this effect (Yamada et al., 2007). The ongoing 

debate concerning bracken fern toxicity and its potential effects on human health make it 

critically important to develop efficient methods for the isolation of bracken toxins, in 

particular ptaquiloside (1), in order to conduct appropriate in vitro and in vivo tests. 

Besides ptaquiloside (1) and its related terpene glycosides (2-12) (Hayashi et al., 1973; 

Saito et al., 1989, Koyama et al., 1991; Saito et al., 1990; Castillo et al., 1997; Castillo et 

al., 1998; Castillo et al., 1999; Castillo et al., 2000; Somvanshi et al., 2006; Li et al., 2009; 

Fletcher et al., 2010), bracken contains a number of bioactive compounds including 

pterosins and their glycosides, called pterosides (Fukuoka et al., 1972; Kuroyanagi et al., 

1974; Fukuoka et al., 1978; Yoshihira et al., 1978; Tanaka et al., 1982; Murakami and 

Tanaka, 1988; Kovganko et al., 2004), p-hydroxystyrene derivates (Ojika et al., 1984; 

Ojika et al., 1985), flavonoids (Nakabayashi, 1955; Tanaka et al., 1982; Imperato, 1995; 

Imperato, 1996; Imperato, 1998) and a cyanogenic glycoside, prunasin (Kofod and 

Eyjolfsson, 1966; Berti and Botari, 1968; Alonso-Amelot and Oliveros-Bastidas, 2005). 

Some bracken compounds are major determinants of toxicity, often acting as defences 

against insect or herbivore attack (Cooper-Driver, 1990). Prunasin (18) for instance, 

originates HCN under the action of β-glycosidases and acts as a feed deterrent against 

herbivores due to its acrid taste (Alonso-Amelot et al., 2001). The present study addresses 

the isolation of bioactive compounds from bracken, using an adapted ptaquiloside-isolation 

method.  

 

2.2- Materials and methods 
 
2.2.1- Bracken samples 
Three European bracken (Pteridium aquilinum subsp. aquilinum) samples (11.0 Kg for 

each sample, corresponding to 1000 g dried weight,) were collected in April 2010 in two 
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bracken stands, in the hillsides of Arcos de Valdevez, Portugal, 41º 49´ 12´´ N, 8º 24´ 11´´ 

W, a location where bovine enzootic haematuria is known to occur among the herds of 

Barrosã cattle, with animals showing characteristic bracken-related urinary bladder 

tumours (unpublished results). Samples A and B were collected from stand 1, sample C 

was collected from stand 2. Bracken samples were vacuum-packed and frozen (-20ºC) 

until use. A bracken specimen was deposited at the University of Trás-os-Montes and Alto 

Douro herbarium (reference nº 18248) (Figure 15).  

 

 
 Figure 15 – Bracken crosiers used for ptaquiloside (1) isolation. 

 

 
2.2.2- Natural products isolation 
Several modifications (Figure 16) were introduced to water-based, improved method 

designed for ptaquiloside (1) isolation from bracken (Ojika et al., 1985). 11.0 Kg of each 

frozen bracken sample, corresponding to 1000 g dried weight, were blended in distilled 

water (10 L) with a high-power blender and stirred at room temperature for 1 hour. The 

aqueous extract was centrifuged at 10000 rpm, filtered through a series of strainers (up to 

125 µm) and adsorbed onto a resin, Amberlite XAD-2, (Supelco), a non-ionic 

macroreticular resin with a 90 Å mean pore size that adsorbs polar compounds through 

hydrophobic and polar interactions.   
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Organic solvents were obtained from Merck, with pro analisis and HPLC grades. For 

sample A the originally proposed batch system (3 L) was employed, while for samples B 

and C a 1 L resin column was used at an average flow of 10 ml/min. The adsorbed 

compounds were eluted with methanol (10 L). When using the column system, seven 

adsorption-desorption cycles were performed to maximize the ptaquiloside recovery from 

the aqueous extract. The methanol extract was concentrated at low temperature (below 

50ºC) under reduced pressure, dissolved in distilled water (400 ml) and extracted with n-

butanol (5 x 500 ml). The n-butanol extract was concentrated at low temperature (below 

50ºC) under reduced pressure, and chromatographed on silica gel 60 (0.2-0.5 mm, 

Merck), collecting 500 ml fractions with chlorophorm (5 L), ethyl acetate (6 L), ethyl 

acetate-methanol 92:8 (%, v/v, 3 L), ethyl acetate-methanol 75:25 (%, v/v, 3 L), ethyl 

acetate-methanol 50:50 (%, v/v, 3 L), ethyl acetate-methanol 25:75 (%, v/v, 3 L) and 

methanol (3 L). All fractions were controlled for the presence of ptaquiloside (1) by 1H and 
13C nuclear magnetic resonance (NMR), with a Brucker Avance III 400 spectrometer. The 

chlorophormic fractions obtained from sample B were further purified through semi-

preparative HPLC (Jasco) coupled with a photo-diode array detector, using a C18 

Nucleosil 100-5 column (Macherey-Nagel) with an isocratic methanol-water 50:50 (%, v/v) 

mobile phase at 4 ml/min and freeze-dried to yield pterosin B (21). Semi-preparative HPLC 

experiments were planed by scale-up based on successful analytical separations (Figure 

17). All fractions (ethyl acetate or ethyl acetate-methanol 92:8 [%, v/v]) found to contain 

ptaquiloside (1) were chromatographed twice on octadecyl-sylane (ODS) silica gel (Fuji-

Silysia) silica gel (C18 MB 100-40/75, Fuji-Silysia, with a carbon content of 15-19% and 

particles ranging between 38 and 75 µm) with methanol-water (20:80 and 40:60, %, v/v) 

and methanol.  Pure ptaquiloside (1) was isolated on the 40:60 (%, v/v) fraction. The first 

two fractions obtained with ethyl acetate-methanol 92:8 (%, v/v) from sample B were also 

purified on ODS-silica and the methanol-water 20:80 (%, v/v) fraction was further purified 

using semi-preparative HPLC (methanol-water 20:80 %, v/v, 4 ml/min) and freeze-dried to 

yield prunasin (18). The identity of each compound was confirmed by means of its 

previously reported 1H and 13C Nuclear Magnetic Resonance (NMR) (400 and 100 MHz, 

respectively) and Mass Spectrometry (HR-TOF-MS-ES+), obtained with a Q-TOF 2 

(Micromass) mass spectrometer. Deuterated solvents were obtained from Merck with a 

deuteration grade over 99.5%. The specific rotation of prunasin and 2R-pterosin B was 

determined on a Schmidt+Haensch Polartronic universal polarimeter. 
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Figure 16 – Isolation of ptaquiloside (1) and other natural products from bracken. 
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Figure 17 - Analytical HPLC chromatogram (detection at 210 nm) for sample B chlorophorm 

fraction. a- unidentified compound, b- 21, c- contaminant (phthalate).  
 

         

2.3- Results and discussion 
The instability of ptaquiloside (1) towards heat, light, water and acidic or basic solutions 

has made its extraction a long-standing problem (Yamada et al., 2007). Several authors 

have tried to address this issue by improving its isolation methods (Niwa et al. 1983a; van 

der Hoeven et al., 1983; Ojika et al., 1985, Matoba et al., 1987; Saito et al., 1989; Oelrichs 

et al., 1995, Burkhalter et al., 1996).  

The present method relies on some of those improvements, while featuring some 

additional modifications. The use of frozen, instead of air-dried plant material, is expected 

to have reduced the oxidation and hydrolysis of natural compounds, which might have 

occurred even before the extraction procedure started. The use of vacuum-packing for 

sample storage was also intended to reduce the exposure of plant material to atmospheric 

oxygen and the oxidation of its natural components. In result, three bracken compounds 

(1, 18, 21) were isolated and identified.  
 
2.3.1- Prunasin 
Semi-preparative HPLC purification of the first two ethyl acetate-methanol 92:8 (v/v) 

fractions from sample B yielded prunasin (18) (67.4 mg, CAS no. 99-18-3), with an 8 min. 

retention time, as an amorphous white powder.  
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The 1H NMR spectrum, with one double duplet at δ 7.590 (2H) and one multiplet between 

7.5-7.4 (3H) revealed the existence of an aromatic compound with a monosubstituted 

benzene ring. Additionally, the presence of two doublets at δ 4.295 (J=7.8 Hz), 3.934 

(J=12.0 Hz) and a double doublet at δ 3.735 (J= 12.0 and 6.0 Hz) suggested the existence 

of a hexose residue, where large coupling constant (7.8 Hz) of the anomeric proton (H-1´) 

indicates the β−configuration (Chen et al., 2008b).  

The 13C NMR spectra (APT, DEPT 135 and DEPT 90) (Figure 18) confirmed the existence 

of the monosubstituted benzene ring by the presence of four signals between δ 135 and 

115, corresponding to two quaternary carbons (δ 134.78s and 119.54s) and three 

trisubstituted carbons (δ 131.15d, 130.25d, 128.99d). The last two signals were twice as 

intense as the signal at δ 131.15d, suggesting the existence of a symmetry plan in the 

benzene ring.  

Analysis of the region between δ 105 and 60, typical for carbon atoms directly bound to 

oxygen, indicated the presence of a triplet (-CH2, δ 62.76) and six doublet carbons (δ 

102.09d, 78.20d, 77.82d, 74.77d, 71.43d and 68.63d), one of which cannot belong to the 

hexose residue.  
Bidimensional spectroscopic correlations 1H/1H (COSY) and 1H/13C (HSQC) studies 

allowed the detection a C6H5-C2 unit and a hexose moiety (Figure 19). Although the HSQC 

spectrum of the isolated compound (Figure 20) presents all the correlations between 

carbon and directly linked hydrogen atoms, allowing for the attribution of chemical shift 

values to hydrogens in the hexose residue, [C-1’/H-1’ at δ 102.09d/4,297d, C-2’/H-2’ 

74.77d/3.31t, C-5’/H-5’ 78.20d/3.273ddd and C-6’/2H-6’ 62.76t/3.934d and 3.735dd], it 

was not possible to identify the signals corresponding to C-3’/H-3’ and C-4´/H-4’.  

The determination of the exact molecular mass by HR-TOF-MS-ES+ ([M+7Li]+ m/z 

302.1202, calculated 302.1216) indicated the molecular formula C14H17NO6 for the isolated 

compound, which explained the quaternary carbon signal at δ 119.54 as belonging to a 

nitrile group, thus indicating that the molecule was a cyanogenic glycoside (Hübel et al., 

1981).  

Considering the molecular formula and the NMR data, four different structures were 

proposed (Figure 21), differing on only two points: the axial or equatorial orientation of the 

3’-OH in the hexose residue (allose or glucose, respectively) and the R, S configuration of 

C-2. Compounds (18) and (28) show a glucose residue, while compounds (26) and (27) 

show an allose residue, which is highly uncommon in natural products (Seigler et al., 

2002). 
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   Figure 18 – 13C NMR spectra (CD3OD) for prunasin (18) (1- DEPT 90, 2- DEPT 135, 3- APT). 
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Figure 19 – Partial structures deduced from the 2D-NMR spectra (COSY, HSQC) for prunasin (18). 

 

 

 
       Figure 20 – Partial 2D-NMR (HSQC) spectrum (CD3OD) for prunasin (18). 
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Figure 21 - Structural formulas for 2R and 2S-allose derivatives (26 and 27, respectively) and for 

2R and 2S- glucose derivatives (prunasin, 18, and sambunigrin, 28, respectively).  

 

The comparison of the 13C NMR spectra with known NMR data for compounds (18), (26), 

(27) and (28) and the experimental data (Table 2) indicated that the hexose moiety 

corresponded to glucose and not allose, whose chemical shift values for  C-3’ and C-4’ 

occur upperfield compared with the corresponding values in glucose (Seigler et al., 2002). 

This was confirmed by the H-3´ chemical shift (Table 3), which is found at about δ 3.3-3.4 

in the glucose residue and at about δ 4.0 in the allose residue. The axial 3’-OH in an allose 

residue would also have lead to an increased H-1’ chemical shift (δ 5.0-4.6), compared 

with the corresponding anomeric proton in the glucose residue (δ 4.7-4.3) (Seigler et al., 

2002), which was not observed in the experimental data for the isolated compound.  
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According to Seigler et al. (2002), the relative configuration the C-2 chiral centre may be 

deduced from the 1H NMR spectrum since there would be remarkable chemical shift 

differences in the cyanogenic methinic (H-2) and anomeric (H-1’) protons, between the 

pairs 26/27 and 18/28 and also within the pairs 26/27 and 18/28.  

Within each of the 2R/2S pairs, 26/27 (with allose residue) and 18/28 (with glucose 

residue), the chemical shift difference between anomeric protons was identical (∆δ 0.419, 

see Figure 21 and Table 3). Although the anomeric (H-1’) protons resonate farther 

downfield in the 26/27 pair (δ 4.624 and 5.043) when compared to the 18/28 pair (δ 4.253 

and 4.672), the difference within the 2S (27/28) and 2R (18/26) pairs is the same (∆δ 

0.371).  

The distinction between the 2S and 2R forms could also be made by the chemical shifts of 

the cyanogenic methinic (H-2) protons: H-2 resonates farther downfield in the 2S pair (δ 

6.028 and 6.029) compared with the 2R pair (δ 5.891 and 5.875) (Table 3).  

 
 Table 2 - 13C NMR data for some cyanogenic glycosides, in CD3OD, δ in ppm.  

Position Type 26a 
δ C 

27a 
δ C 

28b 
δ C 

18c 
δ C 

18d 
δ C 

 
1 

 
C 

 
119.58 

 
119.58 

 
119.4 

 
119.46 

 
119.54 

2 CH 62.38 62.30 69.5 68.52 68.63 
3 C 135.01 134,85 135.8 134.88 134.78 
4 CH 128.91 128.60 131.1 130.12 130.26 
5 CH 130.07 128.67 129.9 128.95 128.99 
6 CH 130.88 129.75 131.9 130.99 131.15 
7 CH 130.07 128.67 129.9 128.95 128.99 
8 CH 128.91 128.60 131.1 130.12 130.26 
1’ CH 99,94 99,79 103.0 102.11 102.09 
2’ CH 71.98 72.01 75.7 74.22 74.77 
3’ CH 72,92 72,981 79.5 78.00 77.82 
4’ CH 68,77 68,86 72.5 71.50 71.43 
5’ CH 75,74 75,96 78.9 78.35 78.20 
6’ CH2 63.12 63.12 63.7 62.80 62.76 

a- Seigler et al. (2002), observed at 150 MHz; b- Dellagreca et al. (2000a), observed at 100 
MHz; c- Seigler et al. (2002), observed at 90 MHz; d- Experimental data observed at 100 MHz 

 

 
The specific rotation [α]D -37.4 (0.004 g/ml in EtOH) and all the experimental 

spectroscopic data of the isolated compound were in agreement with those for compound 

(18), the cianogenic glycoside with the 2R configuration, known as prunasin.  
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Table 3 - 1H NMR data for some cyanogenic glycosides, in CD3OD, δ in ppm.         

Position 26a 
 

27 a 
 

  28 b 
 

  18 c 
 

  18 d  

 δ H δ H Mult., J (Hz)  δ H Mult., J (Hz)  δ H Mult., J (Hz)  δ H Mult., J (Hz) 

1        - - - - 
2 5.875 6.029 s  6.028   5.891   5.894  s 
3 - -   - -  - -  - - 
4 7.58 7.58 m  7.58  m  7.58  m  7.590 dd, 8.0, 2.0 
5 7.45 7.26 m  7.456  ddd, 2, 8, 8  7.442  ddd, 2, 8, 8  7.50-7.44 m 
6 7.45 7.45 m  7.254 m  7.316 m  7.50-7.44 m 
7 7.45 7.26 m  7.456 ddd, 2, 8, 8  7.442  ddd, 2, 8, 8  7.50-7.44 m 
8 7.58 7.58 m  7.58  m  7.58 m  7.590 dd, 8.0, 2.0 
1’ 4.624 5.043 d, 7.8  4.672 d, 7.8  4.253  m  4.297 d, 6.8 
2’ 3.421 3.396 dd, 3.0, 3.0  3.25*   3.261  m  3.305 m 
3’ 4.019 4.047 t, 3.1, 3.0  3.429 t  3.290 ddd  3.30-3.40 m 
4’ 3.498 3.490 dd, 9.7 3.0  3.35-

3.19 
  3.318   3.30-3.40 m 

5’ 3.651 3.657 ddd, 9.7, 6.3, 2.1  3.391 dd, 9.5, 5.9, 2.2  3.117   3.273 dd, 10.0, 6.0 
6’a 3.893 3.933 dd, 11.8, 2.1  3.930  dd, 12.0, 2.2  3.907 dd, 12, 2.2  3.934 d, 12.0 

6’b 3.692 3.690 dd, 11.8, 6.3  3.697 dd, 12.0, 5.9  3.697  dd, 12, 5.5  3.735 dd, 12.0, 6.0 

a- Seigler et al. (2002), observed at 600 MHz; b- Seigler et al. (2002), observed at 400 MHz; c- Seigler et al. (2002), observed at 360 MHz; d- 

experimental data observed at 400 MHz. 
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Cyanogenic glycosides are common in many plants (Chassagne et al., 1998; Dellagreca 

et al., 2000b; Vetter, 2000; Kumarasamy et al., 2003; Miller et al., 2006) but prunasin is 

the only such molecule previously isolated from bracken (Kofod and Eyjolfsson, 1966; 

Berti and Botari, 1968; Alonso-Amelot and Oliveros-Bastidas, 2005).  

Not all bracken plants are cyanogenic (Hadfield and Dyer, 1988; Low and Thomson, 1990) 

and cases of cyanide poisoning in animals caused by bracken ingestion have very seldom 

been reported (Fenwick, 1988; Alonso-Amelot, 2002).  

Prunasin was present in amounts varying from 10 to 61 mg/g plant biomass (Alonso-

Amelot and Oliveros, 2000) or 1.84 to 107.70 mg/g of dry weight (Alonso-Amelot and 

Oliveros-Bastidas, 2005) in samples from P. aquilinum var. arachnoideum, from 

Venezuela.  

The presence of relatively low (0.0064 mg/g, dry weight) amounts of prunasin (18) in 

bracken samples from mainland Portugal, compared with those found in other locations, 

suggests that bracken strains from the Portuguese mainland are not highly cyanogenic. 

 
 
2.3.2- 2R- Pterosin B 
Purification of the chlorophormic fractions using semi-preparative HPLC conditions yielded 

2R-pterosin B (21) (41.4 mg, CAS no. 34175-96-7), with a retention time of 12 min, as an 

amorphous white powder. The 13C NMR spectra (APT, DEPT 135 e DEPT 90) revealed 

the presence of fourteen carbon atoms (Figure 22). These included a pentasubstituted 

benzene ring (δ 152.07s, 144.05s, 136.44s, 135.52s, 131.24s, 125.51d), one 

α,β−unsaturated ketone carbonyl (δ 209.44s), three methylic (δ 20.69q, 16.18q, 13.04q), 

one methynic (δ 41.85d) and three methylenic carbons (δ 59.75t, 33.09t and 31.86t), 

suggesting the molecular formula C14H18O2. The exact mass value [M+H]+ m/z 219.1380, 

(calculated 219.1385, HR-TOF-MS-ES+) confirmed this molecular formula.The 1H NMR 

spectrum showed signals of three methylic groups - two singlets at δ 2.365 e 2.565, whose 

chemical shift values were typical for benzylic protons, and a doublet at δ 1.136 (J= 7.6 

Hz) - and only one aromatic proton as a singlet at δ 7.141. The three methylenic groups 

appeared as two triplets [2H each, δ 3.340 (J= 7.8 Hz) and δ 2.826 (J= 7.8 Hz)] and one 

double doublet at δ 3.193 (1H, J= 7.6 Hz), integrating for only five protons. The sixth 

methylenic proton at about δ 2.5 was revealed by the HSQC spectrum, evidencing the  

correlation between the carbon at δ 33,09t and the two protons at δ 3.193 and 2.5. 

Additionally, the correlation between another proton at approximately δ 2.5 and the 

methinic carbon at δ 41.85 was also evidenced. 
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            Figure  22 - 13C NMR spectra (DMSO) for pterosin (21) (1- DEPT 90, 2- DEPT 135, 3- APT).
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The 1H/1H bidimensional NMR spectrum (COSY) revealed that the two triplets (δ 3.340 

and 2.826) were part of the same coupling system, while one methylenic (δ 3.193 dd) and 

methylic (δ 1.136d) protons were both coupled with another hydrogen at δ 2.5 (Figure 23). 

 

 

 
Figure 23 - Partial 2D-NMR (COSY) spectrum (DMSO) for pterosin B (21). 

 

 

Based on the NMR data, the following partial structures (Figure 24), incorporating all the 

atoms present in the molecular formula C14H18O2 were proposed:   
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O

HO CH2 CH2C CH CH3

2.826t

31.86t

3.430t

59.75t

1.136d

13.04q
41.89d

2.5
overlapped

H

H

2.5
overlapped

33.09t

3.193dd  
Figure 24 - Partial structures deduced from the 1H and 13C NMR spectra for pterosin B (21). 

 

  

These data suggested the presence of a compound belonging to the family of illudalane 

sesquiterpenoids known as pterosins or their glycosides - pterosides, commonly found in 

bracken and related ferns (Soeder, 1985; Ge et al., 2008; Zhan et al., 2010) which could 

have a wide variety of substituents (Figure 25).  

Hydroxyl groups can be present in several positions (R3, R4, R6, R8 or R9), either free or in 

glycoside form (Murakami and Tanaka, 1988; Fraga, 2009; Fraga, 2011), while R7 is often 

represented by a ketone group (and less frequently OH) (Soeder, 1985; Zhan et al., 

2010). Among C14-type pterosins R1 or R2 corresponds to one hydrogen atom, while the 

other is represented by a methylic or hydroxymethylic group. This last group is also the 

most frequent substituent found in R5 (Soeder, 1985; Murakami and Tanaka, 1988; 

Kovganko et al., 2004; Ge et al., 2008).  

Although 13-carboxylic (Roberts, 1982), 13-methoxylic or 13-chloro groups (R5) have 

been reported to occur in pterosins, Castillo et al. (2003) suggested that the last two 

groups may be artifacts arising due to extraction with solvents such as methanol, 

dichloromethane or chloroform. 

Taking into account the general structure of pterosins (Figure 25) and the previously 

presented partial structures (Figure 24), the isolated compound was proposed to 

correspond to the more frequent pterosin B (21), often isolated from P. aquilinum 

(Kuroyanagi et al., 1974, Yoshihira et al., 1978; Tanaka et al., 1982; Soeder, 1985; 
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Murakami and Tanaka, 1988; Kovganko et al.; 2004) or to the less frequent isopterosin B 

(26), previously identified in Histiopteris incisa (Murakami et al., 1980) (Figure 26).  

 

 
 

Figure 25 - General structure of pterosins (Adapted from Soeder, 1985).  

 

  
Figure 26- Structural formulas for pterosin B (21), isopterosin B (26) and two 

synthetic analogues (27) and (28), with some NMR data. 

 

NMR data for both compounds are presented in Table 4. Given the absence of literature 

reports on the 13C NMR data for isopterosin B (26), the available literature 1H NMR data 

for isopterosin B (26) and pterosin B (21) were compared in deuterated chloroform 

(CDCl3) (Table 4).  
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The main differences can be observed on the chemical shift of the two cyclopentanone 

ring methylenic protons (H-3) and on the only aromatic proton (H-5). While in pterosin B 

(21) the aromatic proton (H-5) occurs at δ 7.09 and the two methylenic protons H-3 

present distinct chemical shift values (δ 2.55-2.65 and 3.23) (Castillo et al., 1997), in 

isopterosin B (26)  these three protons appear downfield, at δ 7.44 and 3.15-3.35, 

respectively, (Murakami et al., 1980) integrating this last peak for both H-3 protons.  

According to Syrchina and Semenov (1983), in the isopterosin series the signal of the 

aromatic proton lays in considerably weaker field than in the pterosins which was 

explained by the anisotropic influence of the carbonyl group (C-1). This is in accordance 

with the findings of Sheridan et al. (1999), who synthesized analogues of natural pterosins 

and isopterosins (Figure 26). These authors observed that, in the isopterosins, the 

aromatic proton lays at approximately δ 7.4 while in the pterosins it lays at approximately δ 

7.0. On the other hand, that anisotropic influence justifies the additional downfieldshift δ 

2.57 for the benzylic methyl group (CH3-14) observed in pterosins when compared with 

the isopterosins (δ 2.28).  

The facts that the isolated compound presents distinct values for each methylenic proton 

(δ 2.45-2.55 and 3.193) and the aromatic proton appears at δ 7.141 indicate that the 

structure corresponds to pterosin B (21). The experimental data slight deviations from the 

literature data are due to the fact that NMR experiments were performed in different 

deuterated solvents (DMSO versus CDCl3).  Literature reports (Murakami et al., 1988) 

describe both 2R-pterosin B (21) and 2S-pterosin B (29) (Figure 27), which differ only on 

C-2 configuration.  

 

 
Figure 27 - Structural formulas for 2R-pterosin B (21), 2R-isopterosin B (26), and 2S-pterosin B 

(29). 
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Table 4 - NMR data for pterosin B (21) and isopterosin B (26), δ in ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a- Castillo et al. (1997), CDCl3 (300 and 75 MHz); b- experimental data, DMSO (400 and 100 MHz); c- Murakami et al. (1980), 

CDCl3 (100 MHz).  
 

 

 

Position  21a  21a   21b 21 b      26c  
 δ C 

 
δ  H 

 
Mult., J (Hz)
 

 δ  C 
 

δ  H 
 

Mult., J (Hz)  δ  H 
 

Mult, J (Hz)

1 210.3 - -  209.44  -   - 

2 42.6 2.55-2.65 m  41.85 2.50-2.60  -  2.50-2.70 - 

3 33.9 2.55-2.65 m  33.08 2.45-2.55 -  3.15-3.35 m 

  3.23 dd 16.6, 7.6   3.193 dd 16.4, 7.6  3.15-3.35 m 

4 152.6 - -  152.07 - -  - - 

5 125.8 7.09 s  125.51 7.141 s   - 

6 144.4 - -  144.05 - -  - - 

7 134.8 - -  135.52 - -  7.44 s 

8 138.0 - -  136.44 - -  - - 

9 132.5 - -  131.24 - -  - - 

10 16.6 1.27 d 7.6  16.18 1.136  d 7.6  1.31 d 7 

11 21.4 2.43 s  20.69 2.365  s  2.35/2.44 s 

12 31.7 3.02 t 7.6  31.86 2.862  t 7.6  3.08 t 8 

13 61.7 3.76 t 7.6  59.75 3.430  t 7.6  3.80 t 8 

14 13.7 2.68 s  13.04 2.565  s  2.35/2.44 s 
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Although published specific rotation data for 2R-pterosin B (21) differ widely (Fukuoka et 

al., 1978; Castillo et al., 1997), its negative value is useful in distinguishing it from 2S-

pterosin B (29), which presents a positive value. Hence, the isolated compound, with a 

specific rotation value of [α]D -71.6 corresponds to 2R-pterosin B (21). Additionally, this 

also discards 2R-isopterosin B (26), since this molecule shows a positive specific rotation 

(Murakami et al., 1980). 

 

 

 

2.2.3- Ptaquiloside 
Purification of all ptaquiloside-containing fractions (ethyl acetate or ethyl acetate-methanol 

92:8 [%, v/v]) using ODS chromatography yielded ptaquiloside (1) (51.2 mg, CAS no. 

87625-62-5) as an amorphous white powder (Figure 28). Sample A yielded 10 mg 

ptaquiloside (1) (0.001% w/w, based on bracken dry weight), while sample B yielded 100 

mg (0.01%) and sample C had only ptaquiloside (1) vestiges which could not be 

recovered. A comparison of the results from samples A and B indicates that replacing the 

resin batch strategy by a resin column results in a 10-fold increase in ptaquiloside 

recovery. On the other hand, results from sample C clearly illustrate the differences in 

ptaquiloside concentration even among closely neighbouring bracken stands. 

The ptaquiloside isolation and purification process was controlled using 13C NMR for each 

chromatographic fraction obtained. The presence of ptaquiloside or other related illudane 

sesquiterpenoid compounds containing a cyclopropylidene ring [isoptaquiloside (2), 

ptaquiloside Z (3), caudatoside (4), ptesculentoside (5), dennstoside A (6), dennstoside B 

(7), hypolosides A (8), B (9), and C (10)] (Saito et al., 1989, Koyama et al., 1991; Saito et 

al., 1990; Castillo et al., 1997; Castillo et al., 1998; Castillo et al., 1999; Castillo et al., 

2000; Somvanshi et al., 2006; Li et al., 2009; Fletcher et al., 2010) was revealed in the 
13C NMR spectra by the presence of two methylenic carbons between δ 5 and 11. 

Fractions presenting such signals were purified by liquid chromatography on ODS-silica 

gel and its components were identified using NMR and MS data.  

 



 

 55

 
Figure 28 - Ptaquiloside (1), an amorphous white 

powder.  

 

Besides two methylenic carbons at 5.87 and 10.56, the 13C NMR spectra (APT, DEPT 135 

e DEPT 90) revealed the presence of a hexose moiety (δ 99.18d, 78.06d, 77.60d, 75.11d, 

71.88d and 62.83t), one ketone carbonyl (δ 224.04s), two olefinic (one quaternary at 

δ 144.42s, and a methynic at δ 123.02d), three methylic (at δ 26.92q, 19.47q and 13.57q), 

three quaternary (δ 81,98s, 71.99s and 30.03s), two methynic  (δ 62.34d and 45.11d,) and 

another methylenic carbon at δ 45.06t, to a total of twenty carbons. Among them, two 

carbons (δ 81.98 s and 71.99s) were ascribed as oxygen-bearing atoms.   

The 1H NMR spectrum confirms the 13C NMR findings, namely regarding the β-

glucopyranosyl moiety, by the presence of the anomeric (H-1’) proton signal at δ 4.634 

(1H, d, J =7.6Hz) and two H-6’ at δ 3.919 (d, J =11.6Hz) and 3.692 (dd, 11.6 and 4.0 Hz). 

Besides the three methylic groups shown as two singulets at δ 1.306 and 1.540 and one 

doublet at δ 1.079 (J=6.8 Hz), there are also two double doublets [δ 2.512 (J =12.0 and 

8.4 Hz) and 1.932 (J=12 and 12 Hz)] and four multiplets at δ 2.236 (1H), 0.85 (2H), 0.701 

(1H) and 0.492 (1H).  The 1H/13C bidimensional NMR spectrum (HSQC) spectrum (Figure 

29a) supported the assignment of the corresponding chemical shift value to each 

remaining proton in the glucose residue [δ 3.38 (H-5’), 3.30 (H-3’ and H-4’) and 3.239 (dd, 

J =8.4 and 7.6Hz, H-2’) by their correlations with the signals at δ 78.06d (C-5’), 77.60d (C-

3’), 71.88d (C-4’) and 75.11d (C-2’), respectively]. 



 

 56

 
Figure 29 a-b- Partial 2D-NMR–HSQC spectra (CD3OD) for ptaquiloside (1). a- Note the correlations between carbons and their corresponding hydrogens in 

the glucose residue. b- Note in particular the correlations between carbons and their corresponding hydrogens in the cyclopropylidene ring.  
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Figure 29 c-d- Partial 2D-NMR-COSY spectra for ptaquiloside (1). c. Note the correlations between the four cyclopropylidene ring protons. d- Note the 

correlations between the cyclopentanone ring protons.
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It also showed that the 2H in the δ 0.85 multiplet correlated with two distinct methylenic 

carbons at δ 5.87t and 10.56, which correspond to the cyclopropylidene ring (Figure 29b).  

On the other hand, the carbon at δ 10.56 also correlates with the higher field proton 

(δ 0.492, m, 1H), while the carbon at δ 5.87 correlates with the multiplet at δ 0.701. The 

correlations between the four cyclopropylidene ring protons were evident in the 1H/1H 

bidimensional NMR spectrum (COSY) (Figure 29c), as well as the correlations between 

the two double doublets at δ 2.512 (J=12 and 8 Hz) and 1.932 (J=12 and 12 Hz)] and the 

signal at δ 2.236 (1H, m) (Figure 29d).   

Based on these data, the partial structures presented on Figure 30 were proposed. 

Bearing in mind the knowledge of previously isolated compounds from this plant, the basic 

skeleton of the isolate compound was identified as an illudane-type sesquiterpene. The 

presence of just one carbonyl group discarded the possibility of the compound belonging 

to the hypolosides group, since in these compounds the glucose residue presents a 2’-

acetyl group (hypoloside A) (8) and, additionally, a (Z) p-coumaroyl (hypoloside B) (9) or 

(E) p-coumaroyl group (hypoloside C) (10)  (Saito et al., 1990).  

The molecular formula, C20H30O8, established by HR-TOF-MS ([M+7Li]+ m/z 405.2092, 

calculated 405.2101 and ([M+Na]+ m/z 421.1872, calculated 421.1838), confirmed the 

presence of these twenty carbons, thus indicating the presence of a nor-sesquiterpene 

glycoside (C14) of the illudane family and excluding some sesquiterpene glycosides  (C15) 

also identified in P. aquilinum (ptaquiloside Z (3), caudatoside (4), and dennstosides A (6) 

and B (7) (Koyama et al., 1991; Castillo et al., 1997; Castillo et al., 1998; Li et al., 2009). 

 

 

 

Figure 30 - Partial structures for (1) deduced from 2D-NMR spectra. 
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Presently, only three nor-illudanes (Figure 31) have been identified in bracken: 

ptaquiloside (1), isoptaquiloside (2) and ptesculentoside (5) (Niwa et al., 1983a, b; van 

der Hoeven et al., 1983; Castillo et al., 1997; Fletcher et al., 2010). Table 5 presents 

literature NMR data for these compounds as well as experimental data for the isolated 

compound. 

 

 
 

Figure 31 - Nor-illudanes from bracken: ptaquiloside (1), isoptaquiloside (2) and ptesculentoside 

(5).  

 

The 13C NMR spectra of the isolated compound presented many signals characteristic of 

ptesculentoside. However, it showed the presence of a methylic group at δ 13.57 (C-10) 

instead of the CH2OH group (δ 60.4). Additionally, the adjacent carbons (C-2 and C-3) 

showed different chemical shifts when compared with ptesculentoside (∆δ +7.8 and -5.4, 

respectively). This shows that the isolated compound must be either ptaquiloside (1) or 

isoptaquiloside (2).  

The NMR data for ptaquiloside is influenced by the choice of the deuterated solvent, as 

observed in reports of experiments using deuterated methanol (CD3OD) or pyridine 

(C5D5N) (Table 5). Only C-1 and C-6 suffer an upperfield shift (∆δ ≥1.4 ppm) when the 

spectra are obtained in C5D5N compared with data in CD3OD, due to the interaction of this 

solvent with the π systems in C-1 and C-6. These solvents do not significantly affect the 

C-12 and C-13 chemical shift (∆δ of 0.0 to 0.4). These effects are useful to further 

elucidate the chemical structure of the isolated compound.  
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Table 5 - Experimental and literature 13C NMR data for ptaquiloside (1), isoptaquiloside (2) and ptesculentoside (5). δ in ppm.  

 
a- Oelrichs et al. (1995), CD3OD, 75 and 300 MHz; b- Castillo et al. (1997), C5D5N, 75 and 300 MHz; c- Fletcher et al. (2010) CD3OD, 125 and 500 MHz; d- experimental data, CD3OD, 
100 and 400 MHz.   

 1a    1 b    2b    5 c    1 d   

 13C  H Mult., J (Hz)  13C H Mult, J (Hz)  13C H Mult, J (Hz)  13C H Mult, J (Hz)  13C H Mult, J (Hz) 

1 224.0 - -  222.6 - -  221.9 - -  222.0 - -  224.04 - - 

2 45.2 2.20 ddq 

12,7.5,6.5 

 44.3 2.26 m  42.5 2.75 m  52.9 2.34 m  45.11 2.236  dq 11.6, 8.4, 6.8 

3a  
 b 

45.2 1.92 

2.47 

dd 12, 12 

dd 12, 8 

 44.7 2.17 

2.68 

m 

m 

 43.9 2.75 

2.41 

m 

m 

 39.7 2.33 

2.45 

 

 

 45.06 1.948 

2.512 

dd 12.0, 11.6  

dd 12.0, 8.4 

4 82.0 - -  81.2 - -  83.5 - -  82.3 - -  81.98 - - 

5 123.1 5.75 dq 1.5, 1  123.0 6.06 s  125.2 6.23 s  123.1 5.78 br s  123.02 5.777 s 

6 144.5    142.8 - -  138.5 - -  144.7 - -  144.42 - - 

7 30.1    29.9 - -  30.4 - -  30.1 - -  30.03 - - 

8 71.89    70.9 - -  74.2 - -  72.2 - -  71.99 - - 

9 62.5 2.63 d 1.5  62.3 2.97 d, 1.2  61.7 3.14 br s  63.4 2.64 br s  62.34 2.668 br s 

10 13.6 1.05 d 6.5  13.5 0.96 d, 6.5  14.9 1.14 d, 6.6  60.4 3.62 

3.85 

dd 3.4, 12.0 

dd 4.4, 12.0 

 13.57 1.079 
 
 

d 6.8 
 
 

11 19.5 1.52 d 1  19.4 1.44 s  19.5 1.47 s  19.5 1.54 s  19.47 1.54 s 

12a 5.9 0.85 m  5.9 0.47 m  7.2 0.58 m  6.1 0.89 m  5.87 0.85 m 

12b  0.68 m   0.84 m   0.76 m   0.69 m   0.701 m 

13a 10.6 0.48 m  10.2 0.88 m  9.7 0.76 m  10.7 0.53 m  10.56 0.492 m 

13b  0.85 m   1.08 m   1.00 m   0.88 m   0.85 m 

14 27.0 1.27 s  27.4 1.70 s  23.0 1.48 s  26.9 1.28 s  26.92 1.306 s 

1’ 99.3 4.59 d 8  99.6 2.27 d 7.7  99.9 4.99 d 7.9  99.4 4.61 d 7.9  99.18 4.634 d 7.6 

2’ 75.2 3.19 dd 8, 8.5  75.4 4.05 m  75.0 4.01 m  75.2 3.20  dd 7.8, 8.9   75.11 3.239 dd 8.4, 7.6 

3’ 77.7 3.32   78.4 4.25 m  78.5 4.22 m  78.1 3.35 dd 8.9, 8.9  77.60 3.30  

4’ 71.92 3.30    72.1 4.25 m  71.9 4.22 m  71.8 3.26 dd 8.9, 8.9  71.88 3.30  

5’ 78.2 3.32   78.9 3.98 m  79.1 3.98 m  77.8 3.30  m   78.06 3.38  

6’a  
   b 

62.9 3.88 

3.66dd 

dd 12, 2 

dd 12, 5.5 

 63.1 4.35 m  62.9 4.35 m  62.9 3.91 

3.61 

dd 3.2, 12.4 

dd 1.8, 12.4 

 62.83 3.919 

3.6920 

d 11.6 

dd 11.6, 4.0 
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On the other hand, the α− or β−orientation of –CH3-14 (in isoptaquiloside (2) or 

ptaquiloside (1), respectively) significantly affects the chemical shifts of C-6, C-8 and C-14 

atoms (∆δ ≥3.3) when the 13C NMR spectra are obtained in C5D5N. A decrease in the 

difference between the chemical shifts of the two methylenic carbons (C-12 e C-13) in the 

ciclopropylidene ring occurs in association with the β−orientation of CH3-14 [δ 7.2 and 9.7, 

(2)] when compared with the α−orientation of CH3-14 [δ 5.9 and 10.2, (1)]. Therefore, the 

downfield shift (∆δ 2.1) observed in C-1 in the experimental data of the isolated compound 

(in CD3OD), when compared with isoptaquiloside (2) (in C5D5N) should be due to the 

influence of the solvent and not to the α− or β− orientation of –CH3-14, which would result 

in a shift of just ∆δ 0.7.  

The chemical shift values for the protons at CH3-14 can also be used to determine the α− 

or β− configuration of this group and, at the same time, the 8-OH orientation. Table 6 

presents the CH3-14 chemical shift values observed in various ptaquiloside-related nor-

illudanes, according to its orientation. The α− orientation results in a CH3-14 downfield 

chemical shift compared with the β- orientation, regardless of whether the spectra are 

obtained in pyridine or methanol.  

 

Table 6- H NMR data for some illudane glycosides, considering the α or β orientation of -CH3-

14 and the deuterated solvent employed.   

 

 

All the experimental data lead to the conclusion that the structure of the isolated 

compound must correspond to that of ptaquiloside (1). Besides the sodium adduct 

molecular ion at m/z 421.2 (100% [M+Na]+), the LR-TOF-MS-ES+ spectrum of 

ptaquiloside showed the ion at m/z 219.2 (40%) corresponding to a hydrogen adduct of 

Orientation δ CH3-14 Compounds References 

 CD3OD C5D5N   

CH3-14-α 1.20-1.28 1.68-1.70 1, 3-5 Niwa et al., 1983a, b 

van der Hoeven et al., 1983 

Castillo et al., 1997  

Castillo et al., 1998 

Fletcher et al., 2010 

 

CH3-14-β 1.07-1.15 1.48 2, 6-10 Saito et al., 1990 

Koyama et al., 1991 

Castillo et al., 1997 

Li et al., 2009 
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pterosin B ([m/z 218.2+H]+) formed by release of the glucose residue (Figure 32). The 

pterosin B fragment then lost an H2O molecule thereby originating the ion at m/z 201.1 

(78%, [m/z 398-180-18]+). 

 

 

 
 

Figure 32 – Fragmentation scheme for ptaquiloside (1). 
 
 

Ptaquiloside (1) was, thus isolated for the first time from bracken samples from mainland 

Portugal, after Pinto (2010) reported its detection and quantification in the Azores. The 

occurrence of bovine enzootic haematuria, associated with urinary bladder tumours 

among the herds of Barrosã cattle grazing on the hillsides of the Arcos de Valdevez area 

(unpublished results) can now be ascribed to the presence of this toxin. The ptaquiloside 

yield was 1/10 of that obtained by similar methods from the oriental bracken variety 

Pteridium aquilinum var. latiusculum in Japan (Ojika et al., 1985).  
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Chapter 3: Ptaquiloside-induced DNA damage: 
an in vitro study of multiple genotoxicity 
endpoints3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
3 The contents of this chapter were adapted from:  

- Gil da Costa R.M., Coelho P., Sousa R., Bastos M.M.S.M., Porto B., Teixeira J.P., Malheiro I., 

Lopes C. Genotoxicity/clastogenicity of ptaquiloside, the bracken (Pteridium aquilinum) carcinogen, 

towards human peripheral blood lymphocytes. Proceedings of the 21st Meeting of the European 

Association for Cancer Research, Oslo, Norway. European Journal of Cancer 8: 219,  

- Gil da Costa R.M., Coelho P., Sousa R., Bastos M.M.S.M., Porto B., Teixeira J.P., Malheiro I., 

Lopes C. (2011) Ptaquiloside’s multiple genotoxic actions in human lymphocytes: aneugenesis, 

clastogenesis and increased SCEs. Mutation Research (submitted MUTGEN-D-11-00152). 
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3.1- Introduction  
Bracken (Pteridium aquilinum) is a globally-distributed fern belonging to the 

Dennstaedtiaceae family. Bracken ingestion has long been known to cause cancer in farm 

and laboratory animals (Evans and Mason, 1965; Bringuier et al., 1995). Ptaquiloside (1), a 

nor-sesquiterpene glycoside of the illudane family (Niwa et al., 1983; Van der Hoeven et 

al., 1983), has been identified as a natural alkylating agent and as a major determinant of 

bracken carcinogenicity towards animals (Hirono et al., 1987; Shahin et al., 1998b). 

Ptaquiloside (1) has been shown to be present in milk from bracken-fed cows (Alonso-

Amelot et al., 1996) and to have the potential to contaminate underground waters 

(Rasmussen et al., 2005), thus revealing important routes through which humans become 

exposed to this toxin. Concerns have also been raised regarding air-borne bracken spores 

(Galpin et al., 1990; Simán et al., 2000). Furthermore, several epidemiological studies from 

different parts of the world have associated bracken ingestion and living in densely 

bracken-infested areas with increased gastric (Villalobos-Salazar, 1985; Galpin et al., 

1990; Alonso-Amelot and Avendaño, 2001) and oesophageal (Hirayama, 1979) cancer 

risk. On the basis of this information, the International Agency for Research on Cancer 

(IARC) has classified bracken as carcinogenic to animals and possibly carcinogenic to 

humans (group 2B) and considered ptaquiloside (1) unclassifiable as to its carcinogenicity 

(group 3) (IARC, 1986). More recent reviews (Smith et al., 1995; Wilson et al., 1998; 

Alonso-Amelot and Avendaño, 2002) point out the need of further investigation on the 

toxicological potential of ptaquiloside (1) and the British Committee on the Toxicity of 

Chemicals in Food, Consumer Products and the Environment (COT) considered it prudent 

to regard bracken and ptaquiloside (1) as potentially carcinogenic to humans at all levels of 

ingestion (COT, 2008).  

The mutagenicity of ptaquiloside (1) was well established on the rat hepatocyte primary 

culture/DNA repair test (Mori et al., 1985), while Matoba et al. (1987) have studied it on 

Salmonella typhimurium. Matsuoka et al. (1989) have also demonstrated the clastogenicity 

of ptaquiloside (1) towards cultured Chinese hamster lung cells. More recently, the 

formation of DNA adducts on ptaquiloside-injected rats was reported (Shahin et al., 

1998b), supporting the hypothesis that DNA alkylation and subsequent mutation induction 

is the main mechanism underlying ptaquiloside-related carcinogenesis, most likely 

involving activation of the H-ras proto-oncogene (Smith et al., 1998a). The present study 

addresses the mutagenic potential of ptaquiloside (1) towards a different in vitro model 

(resting and proliferating human mononuclear blood cells), by using the alkaline comet 
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assay and three different cytogenetic endpoints, thus contributing to a more accurate 

understanding of the various mechanisms of action of ptaquiloside.  

 

 

3.2- Materials and Methods 
 
3.2.1- Ptaquiloside isolation 
An improved method designed for ptaquiloside (1) isolation from bracken (Ojika et al., 

1985) was adopted with minor modifications. Briefly, 1000 g (dried weight) of bracken 

crosiers (collected in the mountainsides of Arcos de Valdevez, Portugal, 41º 49´ 12´´ N and 

8º 24´ 11´´ W, a location where bovine enzootic haematuria, a syndrome associated with 

ptaquiloside (1) toxicity, is known to occur, were blended in water (10 L) and stirred at 

room temperature for 1 hour. A bracken sample was deposited at the University of Trás-os-

Montes and Alto Douro herbarium (reference nº 18248). The aqueous extract was filtered 

and adsorbed on a resin (Amberlite XAD-2, Supelco) (3 L). The resin was eluted with 

methanol (10 L). The concentrated methanol extract was dissolved in water (400 ml) and 

extracted with butanol (5 x 500 ml). The concentrated butanol extract was separated by 

column chromatography on silica gel (Merck), starting with chlorophorm followed by ethyl 

acetate, ethyl acetate-methanol (92:8) and methanol. All fractions were controlled by 1H 

and 13C nuclear magnetic resonance (NMR), with an Avance III (Brucker) 400 MHz 

spectrometer. Fractions found to contain ptaquiloside (1) were chromatographed twice on 

octadecyl-sylane (ODS) silica gel (Fuji-Silysia) with methanol-water (20:80 and 40:60) and 

methanol to obtain pure ptaquiloside (1). The identity of the compound was confirmed by 

means of its previously reported 1H and 13C NMR and mass spectrometry data (Niwa et al., 

1983), obtained with a Q-TOF 2 (Micromass) mass spectrometer. A ptaquiloside (1) stock-

solution was prepared at 10 mg/ml in dimethylsulfoxide (DMSO), divided into 50 µl aliquots 

and kept at -20 ºC until use.  

 

3.2.2- Subjects 
Heparinized blood samples from a total of 12 healthy donors (4 male, 8 female) aged 21-

54 years (average 31 years) that were not exposed to radiation or specific medicines for 

the last 2 months, were used for the experiments. All subjects who volunteered also gave 

written informed consent and the University of Porto Ethics Committee approved the study.  
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3.2.3- Comet assay 
Mononuclear leukocytes from 10 donors (7 female, 3 male, average age 33 years) were 

isolated using a Ficoll density gradient. Cell viability was estimated by trypan blue 

exclusion, being in all cases over 90%. Cells were then suspended to obtain a 5 x 104 

cells/ml in RPMI 1640 culture medium (Sigma) containing 5 µg/ml ptaquiloside (1) or 1% 

DMSO (negative control) and incubated at 37 ºC for 5, 10, 20, 30, 40 or 50 minutes.  

The comet assay was performed under alkaline conditions, as previously described (Costa 

et al., 2008). All steps were performed in the dark, to avoid additional damage. Briefly, 100 

µl 0.6% low-melting-point agarose (Sigma) containing 5 x 104 cells were dropped onto 

glass slides pre-coated with 1% normal-melting-point agarose (Cambrex). A duplicate slide 

was made for each exposure time. Slides were placed on ice to solidify, immersed in a 

lysing solution (2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris-HCl, 10 M NaOH, pH 10, with 

1% Triton X-100 added just before use) for 1 hour at 4 ºC, and rinsed with deionised water. 

Slides were then placed for 20 minutes in an electrophoresis tank with freshly made 

alkaline electrophoresis buffer (1 mM Na2EDTA, 300 mM NaOH, pH> 13), to allow DNA 

unwinding and alkali-labile sites expression. Electrophoresis was carried at 30 V (1.0 V/cm) 

for 20 minutes. Slides were then rinsed with a neutralizing solution (0.4 M Tris-HCl, pH 7.5) 

and stained with ethidium bromide (20µg/ml). Slides were examined under a fluorescence 

microscope, using Comet Assay IV software (Perspective Instruments) to analyse 100 cells 

(50 per duplicate). Tail length (TL) was measured as the horizontal distance from the 

centre of the head (start of tail) to the end of the tail, and was used for each cell as a DNA 

damage parameter.    

 

3.2.4- Cytogenetic analysis 
Lymphocyte cultures from 5 donors (3 female, 2 male, average age 37 years) were 

established for numeric and structural chromosomal aberrations tests. Mononuclear blood 

cells were isolated and cultured in RPMI 1640 complete medium supplemented with 10% 

foetal bovine serum and antibiotics (penicillin and streptomycin). Cultures were stimulated 

with 5 µg/ml phytohaemaglutinin and incubated at 37 ºC with a 5% CO2 atmosphere for 72 

hours. At 24 hours, adequate volumes of ptaquiloside (1) stock solution (or DMSO for 

negative controls) were added to each culture, to obtain final concentrations of 5, 10 and 

20 µg/ml. At 72 hours cells were harvested, after 1 hour incubation with colcemid (4 µg/ml), 

followed by hypotonic treatment with 75 mM KCl and fixation on acetic acid-methanol (1:3). 

Fixed cells were dropped onto glass slides and simply stained with Giemsa. Slides were 

observed on a light microscope and photographed with a digital camera (Nikon). For 
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numerical chromosomal aberrations (aneuploidy) analysis, 100 well-spread metaphases 

were counted per individual and for each ptaquiloside (1) dose.  Cells were classified 

according to their chromosome count and the percentage of metaphases with over or less 

than 46 chromosomes (aneuploid cells) was determined. Structural aberrations (including 

chromatid and chromosome gaps and breaks, dicentric and acentric chromosomes and 

radial figures), were also counted on 100 well-spread metaphases. When chromosomal 

instability was too intense for aberrations to be accurately counted, cells were classified as 

pulverized. 

Sister-chromatid exchange (SCE) analysis was performed on lymphocyte cultures from 4 

donors (2 female, 2 male, average age 39 years). Cell cultures were established as 

previously described. Bromodeoxyuridine was added to cultures at 24 hours, 

simultaneously with ptaquiloside (1) (at the 3 final concentrations described), and cells 

were harvested 72 hours after culture initiation. After classical SCE staining (Verma and 

Babu, 1995), the mean SCE number per metaphase was determined on 25 well-spread 

metaphases for each individual and ptaquiloside (1) dose.  

 

3.2.5- Statistics 
Results were expressed, for each ptaquiloside (1) dose or exposure time, as the mean ± 

standard deviation of the independent values from each individual. The normality of all 

variables was evaluated by the Kolmogorov-Smirnov test. Since the distribution of each 

variable didn’t depart significantly from normality, parametric tests were considered 

adequate for the statistical analysis of these data. Differences between the DNA damage 

caused by different ptaquiloside (1) exposure times as assessed by the alkaline comet 

assay, were evaluated by means of a Student’s t-test. Multiple comparative analyses of 

structural and numeric chromosome aberrations and SCE in lymphocyte cultures, for 

different ptaquiloside (1) doses, were performed by analysis of variance (ANOVA), using 

the Statgraphics 7.0 (Statgraphics Graphics System) software. In all cases, the level of 

significance considered was p<0.05. 

 

3.3- Results 
The ptaquiloside (1) yield was about 0.01 (%, w/w) based on bracken dry weight. As shown 

in Figures 33 and 34, DNA damage in control cells, as reflected by TL values (mean ± 

standard deviation) from the alkaline comet experiment, remained stable over time 

(54.96±0.43). TL values at 5 (controls 56.23±1.09, exposed 56.68±1.55) and 10 min 

(controls 57.53±1.08, exposed 60.91±1.39) didn’t show any significant differences between 
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control and exposed cells although, at 10 minutes, the p value reached 0.057. At 20 min, 

highly significant (p<0.001) differences between control (55.12±0.94) and exposed 

(95.63±4.60) cells were found. 

 

 
Figure 33 – Comet assay for detection and quantification of DNA damage. a: control cells; 

b: light damage; c: medium damage; d: severe damage. Ethydium bromide, fluorescence 

microscopy, 1000x.  

 

TL values then peaked at 30 min among exposed cells (132.78±7.16) while control cells 

remained at 55.88±1.04. At 40 min TL values decreased (52.37±1.10 for control and 

76.34±4.99 for exposed cells) and continued to decrease at 50 min (controls 52.64±0.91, 

exposed 69.53±3.90). There were highly significant differences (p<0.001) between control 

and exposed TL values at 30, 40 and 50 min. No significant differences were observed 

between male and female donors. 

Results concerning numerical chromosomal aberrations show that increasing ptaquiloside 

(1) concentrations (0, 5, 10 and 20 µg/ml) are associated with increasing percentages 

(mean ± standard deviation) of aneuploid cells (0.6±0.13, 15.3±0.60, 22.7±1.14 and 

46.4±2.23, respectively, Figure 35).   
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Figure 34 – Mean tail length as a measure of DNA damage on human 
mononuclear blood cells from 10 donors exposed to 5 µg/ml ptaquiloside (1) for 
5, 10, 20, 30, 40 or 50 minutes. White bars represent DNA damage levels on 
control cells, while grey bars represent exposed cells. The DNA damage is 
significantly higher (p<0.001) on exposed cells from 20 minutes onwards. Error 
bars show the standard deviation to the mean. 

 
 
 

 
Figure 35 – Percentage of aneuploid cells as a function of ptaquiloside (1) 
concentration (5, 10 or 20 µg/ml) on lymphocyte cultures. Note the dose-
dependent increase on the aneuplody percentage (p<0.001). Error bars show 
the standard deviation to the mean. 
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Figure 36 shows the distribution of metaphases according to their chromosome count. 

While control cells show a normal 46 chromosome complement, cells exposed to 5 µg/ml 

ptaquiloside (1) show an increased frequency of hypodiploid metaphases (40 to 45 

chromosomes). Cells exposed to 10 µg/ml ptaquiloside (1) show increased frequencies of 

metaphases with lower chromosomal counts (30 to 40 chromosomes).  

Cells exposed to 20 µg/ml ptaquiloside (1) show an increased frequency of metaphases 

with 20 to 30 chromosomes. The frequency of hyperdiploid cells remained stable on all 

experiments. 

Table 7 shows the distribution of the different kinds of structural chromosomal aberrations 

caused by ptaquiloside (1) (Figure 37). The percentage of cells with chromosome gaps and 

breaks increased in cells exposed to increasing ptaquiloside (1) concentrations.  

Radial figures weren’t frequent, and occurred only at high ptaquiloside (1) concentrations. 

Still, a low frequency of pulverized cells with numerous breaks and complex chromosomal 

rearrangements was observed at the maximum ptaquiloside (1) concentration.  

 
Table 7 - Structural chromosomal aberrations frequency induced by different ptaquiloside (1) 

concentrations (5, 10 or 20 µg/ml) on lymphocyte cultures (average percentage ± standard 

deviation).  

 
ccg- chromatid and chromosome gaps, ccb- chromatid and chromosome breaks, fig-radial figures, 
frg- chromosome fragments, dic- dicentric chromsomes, plv- pulverized cells. 
 
 
 

Dose 
(µg/ml) 

ccg ccb fig frg dic  plv 

0 0.2±0.4 0 0 0 0 0 

5 1.4±1.1 1.0±1.0 0 0 0 0 

1 2.4±0.5 4.6±3.4 0.5±0.6 0.2±0.4 0.2±0.4 0 

20 2.0±1.4 10.6±5.5 1.0±1.4 0.2±0.4 0.2±0.4 0.8±1.3 



 

 72

 
Figure 36 – Aneuploid cells distribution according to ptaquiloside (1) 

concentration (5, 10 or 20 µg/ml) on lymphocyte cultures. Note the 

accumulation of hypodiploid cells with increasingly reduced 

chromosome counts in cultures exposed to increasing ptaquiloside (1) 

concentrations. Error bars show the standard deviation to the mean. 
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Figure 37 - Chromosomal aberrations test, 10 µg/ml ptaquiloside (1). Human lymphocyte 
hypodiploid metaphase spread (2n=43). Arrow points to dicentric chromosome. Giemsa, 
1000x.  

 
 
 
Figure 38 shows a sister chromatid exchange test on a human lymphocyte metaphase. 

The mean number of SCE per cell (8.4±0.11, 15.5±0.42, 19.4±0.18, 26.1±0.14, 

respectively) is shown on Figure 39. ANOVA showed a highly significant (p<0.001) dose-

dependent increase on all cytogenetic parameters in response to ptaquiloside (1). No 

significant differences were observed between male and female donors.  

 

 

3.4- Discussion 
Since its discovery in 1983, evidence has been accumulated showing that ptaquiloside (1) 

is a mutagenic and clastogenic agent that acts by alkylating DNA. Ptaquiloside (1) has also 

been shown to be carcinogenic to animals (Hirono et al., 1987; Shahin et al., 1998b) and 

concerns have been raised regarding its potential impact on human health (Hirayama, 

1979; Villalobos-Salazar, 1985; Galpin et al., 1990; Alonso-Amelot and Avendaño, 2001). 

The amount of ptaquiloside (1) now isolated per gram of bracken is smaller than that 
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obtained from the eastern variety used by Ojika et al. (1985) which may be due to 

differences between bracken strains.  

 

 
Figure 38 - Sister-chromatid exchange test, 20 µg/ml ptaquiloside (1). Human 

lymphocyte metaphase spread (2n=46). Note numerous exchanged segments. 

Giemsa, 1000x. 

 

 

Among the several reports on the genotoxicity of ptaquiloside, no studies were presented 

dealing with aneugenesis and sister-chromatid exchange (SCE) induction, two important 

genotoxicity endpoints. On the other hand, results from a previous in vivo study with 

bracken extracts on Swiss mice showed that bracken can cause aneugenic as well as 

clastogenic effects (Almeida-Santos et al., 2004). We therefore decided to include 

aneuploidy and SCE analysis in our study, in order to understand whether they might be 

implicated in ptaquiloside-mediated mutagenesis.   

Results show that ptaquiloside (1) affects all genotoxicity endpoints included in the study in 

a dose-dependent way, confirming its genotoxicity towards human cells and in accordance 

with previously published data (Mori et al., 1985; Matoba et al., 1987; Matsuoka et al., 

1989).  
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Figure 39 – Mean number of SCE per cell as a function of ptaquiloside (1) 

concentration (5, 10 or 20 µg/ml) on lymphocyte cultures. Note the dose-dependent 

increase on the SCE number (p<0.001). Error bars show the standard deviation to 

the mean. 

 

 

Comet results show considerable DNA damage (DNA breaks and alkali-labile sites) 

peaking at 30 minutes. DNA damage then diminished progressively at 40 and 50 minutes, 

but it didn’t reach the control level within the time range studied. Bearing in mind that 

ptaquiloside (1) causes DNA-adducts (Shahin et al., 1998b), this delay may be due to 

breaks occurred during nucleotide excision repair, a process that takes increased time in 

resting cells such as blood mononuclear cells (Collins, 2004). In a previous study (Simán et 

al., 2000) using bracken extracts on a human leukaemia cell line, DNA damage peaked at 

2 hours. Results from these two studies are hardly comparable, since the previous study 

used an extract of undetermined composition, which might or might not contain 

ptaquiloside (1) and other genotoxic compounds. Also, neoplastic cell lines are liable to 

show altered DNA-repairing capabilities compared with normal cells.  The comet assay has 

shown high sensitivity for carcinogenic compounds, even though in vitro mutagenicity 

doesn’t always correlate with in vivo carcinogenicity (Anderson et al., 1998) and additional 

comet studies focusing on the repair mechanisms of ptaquiloside-induced DNA-damage 

are under way. 
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In the cytogenetic assays, ptaquiloside (1) showed dose-dependent clastogenicity (mainly 

gaps and breaks, rather than radial figures) in approximately the same dose-range 

previously studied, thereby confirming the results by Matsuoka et al. (1989) The present 

data also agree with in vivo data from human populations (Recouso et al., 2003) and from 

cattle (Lioi et al., 2004) that show bracken-eating human and bovine populations to have 

increased structural chromosomal aberrations on peripheral blood lymphocytes. These 

results indicate that ptaquiloside (1) is likely to be responsible for the increased 

chromosomal aberrations observed on peripheral blood lymphocytes from bracken-eating 

populations. 

Additionally, the present study included aneuploidy analysis, which had not been 

performed previously for this toxin. Aneuploidy has long been considered another 

important endpoint for the evaluation of mutagens and the long-standing hypothesis by 

Theodor Bovery that aneuploidy is a cause of cancer (Bovery, 2008) has found additional 

support in recent animal studies (Baker and Deursen, 2008). Results show that the mean 

number of aneuploid cells increases dose-dependently in response to ptaquiloside (1) 

(Figure 35). Ptaquiloside-induced aneuploid cells are mainly hypodiploid and increased 

ptaquiloside (1) doses resulted in reduced chromosome counts (Figure 36). Although 

Matsuoka et al. didn’t conduct an in-depth aneugenesis study, these authors did describe a 

slight increase in the frequency of polyploidy among ptaquiloside-exposed cells. These 

findings indicate that ptaquiloside (1) is aneugenic as well as clastogenic and throw further 

light on the previous study of Almeida Santos et al. (2004) which showed that certain 

bracken extracts can be aneugenic, besides showing a clastogenic action. Ptaquiloside (1) 

thus appears to be the bracken mutagen responsible for both kinds of damage. Another 

new feature of the present study is sister-chromatid exchange (SCE) analysis. Results 

show that ptaquiloside (1) induces a dose-dependent SCE increase in human mononuclear 

blood cells (Figure 38-39). Although the biological mechanism of SCE isn’t entirely 

understood, they are considered an important endpoint to evaluate the cytogenetic effects 

of mutagens, independent and complimentary to structural chromosomal aberrations 

(Gebhart, 1981).Contrary to chromosomal aberrations that generally lead to apoptosis, 

SCE are compatible with cell survival and are likely to represent the long-term effects of 

mutagens (Norppa et al., 2006).  

The simultaneous induction of clastogenesis, aneuploidy and increased SCE shows that 

ptaquiloside (1) is more than a DNA-alkylating agent, as previously thought (Smith et al., 

1998b). In light of the present results, ptaquiloside (1) appears to be a multifunctional 

genotoxic agent that affects genomic integrity in several ways, all of which contributing to 

increased cancer susceptibility.  
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Chapter 4: Ptaquiloside-induced, B-cell 
lymphoproliferative and early-stage urothelial 
lesions in mice4 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
4 The contents of this chapter were adapted from:  
- Gil da Costa R.M., Oliveira P.A., Vilanova M., Bastos M. M. S. M., Lopes C. C., Lopes C. (2011) 

Ptaquiloside from bracken (P. aquilinum) induces a B-cell lymphoproliferative malignancy and 

urothelial dysplasia in mice. Proceedings of the 9th European Congresso of Toxicological 

Pathology, Uppsala, Sweden, 232. 

- Gil da Costa R.M., Oliveira P.A., Vilanova M., Bastos M. M. S. M., Lopes C. C., Lopes C. (2011) 
Morphological and molecular characterization of ptaquiloside-induced neoplastic and pre-

neoplastic lesions in mice. Proceedings of the 2nd Iberic Meeting of Veterinary Pathology, Lisbon, 

Portugal, 125.   

- Gil da Costa R.M., Oliveira P.A., Vilanova M., Bastos M.M.S.M., Lopes C.C., Lopes C. (2011) 

Ptaquiloside-induced B-cell lymphoproliferative and early-stage urothelial lesions in mice. Toxicon 

58, 543-549. 

. 

 



 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 79

4.1- Introduction 
 
Bracken (Pteridium aquilinum, a member of the Dennstaedtiaceae family) is one of the 

most widely distribute plants worldwide and its ingestion has long been known to cause 

cancer in laboratory (Evans and Mason, 1965) and farm animals (Carvalho et al., 2006). 

Bracken toxins seemed to target mainly the urinary bladder and the ileum of rats.  In 

guinea pigs the urinary bladder was also shown to be the main target organ (Bringuier et 

al., 1995). Surprisingly, in mice, no bladder lesions were noted, and bracken toxicity was 

characterized by a lymphoproliferative malignancy and pulmonary tumours (Pamucku et al, 

1972). In cattle, the development of bladder tumours leads to a well-known syndrome 

called bovine enzootic haematuria (Carvalho et al., 2006). The upper digestive tract is an 

additional site for cancer development in cattle (Masuda et al., 2011). It has also been 

suggested through several epidemiological studies that bracken ingestion by some human 

populations or exposure to bracken toxins through contaminated water and foodstuffs may 

be related to a higher incidence of gastric (Villalobos-Salazar, 1985; Galpin et al., 1990; 

Alonso-Amelot and Avendaño, 2001) and oesophageal cancer (Hirayama, 1979). The 

discovery of ptaquiloside (1), a nor-sesquiterpene glycoside of the illudane family (Niwa et 

al., 1983; Van der Hoeven et al., 1983), and its identification as a natural alkylating agent 

and a major determinant of bracken carcinogenicity (Hirono et al., 1987; Shahin et al., 

1998) have driven recent research on bracken-associated carcinogenesis. Ptaquiloside (1) 

has been shown to be excreted in milk from bracken-fed cows (Alonso-Amelot et al., 1996) 

and also to have the potential to contaminate underground waters (Rasmussen et al., 

2005), thus revealing important human exposure routes to this toxin, and concerns have 

also been raised regarding air-borne bracken spores (Simán et al., 2000). The genotoxicity 

of ptaquiloside (1) has been studied in vitro on Salmonella typhimurium (Matoba et al., 

1987), rat hepatocytes (Mori et al., 1985) and Chinese hamster lung cells (Matusoka et al., 

1989) and its carcinogenicity has been demonstrated in rats (Hirono et al, 1987). In vivo 

DNA adducts formation in rats has strengthened the role of ptaquiloside (1) as a DNA-

alkylating agent (Shahin et al., 1988). Oral administration of ptaquiloside (1) to rats led to 

the formation of ileal and urinary bladder tumours but intravenous administration produced 

mammary gland tumours (Shahin et al., 1988), showing the administration route to be an 

important factor in ptaquiloside-related carcinogenesis. Considering all of this, the 

International Agency for Research on Cancer (IARC) has classified bracken as 

carcinogenic to animals and possibly carcinogenic to humans (group 2B) but considered 

ptaquiloside (1) unclassifiable as to its carcinogenicity (group 3) (IARC, 1986). Considering 
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the differences previously observed concerning bracken target organs, checking for the 

effects of ptaquiloside (1) in different animal species becomes a necessary step. Mice 

seem to be particularly well suited to test putative interspecific differences in response to 

ptaquiloside (1), since they showed such differing lesions in result of bracken 

administration, compared with rats (Pamucku et al, 1972). Accordingly, in the present 

study, CD-1 mice were exposed to ptaquiloside (1), in order to assess their reaction to this 

toxin.  

 

4.2- Materials and methods 
 
4.2.1- Ptaquiloside isolation 
An improved method designed for ptaquiloside (1) isolation from bracken (Ojika et al., 

1985) was adopted with minor modifications. Briefly, 1000 g (dried weight) of bracken 

crosiers (collected in the mountainsides of Arcos de Valdevez, Portugal, 41º 49´ 12´´ N, 8º 

24´ 11´´ W, a location where bovine enzootic haematuria, a syndrome associated with 

ptaquiloside (1) toxicity, is known to occur), were blended in water (10 L) and stirred at 

room temperature for 1 hour. A bracken sample was deposited at the University of Trás-os-

Montes and Alto Douro herbarium (reference nº 18248). The aqueous extract was filtered 

and adsorbed on a resin (Amberlite XAD-2, Supelco) (3 L). The resin was eluted with 

methanol (10 L). The concentrated methanol extract was dissolved in water (400 ml) and 

extracted with butanol (5 × 500 ml). The concentrated butanol extract was separated by 

column chromatography on silica gel (Merck), starting with chloroform followed by ethyl 

acetate, ethyl acetate-methanol (92:8) and methanol. All fractions were controlled by 1H 

and 13C nuclear magnetic resonance (NMR), with an Avance III (Brucker) 400 MHz 

spectrometer. Fractions found to contain ptaquiloside (1) were chromatographed twice on 

octadecyl-sylane (ODS) silica gel (Fuji-Silysia) with methanol-water (20:80 and 40:60) and 

methanol to obtain pure ptaquiloside (1). The identity of the compound was confirmed by 

means of its previously reported 1H and 13C NMR and mass spectrometry data (Niwa et al., 

1983), obtained with a Q-TOF 2 (Micromass) mass spectrometer. Five milligram aliquots 

were prepared for each experimental week, free-dried and kept at -20ºC until use.  

 

4.2.2- Animals 
Twenty-four four-weeks-old male CD-1 mice were provided by Charles River (Barcelona, 

Spain). Animals spent one week being acclimated under routine laboratory conditions 
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before starting the experiments. Mice were kept at 4 litter-mates per cage and were fed a 

standard balanced diet and water ad libitum. The animals were maintained at the 

University of Trás-os-Montes and Alto Douro (Vila Real, Portugal) in a 12 h light/12 h dark 

cycle (8 am–8 pm). All experiments were performed in accordance with the National (DL 

129/92; DL 197/96; NP 1131/97) and European Convention for the Protection of Animals 

used for Experimental and Other Scientific Purposes and related European Legislation (OJ 

L 222, 24.8.1999). 

 

4.2.3- Experimental design 
Twenty-four mice were randomly divided into two equally numbered experimental groups. 

Animals from group 1 were injected intraperitoneally every week, always on the same day, 

with 0.5 mg ptaquiloside (1) freshly dissolved in phosphate buffered saline (PBS) pH=7.4 

for 15 consecutive weeks. Animals from group 2 were control mice injected with PBS only. 

The state of health of the animals was monitored daily for the duration of the study. The 

animals’ drinking water was changed once a week, and the volume drunk was recorded. 

Weekly food intake was also noted. Body weights were measured once a week. Animals 

presenting with bite-wounds were placed in separate cages. Dead animals were removed 

immediately and necropsied. All surviving animals were sacrificed 15 weeks after finishing 

the treatment by isofluorane inhalation and complete necropsies were carefully conducted. 

Ante mortem blood samples were collected by cardiac puncture.  

 

4.2.4- Hematological analysis 
Blood smears were immediately made and coloured with a Romanowsky stain. Total white 

blood cells were counted using a Neubauer chamber and leukograms were obtained for all 

animals. For flow cytometric analyses, thymuses and bone marrow cells from femurs were 

collected, washed and ressuspended in PBS supplemented with 1% BSA and 10 mM 

sodium azide. Immunofluorescence cytometric analysis was performed in a FACScan 

analyzer (Becton Dickinson) with CellQuest software (BD Biosciences). The following 

antibodies were used: fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD4 

(BD Biosciences Pharmingen, San Diego, CA) and phycoerythrin (PE)-conjugated rat anti-

mouse CD8 (BD Biosciences Pharmingen, San Diego, CA) (for thymic lymphocytic 

populations); FITC-conjugated rat anti-mouse IgM (BD Biosciences Pharmingen, San 

Diego, CA), PE-conjugated rat anti-mouse CD19 (BD Biosciences Pharmingen, San Diego, 

CA), PE-conjugated rat anti-mouse Ly-6G (BD Biosciences Pharmingen, San Diego, CA), 

FITC-conjugated rat anti-mouse CD11b (eBioscience) (for medullary leukocytic 
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populations); PE-conjugated rat anti-mouse CD19 (BD Biosciences Pharmingen, San 

Diego, CA) and FITC-conjugated rat anti-mouse CD3 (BD Biosciences Pharmingen, San 

Diego, CA) (for blood leukocytic populations).  

 

4.2.5- Histological analysis 
The thymus, heart, lungs, liver, stomach, small and large intestines, kidneys, adrenal 

glands, urinary bladder, testicles, accessory sexual glands, femurs, leg muscles, skin, 

eyes, and brain were examined macroscopically for any changes. The urinary bladders 

were inflated in situ by injecting 10% phosphate-buffered formalin (100 µl), ligated around 

the neck to maintain proper distension and immersed in formalin for 12 hours. After 

fixation, the urinary bladder was cut into two halves, and routinely processed along with 

other tissues. The femur was decalcified for 1 hour in a rapid decalcifier (TBD-1, Thermo 

Scientific Shandon, Waltham, MA). Tissue sections (2 µm) from every organ were stained 

with haematoxylin and eosin (HE) and examined under a light microscope by two 

researchers.  

 

4.2.6- Immunohistochemistry 
Spleen, kidney and liver sections from group 1 animals were tested immunohistochemically 

for reaction with anti-CD45R (AP9004, BD Pharmingen) and anti-CD3 (CD3-12, Serotec) 

antibodies, using a standard peroxidase protocol. Anti-CD45R and anti-CD3 were diluted 

at 1:40 and 1:75, respectively, and used on tissues after heat-induced epitope retrieval 

(HIER). For HIER, slides were incubated for 20 minutes in a water bath at 100ºC with 

EDTA pH=8.0 (AP9004, LabVision). Normal spleen sections from group 2 animals 

provided positive controls while negative controls were made by omitting the primary 

antibodies.  

 

4.2.7- Statistical analysis 
Statistical analysis was carried out using the SPSS 11.0 statistical software (SPSS Inc. 

USA). The distribution of each variable was studied using the Kolmogorov-Smirnov test. 

Since none of the variables departed significantly from normality, one-way analysis of 

variance (ANOVA) was used to detect significant differences between experimental groups 

and the Pearson’s correlation test to study associations between variables. In all cases the 

level of significance was p<0.05. 
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4.3- Results  
Minor wounds of the dorsal and prepucial areas due to aggressive behaviour between 

male animals were observed in both groups. Two wounded mice from group 1 died on 

weeks 14 and 15, respectively. Ptaquiloside-exposed (group 1) animals showed reduced 

weight gain compared with control (group 2) animals (Figure 40). At week 28, the 10 

surviving mice from group 1 weighted 48.23±7.98 g (average ± standard deviation) while 

mice from group 2 (12 animals) weighted 52.29±5.90 g.  
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Figure 40 – Average weights of ptaquiloside-exposed and control mice. Logarithmic tendency 

lines were calculated to fit each curve. Note that control animals show a higher R2 coefficient 

compared with ptaquiloside-exposed animals, indicating their growth curve to fit better with the 

logarithmic equation.    

 

 

Group 1 animals also showed reduced food (4.98±1.49 g/animal/day) and water 

(6.30±0.67 ml/animal/day) intake, compared with group 2 animals (7.00±0.24 g/animal/day 

and 7.89±0.59 ml/animal/day) from week 14 onwards (Figures 41 and 42, respectively).  

Minor wounds of the dorsal and prepucial areas due to aggressive behaviour between 

male animals were observed in both groups. Haematological analysis was carried on 9/10 

control animals since one mouse presented several bite wounds and was likely to have an 

altered leukogram. Both groups had equivalent white blood cells (WBC) counts (208.0×104 
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± 75.6×104 WBC/ml for group 1 and 205.0×104 ± 101.6×104 WBC/ml for group 2) but 

leukograms from groups 1 and 2 animals showed several differences.  
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Figure 41 – Average food consumption per animal per day. Ptaquiloside-exposed mice 

show reduced food consumption compared with control animals. 
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Figure 42 – Average water consumption per animal per day. Ptaquiloside-exposed 

mice show reduced water consumption compared with control animals.  
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There was a highly significant (p<0.01) reduction on neutrophil counts (neutropaenia) in 

group 1 compared to group 2 animals (Figure 43a) and group 1 animals showed 

moderately increased lymphocyte counts compared with group 2 animals (Figure 43b). 

Flow cytometric analysis showed no differences between groups concerning circulating 

CD3+ (T)-lymphocytes, but CD19+ (B)-lymphocytes were significantly increased (p<0.05) in 

group 1 animals (Figure 43c).  

Interestingly, the bone marrow did not show significant variations between groups 

concerning either the B-lymphocytes (Figure 43d) or the granulocyte precursors (Figure 

43e).  

Flow cytometric analysis of the thymus revealed a significant increase (p<0.01) in the 

number of single-positive CD4+ and CD8+ thymocytes in group 1 animals. The more 

immature CD4+/CD8+ thymocytes also increased in number, comparatively with group 2 

(Figure 43f).  

Blood smears from 6/10 group 1 mice (60%) also showed between 1.8% and 4.9% 

dysplastic, binucleate lymphoid cells, most often with a scant, lightly basophilic cytoplasm 

(Figures 44 and 45). At necropsy, no gross changes were apparent, except for the thymus 

of ptaquiloside-exposed animals, which was enlarged by approximately two-fold compared 

with that of control animals.  

Histological examination demonstrated the presence of low- and high-grade zonal 

urothelial dysplasia of the urinary bladder. No histological changes were observed in 

control animals. 

 
Figure 43 - Ptaquiloside-induced effects in blood leukocytes, bone marrow and thymus 

assessed by flow cytometry in control and and ptaquiloside-exposed CD-1 mice. 

Statistically significant differences are pointed by an asterisk (*) a: Peripheral blood 

neutrophils concentration. Note the significant decrease (p<0.01) in exposed animals; b: 

Peripheral blood lymphocytes concentration;  
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Figure 43 (continued) - Histological examination demonstrated the presence of low- 

and high-grade zonal urothelial dysplasia of the urinary bladder. No histological 

changes were observed in control animals. 

c: CD19+ and CD3+ peripheral blood lymphocytes concentration. Note the significant 

increase in CD19+ lymphocytes (p<0.05); d: Number of immature (CD19+/IgM-) and 

mature (CD19+/IgM+) bone marrow B-lineage lymphocytic cells, as indicated; e: 

Numbers of immature (CD11b+/Ly-6G-) and mature (CD11b+/Ly-6G+) bone marrow 

granulocytic precursors, as indicated; f: Numbers of CD4+/CD8-, CD4-CD8+ and 

CD4+/CD8+ (immature) thymocytes in control and ptaquiloside-exposed CD-1 mice. 

Note the significant increase (p<0.01) in all thymocytic populations. Statistically 

significant differences are pointed by an asterisk (*). 
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Figure 44 – Ptaquiloside-exposed animals. Blood smear showing a dysplastic, 

binucleate lymphoid cell. Modified Romanowsky stain, 1000x. 

 

 
Figure 45 – Ptaquiloside-exposed animals. Blood smear showing a dysplastic, 

binucleate lymphoid cell. Modified Romanowsky stain, 1000x. 
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Normal urothelium is shown on Figure 46. Low-grade urothelial dysplasia was 

characterized by increased urothelial cellularity with nuclear crowding, loss of normal 

urothelial polarity and umbrella-cells differentiation. The lamina propria often showed signs 

of vascular congestion (Figure 47). In high-grade urothelial lesions, anisokaryosis was 

more prominent, with cells presenting indented or reniform nuclei (Figure 48). Urothelial 

denudation was multifocally noted. Two mice with dysplastic changes also showed luminal, 

sessile lesions, covered with urothelium and supported by an abundant, dense and 

oedematous fibrovascular stroma, classified as fibroepithelial polyps (Figure 49). One 

ptaquiloside-exposed animal developed a small pulmonary nodular lesion, classified as a 

papillary lung adenoma (Figure 50), measuring approximately 1,0 mm in diameter, with 

poorly defined margins, composed of low columnar cells resembling type 2 pneumocytes 

arranged in papillae supported by a thin stroma. The neoplastic cells presented no signs of 

malignancy such as anisocytosis and no mitotic activity was observed. Another 

ptaquiloside-exposed animal had a small (approximately 1.0 mm in diameter) hyperplastic 

nodule of the median liver lobe. Histologically, hepatocytes tended to be smaller and 

slightly more basophilic than adjacent cells (Figure 51). Ptaquiloside-treated animals also 

showed splenic white pulp hyperplasia with prominent germinal centres, and indistinct 

white and red pulp borders, while control animals showed no splenic changes. Histological 

examination of the bone marrow did not show any significant differences between groups. 

The kidneys (10/10, 100%) and liver (2/10, 20%) of group 1 animals showed moderate to 

severe, multifocal, perivascular, sharply demarcated, lymphoproliferative aggregates, 

which compressed the adjacent renal parenchyme. Malignant cells presented moderate to 

severe anysokaryosis and up to 2 mitotic figures per high-power field. These cells showed 

diffuse, strong, membrane-associated immunostaining for CD45R (Figure 52). A few CD3+ 

cells were scattered throughout the foci (Figure 53).  

 

 

4.4- Discussion 
Bracken-induced toxicity has long been associated with urinary bladder carcinogenesis in 

cattle (Carvalho et al., 2006) and in rats (Evans and Mason, 1965). So, it was a rather 

surprising discovery when Pamucku et al. (1972) found that mice did not develop bladder 

tumours in response to long-term bracken feeding, but showed a very high incidence of a 

lymphoproliferative malignancy and, to a smaller extent, of pulmonary tumours. To 

complicate matters even further, epidemiological data pointed out that bracken exposure 

may be a significant risk for human health, but the target organs in humans seem to be the 
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oesophagus (Hirayama, 1979) and the stomach (Villalobos-Salazar, 1985; Galpin et al., 

1990; Alonso-Amelot and Avendaño, 2001). 

 
Figure 46 – Normal urinary bladder. Control animal, H&E 200x. 

 

 
Figure 47 - Low-grade urothelial dysplasia with loss of polarity and differentiation 

and lamina propria vascular congestion. Ptaquiloside-exposed animal, H&E 200x.  
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Figure 48 - High-grade urothelial dysplasia. Note marked anysokaryosis. Ptaquiloside-

exposed animal, H&E 200x. 

 

 

   
 Figure 49 - Two fibrovascular polyps. Ptaquiloside-exposed animal, H&E 200x. 
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Figure 50 - Papillary adenoma of the lung. Ptaquiloside-exposed animal, H&E 40x. 

 

 
Figure 51 - Basophylic hyperplastic liver nodule involving centrilobular vein (V).  

Ptaquiloside-exposed animal, H&E 40x. 
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Figure 52 - Renal lymphoproliferative lesion showing diffuse positivity for CD45R. 

Note compression of adjacent parenchyme. Ptaquiloside-exposed animal, 

Peroxydase-Mayer’s haematoxylin 200x. 

 

 
Figure 53 – Renal lymphoproliferative lesion showing scattered positivity for CD3. 

Ptaquiloside-exposed animal; Peroxidase-Mayer’s haematoxylin 200x. 
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Lengthy chemical studies of bracken led to the isolation of a significant number of 

compounds, one of which, ptaquiloside (1), is considered the major bracken carcinogen 

(Niwa et al., 1983; Van der Hoeven et al., 1983). By using such isolated toxins instead of 

the whole plant or complex plant extracts of variable composition, one may reduce inter-

study variability, reach more trustworthy results and propose more definite cause-effect 

relations.  

The present study assessed the effects of ptaquiloside (1) in CD-1 mice, in order to clarify 

which are the target organs for bracken-related carcinogenesis in this species.  Results, in 

what concerns high incidence (10 out of 10 animals) of a lymphoproliferative malignancy 

and a much lower (1 out of 10) incidence of pulmonary tumours, are mostly compatible 

with those previously obtained by Pamucku et al. (1972).  

In the present work, lymphoproliferative disease was characterized both haematologically 

and through its manifestations in solid organs such as the kidney. Interestingly, the organs 

affected in this study were the same as those found by Pamucku et al. (1972), with the 

kidney and the spleen as the most affected organs and the liver being involved in a 

minority of cases. In the present study the spleen of exposed animals was not grossly 

enlarged but showed only histological changes. This was not surprising, considering the 

exposure time was approximately one half of what Pamucku et al. (1972) used and the 

disease was likely to be in its early stages. Histological analysis of the bone marrow in 

exposed animals was more surprising, as no changes were found in relation with the 

marked neutropaenia and lymphocytosis found on peripheral blood. Neutropaenia is a 

common finding in bracken or ptaquiloside-treated animals (Price and Pamucku, 1968, 

Hirono et al., 1984) and is considered a consequence of severe myelotoxicity. Our findings 

show that ptaquiloside-associated neutropaenia did not recover even after 15 weeks post-

exposure. The fact that both flow cytometric and histological analysis showed normal bone 

marrow granulocytic populations indicates that the corresponding precursor cells were 

present. This may point to a neutropaenia of ineffective production where neutrophil 

maturation and release is impaired (Moore and Bender, 2006). Flow cytometric analysis 

also showed that the lymphocytosis observed in ptaquiloside-exposed animals was caused 

by a significant increase in B-lymphocytes, while T-lymphocytes remained stable. This, 

together with the presence of B-cell invasion of the kidneys and liver, circulating dysplastic 

lymphoid cells and splenic white pulp hyperplasia indicated the presence of a B-cell 

lymphoproliferative malignancy in exposed animals. The stability of T-lymphocyte values 

between groups 1 and 2 implies that thymic enlargement had no reflex on the circulating T-

lymphocyte pool, and may result from impaired thymic involution rather than proliferation. 

Interestingly, Pamucku et al. (1972), using a longer exposure period, found no thymic 
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alterations. Since histological analysis of bone marrow samples did not allow us to find the 

source of the B-cell lymphocytosis, the condition was simply referred to as a 

lymphoproliferative malignancy rather than a leukaemia. Furthermore, they allow us to 

conclude that ptaquiloside (1) is responsible for the leukaemogenic effects of bracken and 

that the lesions produced are related to B- rather than T- lymphocytes.   

The occurrence of urinary bladder pre-neoplastic lesions (low and high-grade zonal 

urothelial dysplasia) in 8 out of 10 mice is a new finding in this species. Additional tests 

with longer periods between administration and euthanasia are under way, to confirm 

whether urothelial dysplasia will indeed progress to invasive carcinoma.  Bladder tumours 

did occur in mice when pellets made of bracken extracts were implanted into the bladders 

of Swiss mice for a long period of time (Pamucku et al., 1970a), but not when bracken was 

fed to mice (Pamucku et al., 1972). Thus, the present findings show that the carcinogenic 

activity of ptaquiloside on the urinary bladder is strongly species- and administration route-

dependent. Further studies are warranted in order to characterize at the molecular level 

these early bladder dysplastic lesions, which are likely to represent the first stages of 

ptaquiloside-induced bladder carcinogenesis. 
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Chapter 5: Ptaquiloside-induced early bladder 
lesions: an immunohistochemical analysis5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
5 The contents of this chapter were adapted from:  

- Gil da Costa R.M., Oliveira P.A., Vilanova M., Bastos M. M. S. M., Lopes C. C., Lopes C. (2011) 

Ptaquiloside from bracken (P. aquilinum) induces a B-cell lymphoproliferative malignancy and 

urothelial dysplasia in mice. Proceedings of the 9th European Congresso of Toxicological 

Pathology, Uppsala, Sweden, 232. 

- Gil da Costa R.M., Oliveira P.A., Vilanova M., Bastos M. M. S. M., Lopes C. C., Lopes C. (2011) 
Morphological and molecular characterization of ptaquiloside-induced neoplastic and pre-

neoplastic lesions in mice. Proceedings of the 2nd Iberic Meeting of Veterinary Pathology, Lisbon, 

Portugal, 125.  

- Gil da Costa R.M., Oliveira P.A., Bastos M.M.S.M., Lopes C.C., Lopes C. (2011) Ptaquiloside-

induced early-stage urothelial lesions: increased cell proliferation and intact β-catenin and E-

cadherin expression Environmental Toxicology (submitted with nº TOX-11-397).. 

. 
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5.1- Introduction 
Bracken (Pteridium aquilinum, a member of the Dennstaedtiaceae family) is one of the 

most widely distributed plants worldwide and the only one whose ingestion is known to 

naturally cause cancer in animals (Evans and Mason, 1965; Carvalho et al., 2006). The 

discovery of ptaquiloside (1), a nor-sesquiterpene glycoside of the illudane family (Niwa et 

al., 1983; Van der Hoeven et al., 1983), and its identification as a natural alkylating agent 

and a major determinant of bracken carcinogenicity (Hirono et al., 1987; Shahin et al., 

1998) have driven recent research on bracken-associated carcinogenesis. Ptaquiloside (1) 

is excreted in milk from bracken-fed cows (Alonso-Amelot et al., 1996) and ptaquiloside (1) 

leaching from brackn has the potential to contaminate underground waters (Rasmussen et 

al., 2005), revealing important human exposure routes to this toxin; concerns have also 

been raised regarding the inhalation of air-borne bracken spores (Simán et al., 2000). It 

has also been suggested that bracken ingestion by some human populations or exposure 

to bracken toxins may be related to a higher cancer incidence (Hirayama, 1979; Villalobos-

Salazar, 1985; Galpin et al., 1990; Alonso-Amelot and Avendaño, 2001). Considering this, 

the International Agency for Research on Cancer (IARC) has classified bracken as 

carcinogenic to animals and possibly carcinogenic to humans (group 2B) but still 

considered ptaquiloside (1) as unclassifiable as to its carcinogenicity (group 3) (IARC, 

1986).  

In rats, bracken seems to target mainly the urinary bladder and the ileum (Evans and 

Mason, 1965). Oral administration of ptaquiloside (1) to rats led to the formation of ileal and 

urinary bladder (Hirono et al., 1987) tumours, however intravenous administration induced 

mammary gland tumours (Shahin et al., 1988), showing the administration route to be an 

important factor in ptaquiloside-related carcinogenesis. In guinea pigs fed bracken, the 

urinary bladder was also shown to be the main target organ (Bringuier et al., 1995) and in 

cattle the upper digestive tract was an additional site for cancer development (Masuda et 

al., 2011). In mice, there was a surprisingly different pattern of organ involvement, with the 

development of a lymphoproliferative malignancy and pulmonary tumours (Pamucku et al, 

1972). Bracken-associated bladder tumours have been intensively studied morphologically, 

especially in cattle (Carvalho et al., 2006; Roperto et al., 2010a). Some studies also 

attempted a molecular approach in rat (Freitas et al., 2002) and bovine (Cortegio et al., 

2010; Roperto et al., 2010b; Cortegio et al., 2011) tumours, so as to understand the 

oncogenesis of these lesions. However, despite experimental data showing that 

ptaquiloside (1) causes H-ras activation via mutations at codons 58, 59 and 61 (Prakash et 

al., 1996; Shahin et al., 1998), too little is known about the molecular changes leading to 

the appearance of the malignant phenotype. Malignancy is thought to derive from the 
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stepwise accumulation of mutations through a sequence of consequent phenotypic 

changes, from pre-neoplastic lesions to benign and, finally, malignant neoplasms (Stricker 

and Kumar, 2010). Deregulated cell proliferation and reduced expression of intercellular 

adhesion molecules are some of the early changes in pre-neoplastic lesions and epithelial 

neoplasms. Increased cell proliferation and activation of the WNT pathway with β-catenin 

nuclear translocation are important characteristics of human bladder cancer (Mallofré et al., 

2003, Ahmad et al., 2011). Recently, β-catenin and ras mutations were shown to 

cooperate in driving bladder carcinogenesis in transgenic mice (Ahmad et al., 2011). 

Considering ptaquiloside (1) causes H-ras mutations, it is now tempting to check for 

putative β-catenin changes in ptaquiloside-induced lesions. Hence, this report describes 

the expression of a cell proliferation marker (Ki-67), and two important molecules involved 

in epithelial cell adhesion (E-cadherin and β-catenin) in ptaquiloside-induced early-stage 

urothelial lesions, in mice.  

 

 

5.2- Materials and methods 
 

5.2.1 - Ptaquiloside isolation 
An improved method designed for ptaquiloside (1) isolation from bracken (Ojika et al., 

1985) was adopted with minor modifications. Briefly, 1000 g (dried weight) of bracken 

crosiers (collected in the mountainsides of Arcos de Valdevez, Portugal, 41º 49´ 12´´ N, 8º 

24´ 11´´ W, a location where bovine enzootic haematuria, a syndrome associated with 

ptaquiloside (1) toxicity, is known to occur, were blended in water (10 L) and stirred at 

room temperature for 1 hour. A bracken sample was deposited at the University of Trás-os-

Montes and Alto Douro herbarium (reference nº 18248). The aqueous extract was filtered 

and adsorbed on a resin (Amberlite XAD-2, Supelco) (3 L). The resin was eluted with 

methanol (10 L). The concentrated methanol extract was dissolved in water (400 ml) and 

extracted with butanol (5 x 500 ml). The concentrated butanol extract was separated by 

column chromatography on silica gel (Merck), starting with chlorophorm followed by ethyl 

acetate, ethyl acetate-methanol (92:8) and methanol. All fractions were controlled by 1H 

and 13C nuclear magnetic resonance (NMR), with an Avance III (Brucker) 400 MHz 

spectrometer. Fractions found to contain ptaquiloside (1) were chromatographed twice on 

octadecyl-sylane (ODS) silica gel (Fuji-Silysia) with methanol-water (20:80 and 40:60) and 

methanol to obtain pure ptaquiloside (1). The identity of the compound was confirmed by 

means of its previously reported 1H and 13C NMR and mass spectrometry data (Niwa et 
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al., 1983), obtained with a Q-TOF 2 (Micromass) mass spectrometer. Five milligrams 

aliquots were prepared for each experimental week, free-dried and kept at -20ºC until use.  

 

5.2.2 - Animals 
Twenty-four four-weeks-old male CD-1 mice were provided by Charles River (Barcelona, 

Spain). Animals spent one week being acclimated under routine laboratory conditions 

before starting the experiments. Mice were kept at 4 litter-mates to a cage and were fed a 

standard balanced diet and water ad libitum. The animals were maintained at the 

University of Trás-os-Montes and Alto Douro (Vila Real, Portugal) in a 12 h light/12 h dark 

cycle (8 am–8 pm). All experiments were performed in accordance with the National (DL 

129/92; DL 197/96; P 1131/97) and European Convention for the Protection of Animals 

used for Experimental and Other Scientific Purposes and related European Legislation (OJ 

L 222, 24.8.1999). 

 

5.2.3 - Experimental design 
A total of 24 male CD-1 mice were divided into two groups of twelve mice each. Group 1 

animals were injected intraperitoneally, every week in the same day, with 0.5 mg 

ptaquiloside (1) freshly dissolved in phosphate buffered saline (PBS) pH=7.4 for 15 

consecutive weeks. Group 2 animals were control mice injected with PBS only. The state 

of health of the mice was monitored daily for the duration of the study. The drinking water 

was changed once a week, and the volume drunk was recorded. Weekly food intake was 

also noted. Body weights were measured once a week. Animals presenting with bite-

wounds were placed on separate cages. Dead animals were removed immediately and 

necropsied. All surviving mice were sacrificed 15 weeks after ending the treatment, by 

isofluorane inhalation, and complete necropsies were conducted. 

 

5.2.4 - Histological analysis 
The urinary bladders were inflated in situ by injecting 10% phosphate-buffered formalin 

(100 µl), ligated around the neck to maintain proper distension and immersed in formalin 

for 12 hours. After fixation, the urinary bladder was cut into two strips, and routinely 

processed. Tissue sections (2 µm) were stained with haematoxylin and eosin (HE) and 

examined under a light microscope by two researchers. Diagnosis and classification of 

bladder lesions were based on the criteria laid down by the World Health Organization’s 

classification (Eble et al., 2004). All lesions were re-evaluated using the same guidelines to 

ensure consistency of diagnosis. Histological changes of the bladder epithelium were 
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divided into the following types: normal urothelium, high- and low-grade urothelial 

dysplasia, and fibrovascular polyps.  

 

5.2.5 - Immunohistochemistry 
Urinary bladder sections from group 1 animals were tested immunohistochemically for 

reaction with anti-Ki-67 (TEC-3, Dako), anti-E-cadherin (4A2C7, Zymed) and anti-β-catenin 

(CAT-5H10, Zymed) antibodies, using a standard peroxidase protocol. Anti-Ki-67, anti-E-

cadherin and anti- β-catenin antibodies were diluted at 1:50, 1:150 and 1:600, respectively, 

and used on tissues after heat-induced epitope retrieval (HIER). For HIER, slides were 

incubated for 20 minutes in a steamer at 100ºC with a citrate buffer pH=6.0. One thousand 

urothelial cells were counted and the Ki-67 labelling index was expressed as the 

percentage of Ki-67-positive cells. Normal duodenum sections from group 2 animals 

provided positive controls while negative controls were made by omitting the primary 

antibodies.  

 

5.2.6 - Statistical analysis 
Statistical analysis was carried out using the SPSS 11.0 statistical software (SPSS Inc. 

USA). The distribution of Ki-67 labeling indices was studied using the Kolmogorov-Smirnov 

test. Since this variable didn’t depart significantly from normality, one-way analysis of 

variance (ANOVA) was used to detect significant differences between experimental 

groups. The level of significance considered was p<0.05.  

 

 

5.3 - Results 
Minor wounds of the dorsal and prepucial areas due to aggressive behaviour between 

male animals were observed in both groups. Two wounded mice from group 1 died on 

weeks 14 and 15, respectively. Table 8 summarizes the results concerning body weight, 

water and food intake.  

No macroscopic lesions were detected on the urinary bladders from either group, but 

histological examination demonstrated the presence of low-grade zonal urothelial dysplasia 

in 6 out of 10 (60%) and high-grade dysplasia in 2 out of 10 (20%) ptaquiloside-exposed 

mice. No lesions were found in the control group. Low-grade dysplastic lesions were 

characterized by increased urothelial cellularity and loss of normal urothelial polarity and 

umbrella-cells differentiation. High-grade lesions showed prominent anisokaryosis with 

cells presenting indented or reniform nuclei. Urothelial denudation was multifocally present. 
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Table 8 - Average body weight, food and water intake for ICR mice exposed to ptaquiloside (1) and 

control mice a. 

Group 

Initial         Final 

Initial body 

weight (g) 

Final body 

weight (g)

Initial food 

intake 

(g/rat/day)

Final food 

intake 

(g/rat/day)

Initial water 

intake 

(g/rat/day) 

Final water 

intake 

(g/rat/day) 

1 (n=12) 1 (n=10) 32.99±3.09 48.23±7.98 5.83±0.09 4.98±1.49 8.07±0.77 6.30±0.67 

2 (n=12) 2 (n=12) 32.47±1.89 52.29±5.90 5.59±0.07 6.30±0.67 7.69±1.28 7.89±0.59 

a Values are (mean ± standard deviation to the mean). 
 
Two group 1 mice with dysplastic changes also developed luminal, sessile lesions, covered 

with urothelium and supported by an abundant, dense and oedematous fibrovascular 

stroma, classified as fibrovascular polyps (Figure 49).  

Ki-67 nuclear immunostaining was found in ptaquiloside-exposed animals and positive 

cells were mostly in (but not restricted to) the basal layer (Figure 54). Group 1 showed a 

statistically significant increase (p<0.05) in mean Ki-67 labelling index values 

(0.18±0.30%), compared with group 2 (0.01±0.03%) animals (Figure 55).  

 

 
Figure 54 - Urinary bladder. Ptaquiloside-exposed (group 1) animal. Note two Ki-

67-positive nuclei. IHC-Mayer’s haematoxylin 400x.  
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Figure 55 - Average Ki-67 labelling index values (%) for the urinary bladder 

urothelium of control and ptaquiloside-exposed CD-1 mice (p<0.05). 
 

Immunohistochemical examination showed that dysplastic and neoplastic urothelium from 

ptaquiloside-exposed animals showed the same membrane-associated, strong, diffuse 

immunostaining for E-cadherin (Figure 56) and β-catenin (Figure 57) observed in normal 

urothelium from group 2.    
 

 
Figure 56 - Urinary bladder. Ptaquiloside-exposed (group 1) animal. Strong, 

membrane-associated staining for E-cadherin. IHC-Mayer’s haematoxylin 400x.  
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Figure 57 - Urinary bladder. Ptaquiloside-exposed (group 1) animal. Strong, 

membrane-associated staining for β-catenin. IHC-Mayer’s haematoxylin 400x. 

 

 

5.4 - Discussion   
Dysplasia represents an early pre-neoplastic lesion in the process of epithelial 

carcinogenesis. In the human urinary bladder, urothelial dysplasia precedes the 

development of in situ carcinoma (Hodges et al., 2010) and in the mouse a similar process 

occurs (Oliveira et al., 2006). In what concerns bracken-induced bladder carcinogenesis, 

researchers have devoted their efforts to characterize spontaneous or experimentally 

induced malignant neoplasms rather than its benign or pre-malignant precursors. By 

studying the early molecular changes presented by such initial lesions, new insights may 

be gained into the oncogenesis of bladder tumours. The present experiments resulted in a 

60% incidence of low-grade and 20% high-grade urothelial dysplasia in the ptaquiloside-

exposed group. These results are in contrast to those obtained by Pamucku et al. (1972) 

and show that mice, like other mammalian species so far tested, are susceptible to develop 

ptaquiloside-induced bladder lesions. This discrepancy may be due to several of factors, 

especially the administration of whole bracken versus isolated ptaquiloside (1) and the 

different administration routes (oral versus intraperitoneal). Further experiments are under 

way, employing longer periods between exposure and euthanasia, so as to study the 

progression of these lesions into invasive carcinomas. It was also interesting to notice the 
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development of benign mesenchimal tumours (fibrovascular polyps), as such lesions are 

present, alone or together with epithelial tumours, in 48.8% of cattle affected by 

spontaneous bracken-related bladder neoplasms (Carvalho et al., 2006). Hirono et al. 

(1987) also found urinary bladder sarcomas in rats orally exposed to ptaquiloside (1), but 

Bringuier et al. (1995) who fed guinea pigs with bracken, did not. Despite these 

discrepancies, ptaquiloside (1) seems to target the urinary bladder stroma as well as the 

urothelium.  

In human and murine urinary bladder oncogenesis, early-stage lesions such as urothelial 

dysplasia and in situ carcinoma already show a characteristically increased cellular 

proliferation (Mallofré et al., 2003; Oliveira et al., 2010). Also in the present study, a 

significantly higher Ki-67 labelling index was found in ptaquiloside-exposed animals (group 

1), 80% of which had early-stage urothelial lesions, compared with control animals (group 

2). These results show that increased cell proliferation is present in pre-neoplastic 

ptaquiloside-induced bladder lesions. Deregulated cell proliferation is thought to result from 

the inactivation of tumour-suppressor genes and the activation of growth-promoting proto-

oncogenes (Stricker and Kumar, 2010). One important growth-promoting pathway in 

human urinary bladder cancer is WNT, deregulated in approximately 25% of human 

urothelial cell carcinomas (Ahmad et al., 2011). Activation of the WNT pathway leads to 

translocation of β-catenin from the cell membrane and the cytoplasm into the nucleus, 

where it acts as a transcription factor for proliferation-associated genes (Stricker and 

Kumar, 2010). Recently, a β-catenin mutation was shown to cooperate with Ras mutations 

to drive bladder carcinogenesis in a mouse model. β-catenin is normally associated with 

the cell-surface protein E-cadherin, on the cell membrane, as part of the epithelial 

intercellular adherens junctions. In result, loss of normal β-catenin function may also lead 

to reduced intercellular adhesiveness, with increased cell motility and the appearance of an 

invasor phenotype (Ahmad et al., 2011). Reduced E-cadherin expression seems to be a 

rather late event in human bladder tumorigenesis, associated with late-stage, invasive 

lesions (Sun and Herrera, 2002). This is also consistent with the observation that 

decreased E-cadherin expression accompanies the degree of tissue transformation during 

rat bladder carcinogenesis (Oliveira et al., 2007). In the present study, anti-β-catenin and 

anti-E-cadherin antibodies were used to check whether their normal position on the cell 

membrane was maintained in ptaquiloside-induced urothelial dysplasia and in situ 

carcinoma. Results show that the E-cadherin-β-catenin complex was maintained and that 

no nuclear β-catenin translocation occurred. This, on the one hand, indicates that 

activation of the WNT pathway is not an early event in ptaquiloside-induced bladder 

carcinogenesis in mice. On the other hand, as in human bladder carcinogenesis (Sun and 
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Herrera, 2002), reduced E-cadherin expression is not a feature of early ptaquiloside-

induced urothelial lesions. Increased Ki-67 labelling indexes observed in group 1 animals 

do not seem to depend on the WNT pathway and must have other underlying causes. 

Additional research on this subject may now focus on the role played by tumour-

suppressor genes and cytoskeletal proteins, known to be of importance in early human 

bladder lesions (Mallofré et al., 2003). 
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Chapter 6- Conclusions and future 
perspectives 
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6.1- Ptaquiloside isolation 
 
Ptaquiloside (1) was isolated in the amounts needed to perform in vitro and in vivo assays. 

Some improvements were made to the original method described by Ojika et al., (1985), 

especially the replacement of batch for a column adsorption system, which allowed us to 

obtain a 10-fold efficiency increase. 

 

The ptaquiloside (1) concentration found in samples from mainland Portugal was variable. 

While up to 0.01% (w/w, dry weight) ptaquiloside (1) was found in crosiers harvested in 

April, only vestiges were found in a similar sample harvested in May. These concentrations 

are inferior to those found by Ojika et al., (1985) in P. aquilinum var. latiusculum, an 

eastern bracken variety. 

 

Bracken samples from mainland Portugal were further characterized by the presence of 

pterosin B and the cyanogenic glycoside prunasin (Gil da Costa et al., 2011a, b).  

 

In the course of our effort to isolate ptaquiloside (1), a significant amount of equipment, 

including HPLC material, evaporators and freeze-drying apparatus was installed or brought 

together. This equipment remains available and ready to be used for further research on 

ptaquiloside (1) or other natural products with toxicological and/or pharmaceutical interest, 

from bracken or other plants.   

 
 

6.2 – The genotoxic properties of ptaquiloside 

 

The genotoxic properties of ptaquiloside (1) were characterized using several previously 

unexplored tests. These included the comet assay, numerical chromosomal aberrations 

(aneugenesis) and sister chromatid exchange tests, besides a structural chromosomal 

aberrations test, all showing positive results. These experiments allowed us to demonstrate 

that ptaquiloside (1) affects genomic integrity in several different ways, implying different, 

and often little known, mechanisms of action (Gil da Costa et al., 2010).   

 

It would now be interesting to proceed with the elucidation of the mechanisms underlying 

ptaquiloside-induced genotoxic damage and of the DNA repair mechanisms involved. 
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Studies on cell-cycle progression blockage and on apoptosis induction in response to 

ptaquiloside (1) can also be envisioned. 

 

 

6.3 – The carcinogenicity of ptaquiloside  
 

The carcinogenicity of ptaquiloside (1) was tested in CD-1 mice for the first time. 

Ptaqiloside was shown to induce a lymphoproliferative malignancy similar to that described 

by Pamucku et al., (1972) when bracken was fed to the same mouse strain. We have 

shown, furthermore, that this lesion is of the B-cell type (Gil da Costa et al., 2011c).  

 

These findings show that, al least in mice, ptaquiloside (1) exerts its carcinogenic effect 

over the lymphoid tissues, something that was not yet reported in other species.  

 

On the other hand, ptaquiloside (1) was also shown to induce dysplastic urothelial lesions 

and fibrovascular polyps of the bladder. This may indicate that the bladder is also a target 

organ for bracken and, in particular, for ptaquiloside-induced carcinogenesis, as observed 

in other species. Further studies are needed to confirm whether dysplastic lesions undergo 

malignant transformation, if longer incubation periods are allowed.   

 

Our immunohistochemical studies have shown that urothelial dysplastic lesions are 

characterized by increased cell proliferation (Ki-67 labelling index) when compared with 

normal urothelium. Ptaquiloside-induced urothelial dysplasia was also shown to maintain 

normal E-cadherin and β-catenin expression. These findings are common in early 

urothelial lesions and were to be expected (Gil da Costa et al., 2011d, e).  

 

Early, pre-neoplastic or benign lesions provide valuable opportunities for studying the initial 

events of carcinogenesis. The urothelial dysplastic lesions now observed should therefore 

constitute a useful model for studying the early phases of ptaquiloside-induced 

carcinogenesis.   
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