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S u m m a r y

Pyrrolizidine alkaloids (PAs) are the class of secondary metabolites that evolved as  
a powerful tool in the plant defensive interactions against herbivores. The occurrence of 
PAs in the plant world is scattered in several unrelated botanic families with special abun-
dance in Asteraceae, Boraginaceae and Fabaceae. Homospermidine synthase (HSS) was 
recognized as a key enzyme that catalyzes homospermidine formation from polyamines. 
The studies of HSS kinetic and gene sequence revealed that it is of polyphyletic origin and 
raised as a result of deoxyhypusine synthase (DHS) gene duplication. The ability of PAs 
production occurred independently at least four times in course of plant evolution. The 
PAs biosynthesis is tightly correlated with growth phase and biomass production. It is sup-
posed that PAs biosynthesis is individually regulated in different lineages of plants. The PAs 
with a 1,2 unsaturated necine skeleton show toxic activity (hepatoxicity, carcinogenicity, 
genotoxicity, teratogenocity and cytotoxicity). It is though that pyrrolic esters formation 
during the detoxication process in the liver is the main mechanism of PAs toxicity. The pyr-
rolic esters are highly reactive and tend to bind rapidly with nucleophilic macromolecules 
including DNA and DNA-protein inducing hepatotoxicity or tumorigenecity. The problem 
of PAs toxicity cause the restrictions in the production and sale of herbal products. This 
review encompasses the present status of the pyrrolizidine alkaloids in the plants studies 
and summarize the topics of chemistry, biosynthesis, evolution including the involved 
genes, the factors affecting on biosynthesis, accumulation and toxicity of PAs.

Key words: pyrrolizidine alkaloids, metabolic pathways, biosynthesis, deoxyhypusine synthase 
(DHS), homospermidine synthase (HSS), toxicity



128
M. Dreger, M. Stanisławska, A. Krajewska-Patan, S. Mielcarek, PŁ. Mikołajczak, W. Buchwald

INTRODuCTION

The pyrrolizidine alkaloids (PAs) are regarded as typical secondary metabolites 
that illustrate the chemically mediated plant-herbivore interactions. They play a 
key role in the plant defense against the attack of the insects, nematodes, mam-
malians and other herbivores [1, 2]. The PAs derived from the plant are accumula-
ted and utilized by some insects (the butterflies – Arctiidae; Danaidae; Ithomiini-
dae and the beetles – Chrysomelidae) as the defense against predators and para-
sitoids [3-5] or for the production of male pheromones [6, 7]. The PAs produced 
by the grass endophytic fungus increase resistance to insect feeders, drought and 
inhibit the germination of seeds of the others plants [8, 9]. The main biological 
meaning of the PAs is a defense role and, although nowadays it has been intensi-
vely investigated, it is still not enough understood.

The occurrence of PAs in the plant world is scattered in several unrelated bota-
nic families: Asteraceae, Boraginaceae, Fabaceae, Apiaceae, Convolvulaceae, Ce-
lestraceae, Proteaceae, Santalaceae, Sapotaceae, Ranunculaceae, Euphorbiaceae, 
Orchidaceae, Scrophulariaceae, and also Poaceae [10-14]. The most important 
herbal species originated from families: Asteraceae (Tussilago farfara, Petasites sp., 
Senecio sp., Adenostyles alliariae, Eupatorium sp.) and Boraginaceae (Symphytum sp., 
Borago officnalis, Anchusa officinalis, Cynoglosum officinale, Echium sp., Heliotropium 
sp., Lithospermum sp.) [15]. The plants containing PAs are estimated as 3% of total 
plants. The pyrrolizidine alkaloids are ones of the most common toxic compounds 
produced by plants. The cases of intoxication have been noted worldwide and to-
xicity effects of some PAs have been well documented in numerous publications. 
PAs show a special hepatoxic activity [16, 17] and a long-term exposition may 
cause severe damages to heart, lungs, kidneys and lead to the death [18]. 

The problem of PAs toxicity led to the law restrictions in the sale of herbal pro-
ducts. According to the recommendation of E Commission [19], the allowed dose 
of PAs (with a 1,2 unsaturated necine skeleton) with their N-oxides cannot exceed 
10 μg per day in the oral administered herbal products (infusions and teas) and 
not more that 1 μg in plant extract. The legislations of some countries are more 
restrictive, for instance in Austria any plant products containing senecionine or 
senkirkine can not be registered [20]. In Poland the recommendations of E Com-
mission are expressed in the Ministry of Health Regulation from 2003 [21]. 

The law restrictions of PA content eliminated some traditional herbal products 
or significantly reduced use of them, for instance the comfrey or coltsfoot pro-
ducts – the crucial in the treatment of the upper respiratory tracts disorders and 
the caught. 

This review encompasses the present status of the pyrrolizidine alkaloids in 
the plants studies and summarize the topics of chemistry, biosynthesis, evolution 
including the involved genes, the factors affecting on biosynthesis, accumulation 
and toxicity of PAs.
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ChEMISTRy AND TypE OF pyRROLIzIDINE ALkALOIDS

Pyrrolizidine alkaloids constitute a large group of alkaloids containing the pyr-
rolizidine nucleus. The molecules comprises two five-membered rings which sha-
re a nitrogen atom at position 4. The base ring system is an amino alcohol (necine) 
that can be estrified with necic acids or alkaloid N-oxides (except from the oto-
necine-type alkaloids, see fig. 1) [22]. Necic acids are branched-chained mono- or 
di-carboxylic acids containing four to six carbon atoms and are typically unsatura-
ted, hydroxylated or epoxidized. The esters can be divided into monoesters (C9), 
non-macrocyclic diesters (C7 and C9 positions) and macrocyclic diesters (linking 
C7 with C9) of a necine base. The necine can either be saturated or possess a do-
uble bond in the 1,2-position [15, 23]. 

Figure 1. Pyrrolizidine alkaloid structure

In general, PAs have four bases: heliotridine-type, platynecine-type, otonecine-
type and retronecine-type (fig. 2) [15, 24]. Retronecine and heliotridine are enan-
tiomers at C7 position and have received the most attention [25]. For the majority 
of vertebrates PAs are very firmly hepatotoxic, pneumotoxic and genotoxic to 
insects. The hepatotoxic alkaloids have a 1,2-double bond in the pyrrolizidine ring 
and branched chain acids, esterifying a 9-hydroxyl and preferably also the 7-hy-
droxyl substituent, whereas in non-hepatotoxic PAs the necine base is saturated. 
The monoesters are the least toxic group, non-macrocyclic diesters have an inter-
mediate toxicity, being about four times toxic as their respective monoesters and 
macrocyclic diesters are the most toxic compounds within the group of PAs [25]. 
On the other hand it is known that the pyrrolizidine alkaloids of the platynecine - 
type lacking the 1,2-double bond are not toxic.
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Figure 2.  The base types of pyrrolizidine alkaloids and their examples
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The pyrrolizidine alkaloids identified in the medicinal plants (families: Fabace-
ae, Boraginaceae and Asteracea) are presented in table 1. 

Ta b l e  1   

The pyrrolizidine alkaloids identified in plant species among main botanical families: Fabaceae, 
Boraginaceae and Asteraceae (data originated from the literature)

family species kind of pyrrolizidine alkaloids

FA
BA

CE
AE

Cr
ot

al
ar

ia

juncea riddelline [26], seneciphylline [26]

brevifolia integerrimine [26], usaramine [26]

incana anacrotine [26], crotanecine [26], usaramine [26]

quinquefolia monocrotaline [26]

usaramoenensis retrorsine [26]

fulva fulvine [26]

BO
RA

GI
NA

CE
AE

Alkana trinctoria
triangularine [15, 26], 7-angeloylretronecine [15],
dihydroxytriangularine [2],

Anchusa officinalis
clivorine [26], laburnine [15, 25], intermedine [15, 25], 
7-acetyllycopsamine [25], acetyllaburnine [15, 25], lycopsamine [15, 25], 

Borago officinalis
thesinine- 4’-O-β-D-glucoside [27], 
intermedine [25], lycopsamine and their 7-acetyl derivatives  [15], 
amabiline [15], thesinine [15], supinine [15]

Cy
no

gl
os

su
m

officinale

heliosupine [15, 25, 26,28-30], heliosupine N-oxide [28-30], 
12-acetylheliosupine [15], echinatine [15,28,29], 
7-angeloyheliotridine [15, 28-30], 3’acetylheliosupine [28-30], viridiflorine 
[25, 28-30], trachelanthamine [25], 
7-tigloylheliotridine [28-30], rinderine [28-30],
7-angeloylrinderine [28-30], 7-angeloylechinatine [28-30], 
7-angeloyl-1-formyl-6,7-dihydro-5H-pyrrolizine [29], 7-angelolyl-9-(2-
methylbutyryl)heliotridine [29], 7-angeloyl-9-(2,3-dihydroxybutyryl)
heliotridine [29]

furcatum lactodine-monoester alkaloid [31], viridinatine-diester alkaloid [31]

Ec
hi

um

glomeratum

(7S, 8R)-petranine [32], (7S,8S)-petranine [32],
(7R,8R)-petranine [32], (7R,8S)-petranine-comprising  tricyclic pyrrolizidine 
alkaloids subclass [32],
7-angeloylretronecine [32], 9-angeloylretronecine [32] 

vulgare

echimidine [29], retronecine [29], echihumiline [29], hydroxymyoscorpine 
[29], 3’acetylechimidine [29]
7- and 9-angeloylretronecine [29], 
7- and 9-tigloylretronecine [29], 9-senecioylretronecine [29], uplandicine 
[29], 7-(2-methylbutyryl)retronecine [29], 
9-(2-methylbutryryl)-retronecine [29],
7-angeloyl-9-(2-methylbutyryl)retronecine [29], 7-tigloyl-9-(2-
methylbutyryl)retronecine [29], 7-angeloyl-9-(2,3dihydroxybutyryl)
retronecine [29]
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family species kind of pyrrolizidine alkaloids
BO

RA
gI

NA
CE

AE

He
lio

trp
um

arborescens indicine [15, 25], 12-acetylindicine [15, 25]

indicum

indicine [26, 30], heliotrine [26, 29, 30], supinine [26, 30], lasiocarpine 
[29], echinatine [30], europine [30], heleurine [30], lasiocarpine 
(N-oxide) [30], helindicine [30], acetyllasiocarpine [30], heliosupine  [30], 
lycopsamine [33] 

europaeum
heliotrine [26], europine [34], lasiocarpine [34], supinine [35], heleurine 
[35], acetyllasiocarpine [35], 

Lithospermum
officinale

lithosenine [15],12-acetyllithosenine [15]

myosotis scorpioides
symphytine [15, 26], myoscorpine [15], scorpioidine [15], 
7-acetylscorpioidine [15]

Sy
m

ph
yt

um

officinale

echimidine [26, 28], heliosupine [15, 26], lasiocarpine [15, 26], symphytine 
[15, 26, 28], intermedine, lycopsamine and their 7-acetyl derivatives [15, 
28], symlandine [15], symviridine [15, 28], myoscorpine [15], echinatine 
[15], N-oxide [15], heliotrine [15], viridiflorine [15]

tuberosum echimidine [15, 26], symlandine [15], anadoline [15]

caucasicum
the N-oxide of echimidine [15, 26], asperumine [15, 26], echinatine [15, 
26], lasiocarpine [15, 26]

uplandicum
intermedine [26], lycopsamine [26],symlandine [26], symphytine [26], 
uplandicine [26]

asperum

lasiocarpine [26], intermedine [15], echimidine [15], lycopsamine [15], 
symlandine [15], symviridine [15], heliosupine N-oxide [35], myoscorpine 
[15], echinatine [35], symphytine [15], asperumine [15], lasiocarpine [15], 
echumine [15], makrotomine [15], rousorine [15]

Symphytum x uplandicum nyman  
(syn. S  peregrinum Ledeb.)

intermedine and lycopsamine and 7-acetyl derivatives of these alkaloids 
[15], uplandicine [15], symlandine [15], symviridine [15]
myoscorpine [15], symphitine [15], echimidine [15]

Onosma leptantha
echihumiline [36], echihumiline N-oxide  [36], new pyrrolizidine 
alkaloids: leptanthine (2), its corresponding N-oxide 1, and N-oxide of 
3’-O-acetylechihumiline [36]

AS
TE

RA
CE

AE

Adenostyles alliariae senecionine [15], seneciphylline [15], spartioidine [15]

Eu
pa

to
riu

m

cannabinum
intermedine [15], lycopsamine [15], amabiline [15], supinine [15, 26], 
rinderine [15, 26], echinatine [15], viridiflorine [30], cynaustraline [30]

japonicum
amabiline [30], echinatine [30], intermedine [30], lycopsamine [30], 
rinderine [30], suoinine [30], viridiflorine [30], integerrimine [30], 
hastacine [30],

Tussilago farfara

senkirkine  [15, 26, 30, 37], senecionine [15,30], tussilagine [15, 
26, 30], isotussilaginine [15, 30], tussilaginine [15], syneilesine 
[30], acetylsyneilesine [30], integerrimine [30], seneciphylline [30], 
neosenkirkine [30]
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family species kind of pyrrolizidine alkaloids
AS

TE
RA

CE
AE

Emilia sonchifolia senkirkine [15, 26], doronine [15], nilgirine [30], integerrimine [30]

Se
ne

cio

bicolor (Wilid.)
senecinine  [15, 38], integerrimine [38], seneciphylline [15, 38], jacobine 
[15,38], jacoline [38], jaconine [15, 38], retrosine [38],
otosenine [38]

vulgaris
jacobine [26], retrorsine [15,26], riddelline [15, 26], senecionine [15,26], 
integerrimine [15], usamarine [15], seneciphylline [15], spartoidine [15]

nemorensis

retronecine [15], triangularine [15], sarracine [15], saturated platynecine 
type such as 7-and 9-angeloylretronecine [15], fuchsisenecionine 
[15], 7-senecioylretronecine [15], retroisosenine [30], 6-, 7-, 9- 
angeloylplatynecine [30], platyphilline [15], nemorensine [15,30], 
bulgarsenine [15], senecionine [15], retroisosenine [15], doronenine [15, 30]

jacobaea

jacobine [15, 26], senecionine [15, 26], retrorsine [15], senkirkine [26], 
senecivernine [15], integerrimine [15], usaramine [15],
21-hydroxyintegerrimine [15], riddelline [15], seneciphylline [15], 
spartioidine [15], jacoline [15], jaconine [15], jacozine [15]
(Z)-erucifoline [15], (E)-erucifoline [15], acetylerucifoline [15]

platyphyllus platyphilline [26], seneciphylline [26]

brasiliensis integerrimine [26, 29], senecionine [29], retrosine [29], usaramine [29]

aureus floridanine [15], otosenine [15], florosenine [15], senecionine [35]

doronicum doronenine [15], bulgarsenine [15]

cineraria

senecionine [39], jacobine [39], otosenine [39], 9-methyl-dide-
hydroretronecine [39], 5,6-dihydro-7,9-dimethoxy-7H-pyrrolizidine 
[39], senecivernine [39], integerrimine [39], jacoline [39], jaconine [39],  
usaramine [39], florosenine [39], doronine [39]

Pe
ta

sit
es

hybridus
integerrimine [15, 26, 40], petasitenine [15, 26], senkirkine [15, 26, 29], 
senecionine [15, 29, 40], neopetasitenine [15], neoplatyphylline [15], 
isotussilagine [15], tussilagine [15, 29], seniciphylline [29]

spurius
senkirkine [15], farfugine [15], isotussilagine [15], isotussilaginine [15], 
tussilagine [15]

japonicus
petasinine [30], petasinoside [30], senecionine [30], integerrimine [30], 
seneciphylline [30]

Li
ng

ul
ar

ia

platyglossa petasitenine [30], neopetasitenine [30], senkirkine [30]

dentate ligularizine [30], ligularinine [30], clivorine [26]

tsangchanensis O-acetylyamataimine [42], O-acetylyamataimine N-oxide [42]

hodgsonii clivorine [30,41], ligularine [30,41]
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BIOSyNThESIS

The PAs are synthesized from polyamines: putrescine and spermidine. Putre-
scine is a substrate in the secondary metabolism in plants, although, it is also a 
common polyamine in eukaryotes and bacterial. Spermidine is an universal cell-
growth factor involved in many physiological processes in eucaryotes [43]. Both 
putrescine and spermidine derive from arginine. Spermidine is synthesized from 
putrescine and decarboxylated S-adenosylmethionine (SAM). An aminopropyl gro-
up is transfered from decarboxylated SAM to putrescine by spermidine synthase 
(SPDS) [44]. Putrescine may be produced from ornithine by ornithine decorboxy-
lase (ODC) in animals’ organisms. The plant roots are devoid of ODC, therefore, 
putrescine is synthesized via arginine-agmatine pathway [45]. The first pathway 
specific step of pyrrolizidine alkaloid biosynthesis is homospermidine formation 
catalyzed by homospermidine synthase (HSS). The aminobutyl moiety is transfer-
red by HSS from spermidine in an NAD+-dependent reaction to putrescine [46-
49]. This reaction has been shown in the root culture of Senecio species fed with 
radioactive precursors [50]. The necine base moiety is formed from homosper-
midine by oxidative deaminations and converted into senecionine [43]. The final 
products are N-oxide forms of alkaloids. If the oxidation of diamine is inhibited 
(β-hydroxyethylethylhydrazine-inhibitor)-homospermidine is accumulated until 
the inhibition is released [46].

The sites of synthesis may very among species – in Heliotropum indicum (Bo-
raginaceae) plants PAs are synthesized in shots whereas in Symphytum officinale 
in roots only [51]. The first step of PAs biosynthesis in Asteraceae takes place 
in the roots [49, 50, 52, 53]. The next steps – the conversion of N-oxides into 
specific alkaloids take place in the underground parts of the plants – leaves and 
inflorescens [43]. The comparative studies on five Senecio species revealed that 
N-oxides senecionine is transformed into species-specific alkaloids patterns, the 
transformation takes places in shots (leaves, stems and inflorescences) and may 
vary quantitatively and qualitatively among different organs. The transformation 
encompasses one- or two-step reactions (hydroxylation, dehydrogenation, epo-
xidation, acetylation etc.) and results in the unique bouquet of the pyrrolizidine 
alkaloids for the species. The PAs are spatially mobile and slowly allocated over 
the plant. They are mainly accumulated in the inflorescense (60% – 80%) in Senecio 
plants [10]. In Phalenopsis sp. orchids PAs are allocated in young organs but the 
highest concentration of them was found in flower buds [53].

The diversification in PAs accumulation in different organs may indicate a de-
fensive strategy against herbivores. The distribution of PAs are highly plastic and 
dynamic, however, the final products do not underlie the turnover [10]. 

The studies on Senecio sp., Symphytum sp., Petasites sp. plants demonstrated the 
chemical diversity and genetic variation of chemotypes in different populations 
[39, 40, 54-57]. The detailed genetic studies on Senecio jacobea plants revealed 
large phenotypic variations in the total contents and relatively amounts of major 
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individual of PAs [58]. It suggests that natural selection may reinforce and consoli-
date variation in PAs concentration and composition in the different populations of 
S  jacobea [10]. Thus both the genetic and the ecological factors play main roles in 
variability and chemical variation between and within plant populations. 

The structural similarities to pyrrolizidine alkaloids demonstrate the lolines – 
the compounds produced by grasses infected by endophytic fungal symbionts [9] 
that are suggested to increase tolerant for biotic and abiotic stress. Their chemi-
cal structures are necine ring containing tertiary amine. The lolines are insectici-
dal but not hepatotoxic for mammalian herbivores. The biosynthesis pathway of 
lolines are completely different – they are not made from polyamines like the rest 
of pyrrolizidine alkaloids [9], since lolines are formed from amino acids: L-proline 
and L-homoserine [59, 60]. The genetic studies confirmed the separated biosyn-
thetic pathways [61, 62]. Nowadays, the lolines have been intensively studied and 
new clues for the biosynthesis and endophytic correlations are reported.

EvOLuTIONARy ORIgIN OF pAs BIOSyNThETIC pATwAy

The HSS exhibits highly similarity to deoxyhypusine synthase (DHS) – an enzyme 
involved in the primary metabolism, which participates in post-translational activa-
tion of translation initiation factor 5A (eIF5A). DHS transfers aminobuthyl moiety of 
spermidine like HSS but the acceptor of this moiety is not putrescine but factor 5A 
(eIF5A) [64-66]. This is two steps process: first aminobuthyl moiety of spermidine 
is linked to a specific protein bound lysine residue forming deoxyhypusine. In the 
next step it is hydroxylated to hypusine activating eIF5A protein [14, 66]. The reac-
tion is NAD+ dependent and diaminopropane is released. The studies on hypusi-
ne formation revealed that eIF5A is essential for the cell proliferation, growth and 
survival [64, 67]. There are evidences indicating the various role of the eIF5A from 
translation to mRNA to nuclear protein export and also in germination, senescence 
and apoptosis [68-70]. The studies on DHS mRNA expression shows that this gene 
acts on plant growth, development and senescence [67, 71, 72]. The transgenic to-
bacco plants with virus-induced silencing of DHS gene exhibited the delay in natural 
senescence, bolting and fruiting, the increasing of biomass (only in lower humidity), 
decreasing the seeds yield and the lower chlorophyll content [70]. 

The studies on Senecio vernalis DHS and HSS recombinant revealed that HSS 
gene is a result of DHS gene duplication [14, 65, 66, 74]. The kinetic analyses of 
DHS and HSS established the identity of two enzymes with one exception: DHS 
is unable to bind the eIF5A factor. It has been shown that DHS was able to accept 
not only eIF5A but also putrescine and thus the formation of homospermidine 
[65, 66]. This side activity of DHS is interpreted as a remain of the past activity 
that was lost in evolutionary process. The homospermidine is found in almost all 
analyzed plant species but only in trace amounts [14]. This fact supports the Hu-
ghes’ [75] evolutionary model that supposes the bifunctional activity period of an-
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cestoral gene after duplication. Therefore, HSS is thought to be a duplicated gene 
of DHS that lost the ability to bind the eIF5A factor but retaining all properties 
including homospermidine formation [14]. The sequences encoding HSS and DHS 
are almost identical and highly conserved – the degree of amino acid identity in 
single plants is ranged between 70% (Phalenopsis sp. Orchids) and 90% (Ateraceae) 
[14, 76]. Only in Senecionae hss genes lost one of the six introns [12].

The plants that can produce PAs are scattered within angiosperms among many 
unrelated families. Moreover, the ability of PAs biosynthesis is also noted in mono-
cotyledon – in a few species of Poaceae [13, 76]. This fact may suggest a very early 
origin of PAs biosynthesis from the common ancestor or the independently repe-
ated evolution in the separated lineages. The phylogenetic studies demonstrated 
that duplication dhs gene had occurred in plant evolution at least four times – at 
the earliest in Boraginaceae, the monocot lineage and twice in Asteraceae (inde-
pendently in subfamilies: Senecioneae and Eupatorieae) [12, 66]. The most recent 
studies on monocot lineages (Poaceae and Orchidaceae) suggest that gene dupli-
cation occurred early just before diversification of the separated lineages [76].

In their most recent work, Abdelhady and coworkers transformed tobacco 
plants with HSS of Senecio vernalis under the control of 35S promotor of cauliflo-
wer mosaic virus to simulate the probable evolutionary PAs biosynthesis path-
way [77]. The results revealed the significant increase of homospermidine level 
(over 65-fold) in the transformed plants in comparison to the wild type plants. 
The drastic increase of homospermidine content effected on the putrescine and 
spermidine levels – the decrease from 20% and 80% was noted respectively while 
no changes in growth and phenotype of transformed plants were observed. The 
authors suggested several explanations: the reduced spermidine level was suffi-
cient to maintain the base cellular physiological processes and the normal pheno-
type was kept. The another explanation postulates that homospermidine might 
be able to compensate the reduction of spermidine level and replace its functions. 
It has been documented that DHS is able to accept homospermidine instead of 
spermidine with the same efficiency [65, 66]. In the experiment the total content 
of spermidine and homospermidine in transgenic plants was almost identical to 
the wild type suggesting the substitution of these triamines. In the transformed 
plants the spermidine synthase competed with HSS for putrescine as the substra-
te that might explain the reduced level of this polyamine. Although HSS was acti-
ve, the transgenic plants, did not produce pyrrolizidine alkaloids. The high level of 
homospermidine was not sufficient to initiate the next steps of PAs biosynthesis.

The recent view on the pathway evolution suggests that it is not a matter of ge-
nes duplication but rather it involves regulatory genes that control more than one 
pathway [77]. The authors postulate diamine oxidation as a candidate and suggest 
that it might be a “bottle neck” enzyme in PAs next steps of the biosynthesis. 
However, the studies on PAs biosynthesis and its evolutionary origin are still not 
enough to explain how the biosynthetic pathway is controlled and regulated as 
well as what factors effect on it. 
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REguLATION OF pAS BIOSyNThESIS 

The PAs biosynthesis is a strictly regulated and coordinated process both 
developmentally and spatially [10, 12, 53]. It has been proved that different ty-
pes of tissues involve HSS expression within Asteraceae family [49, 52, 68] and 
in Phalenopsis orchids [53]. In all cases HSS expression is restricted to specific 
cells or tissues dependent on their growth and developmental stage [14]. In 
Senecionae (Asteraceae), HSS is expressed exclusively in specialized cells in the 
cortex parenchyma and in endodermis of the roots [68]. It suggests that whole 
PA biosynthetic pathway takes place in roots and then PAs are transported by 
vascular tissues (the proximity of them and HSS express cells are striking). The 
HSS is expressed in E  cannabinum roots – in all cortex cells with exception 
of endodermis [49]. In the Phalenopsis plants, both the tips of the aerial roots 
and the young flower buds are the places of PAs biosynthesis [53]. The HSS is 
also expressed in young flower buds but just before opening the flowers the 
biosynthesis is switched off, despite the PAs level remains high. The same phe-
nomenon was observed in Eupatorium plants – as soon as the developmentally 
growth stops and the flowers are open, HSS expression is switched off. In Sene-
cio vernalis plants no developmentally regulation was observed. The regulation 
mechanism is supposed to ensure the constant PAs level in the biomass and PAs 
are synthesized as long as the biomass is produced [14]. These data support an 
idea of the individually regulated PAs biosynthesis in different lineages of the 
plants. Moreover, the regulatory elements controlling HSS expression have evo-
lved independently and individually [14].

The developmentally regulated spatial expression pattern was also found in 
biosynthesis of tropane alkaloids and nicotine biosynthesis – the other impor-
tant compounds in plants. A first enzyme in the nicotine-specific pathway – a 
putrescine N-methyltransferase (PMT) and isoflavone reductase are both expres-
sed specifically in cortex and endodermis of the roots tips [78]. The alkaloids or 
their intermediates are moved from the synthesizing cells to neighbor tissues 
and transported via vascular system to accumulating cells [78]. The transport ne-
eds a special alkaloid carriers. An multidrug-resistance ATP-binding cassette (ABC) 
transporters associated with xylem parenchyma are involved in berberine and also 
in the others tropane alkaloids transport [43]. The translocation of N-oxides from 
roots to shoots via phloem needs the specific carriers responsible for the selective 
uptake and the accumulation in the vacuoles [79, 80]. The transporter system of 
the PAs has been not identified and characterized so far. 

It is suggested that the feed stress stimulates the enhancement of PAs biosyn-
thesis. The studies on alkaloids level in Cynoglossum officinale (Boraginaceae) and 
on Senecio jacobea (Asteraceae) are not equivocal [81-83]. In the experiments the 
PAs content was elevated after cutting off 50% of the leaves in intervals: 3, 6, 12, 
24 and 48 hours. The PAs concentration decreased within 6-12 hours in the dama-
ged Senecio jacobea plants while in Cynoglossum officinale was doubled compared 
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to control values within 24 hours [82]. The similar tests with Cynoglossum officinale 
did not confirm the inducible role of the demage stress [81]. The authors conc-
luded the changes in PAs distribution over the plants resulted from transport of 
PAs within the plants and questioned the role of the damage stress in PAs induce. 
The study on Senecio jacobea plants (three genotypes) revealed the weak response 
to root damage on the PAs content in the shoot while the shoot damages caused 
the decrease of PAs level in the roots [83]. The authors assumed that allocation of 
the PAs depended on plant genotype. The changes in the composition of PAs was 
observed only in one genotype – the shoot damage increased erucifoline concen-
tration in shoot and decreased senecionine level in the roots. 

The main conclusion is that herbivory attack does not induce the enhancement 
of PAs production de novo but rather affects the allocation and the composition of 
alkaloids in the attacked plants. 

The changes in concentration of different PAs in Senecio jacobea plants in re-
sponse to nutrients addition were noted [84]. The decrease of PAs concentration 
(except jacobine) was noted while the nutrient supply was increasing. The total 
amount of PAs in whole plants was not influenced by nutrient supply. The authors 
explain the changes in PAs production as the effect of the biomass changes during 
the experiments.

Nowadays, the effect of rhizoshere fungal communities on PAs content and 
composition has been intensively studied. The report on Senecio jacobea indica-
ted that plants with high jacobine level suppressed the growth of microbes by 
inducing a lower diversity of fungi in the rhizoshere compared to plants with low 
jacobine level [85]. The most recent study on Jacobea vulgaris (syn. Senecio jacobea) 
revealed that soil-type and soil-borne microorganisms influenced the composi-
tion of PAs in roots and shoots of the plants by changing the concentration of 
specific alkaloids [86]. The level of retrosine and retrosine N-oxide raised in the 
plants grown on soil inoculated with non-sterilized soil. The level of jacobine and 
jacobine N-oxide in plant’s shoots was raised too. The strong negative effect on 
plant growth was found in the sterilized soil inoculated with their own microbial 
community. The results demonstrated that inoculation sterilized soil with only 5% 
of non-sterilized soil had a great impact on the plant growth and PAs composition 
but not a total PAs content. 

There are limited reports on mutual relations between microorganism and 
plants and a role of microorganism in the synthesis of Pas. The intensive studies 
focused on these topics have been carried on. 

TOxIC ACTIvITy OF pyRROLIzIDINE ALkALOIDS

The presence of PAs in the herbal raw material is highly undesirable due to 
toxic activity of pyrrolizidine alkaloids. There are numerous reports concerning 
hepatotoxicity, carcinogenecity and genotoxicity of PAs [16, 87-94].
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The pyrrolizidine alkaloids are responsible for human poisoning as a results of 
the contaminated food and the medicinal plants (dietary supplements and teas) 
consumption. The intoxication cases have been noted worldwide: in Europe [18, 
90, 91], Uzbekistan [95, 96], Tadjikistan [97], Afghanistan [98, 99], India [100, 101], 
Africa [102, 103] and the USA [104-106]. The PAs have also caused the economic 
damages to livestock: horses, cattle, sheep and others [107-110]. Moreover, the PAs 
have been found also in food products like milk, eggs, meat and honey [22].

More than 660 PAs have been identified and about half of them have been 
reported to cause liver damages [94]. In general, PAs that consist of unsatura-
ted necine base are hepatotoxic, whereas those with saturated necine moiety are 
non-toxic. PAs require the metabolic activation in liver to exert their hepatotoxi-
city. The oxidation of the necine base to the pyrrolic ester (dehydropyrrolizidine) 
derivates is the first step leading to toxicity including cytotoxicity, hepatotoxicity, 
genotoxicity and tumorigencity [93, 94]. Depending on the type of PA, the for-
mation of pyrrolic esters proceeds in different manners. In the retronecine- and 
heliotridine-types it occurs by the hydroxylation of the necine base (at C-3 or 
C-7) and the next spontaneous dehydratation. In the ontonecine – type of PAs, 
oxidative N-demethylation followed by spontaneous ring closure through the eli-
mination of formaldehyde and then dehydration is needed to form pyrrolic esters 
[94]. The pyrrolic esters are highly reactive and tend to bind with nucleophilic ma-
cromolecules rapidly, inducing hepatotoxicity or tumorigenecity if they bind DNA 
leading to DNA-cross linking and DNA adducts formation [93]. The pyrrolic esters 
metabolites may bind with glutatione (GSH) and forming glutathione conjugates. 
This reaction is recognized as the self defending mechanism preventing intoxication 
[93]. N-Oxidation (only in the retronecine- and heliotridine-types of PAs) is the ano-
ther metabolic intoxication pathway that generates N-oxides which can be reduced 
back to the parent PAs and then undergo metabolic activation to pyrrolic alcohols 
referred to as secondary toxic metabolites [94]. Both C-oxidation and N-oxidation 
reactions are metabolized by microsomal cytochrom P-450 (CYP) monooxygenases 
and CYP3A. The pyrrolic esters react in the site of formation in the hepatocytes. 
They can also pass to the adjacent sinusoids and react with endothelial cells of 
hepatic veins leading to hepatic Veno-Oclusive Disease (VOD) and resulting in liver 
failure [91]. Sometimes pyrrolic esters can reach the lungs and heart and also bind 
with red blood cells causing the lung damages [111]. Although there is no evidence 
that the pyrrolizidine alkaloids poisoning can cause the liver cancer in humans [11], 
the animals tests demonstrated undoubtedly the tumorigencity activity of PAs [112-
116]. The liver tumor is thought to be induced through the genotoxic mechanism 
mediated with DHP - derivated DNA adduct formation. The reactive sides of the pyr-
rolic esters with DNA are C-7 or C-9 positions with the cyclic nitrogen in guanosine 
[117]. They are capable to bind to DNA and protein to form DNA cross-linking and 
DNA-protein cross-linking [118-120]. The DNA adducts formation is also thought to 
be responsible for mutagenocity and teratogenecity of PAs [119]. For example the 
dose dependent mutagenic effect was observed in Drosophila melanogaster assay 
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[121, 122]. The chromosome damages in human lymphocytes in in vitro study indu-
ced by senkirkine and tussilagine was demonstrated [92]. The inducible role of PAs 
in apoptosis of human cell lines was noted, too [123].

On the base of human PAs toxicity studies, WHO-IPCS [35] established that da-
ily PAs intake of 10 μg/kg bw may lead to veno-occlusive disease in humans. The 
Australian New Zealand Food Safety Authority (ANZFSA) proposed a provisional 
tolerable daily intake (PTDI) of PAs in a dose of 1 μg/kg b.w. per day [11]. The sug-
gestion of ANZFSA has been accepted and maintained by European Food Safety 
Authority in its 2007 report [25].

CONCLuSIONS AND FuTuRE pROSpECTS

Although the basis of PAs biosynthesis and its origin are known, the subse-
quent steps and especially the regulation mechanism are still poor understood. 
The searching and identification of new enzymes of PAs pathway are necessary 
to explain how it works and how it has evolved. In particular the studies of genes 
expression of the involved enzymes are crucial for the determining of the control 
and regulation system. 

Without this knowledge and experimental data we are not able to control or 
use this promising system of safe pharmaceutical raw material production. No-
wadays, much efforts are taken to eliminate or minimize the PAs content in the 
plants to obtain the safe raw material by searching and selection of low alkaloids 
plants lines [124, 125]. 

The manipulation of the acting factors involved in PAs production is an at-
tractive idea as far as we will learn to control native gene expression in alkaloid 
biosynthesis. The missing gene of the PAs pathway is needed to complete as well 
as the specific signaling pathway. Moreover we have to know how it is integrated 
into general signaling cascades of the plant development and hormonal regula-
tion [78]. It is necessary to know which alkaloid-specific transporters affect the 
accumulation and diversification of pyrrolizidine alkaloids and how they work. 
The role of the symbiotic microorganisms in the production of pyrrolizidine al-
kaloids and their relations with plants are next topics that might provide the 
new scope for searching and implementations. We still know very little about 
the mutual interactions between plants and microorganisms and their role in se-
condary metabolites productions. The co-evolution of plants and fungi/bacteria/
insects suggests that some enzymes or intermediates of the metabolic pathways 
may be present also in microorganisms that colonize the plants. They might have 
evolved a detoxification system for antifungal and antibacterial toxins or might 
have evolved metabolic enzymes that catabolize plant secondary products for 
their nutrition [78]. The most known example is the degradation of salicic acid 
by Pseudomonas putida salicylate hydrolase in transgenic Arabidopsis plants [126]. 
The idea of the exotic genes (enzymes) from various organisms that interact with 
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plants seems to be a promising in the plant engineering metabolic pathways. The-
se exotic genes may be introduced into plants in order to reduce the level of ac-
cumulating alkaloids considerably or may be used in enzyme-linked assays to me-
asure alkaloid content in plant extract [78]. The current study progress in genomic 
and molecular techniques create a hope that all enzymes from a given pathway 
will be cloned for several alkaloid classes. In future the results of studies focused 
on the metabolic pathways and regulation mechanism may enable designing and 
engineering of the plants which produce desirable alkaloids level or the plants 
that accumulate alkaloids in the proper phase of growth in the suitable organs. 

Nowadays, the new pyrrolizidine alkaloids have been still identified and also have 
been synthesized to find the new compounds with promising pharmacological ac-
tivities or the new important economical implementation. For example, the neuro-
protective and antioxidant activities of ethyl acetate fraction extract from Tussilago 
farfara as the potential treatment in the neurodegenerative disorders were reported 
by Cho and coworkers [127]. The most current works indicate the new application 
of plants containing pyrrolizidine alkaloids: as a source of a novel effective antitripa-
nosomal treatment against Trypanosoma brucei brucei [128] and also as the biological 
control tool against the root nematode management [2, 129].

The pyrrolizidine alkaloids are still fascinating and promising group of secondary 
metabolites. The future studies focused on their biosynthetic pathways and reco-
gnition of control mechanisms will allow to produce the valuable and safe raw ma-
terial or to find the new applications for plants containing pyrrolizidine alkaloids.
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S t r e s z c z e n i e

Alkaloidy pirolizydynowe (PA) to metabolity wtórne, które stanowią potężną broń roślin 
stosowaną w reakcjach obronnych przeciwko roślinożercom. Występują w kilkunastu nie 
spokrewnionych ze sobą rodzinach botanicznych, szczególnie często wśród przedsta-
wicieli Asteraceae, Boraginaceae i Fabaceae. Stwierdzono, że syntaza homospermidyny 
(HSS) jest kluczowym enzymem katalizującym powstawanie hompspermidyny z poliamin. 
Badania kinetyki enzymu oraz sekwencji genów ujawniły jego polifiletyczne pochodzenie: 
powstał on w wyniku duplikacji genu syntazy deoksyhypuzyny (DHS). Zdolność do produk-
cji alkaloidów pirolizydynowych pojawiła się w toku ewolucji przynajmniej cztery razy 
niezależnie w różnych liniach rodowych. Biosynteza PA jest ściśle związana z fazą wzrostu 
i produkcją biomasy. Przypuszcza się, że biosynteza tych związków jest odmiennie regu-
lowana (indywidualnie) w różnych grupach roślin produkujących alkaloidy. PA pochodzące 
od necyny z podwójnym wiązaniem w położeniu 1,2 ich estrów działają toksycznie: hepa-
totoksycznie, rakotwórczo, cytotoksycznie, teratogennie i mutagennie. Za główny mecha-
nizm prowadzący toksyczności uważa się formowanie piroli PA (estry dihydropirilizydyny), 
które powstają w procesie detoksykacji w wątrobie. Bardzo reaktywne pirole wiążą się 
z dużymi cząsteczkami protein i kwasów nukleinowych, a także kompleksów DNA-białko, 
powodując działanie hepatoksyczne i rakotwórcze. Problem toksyczności alkaloidów piro-
lizydynowych skutkuje ograniczeniami i restrykcjami w produkcji i sprzedaży produktów 
zielarskich zawierających rośliny produkujące PA. 
Praca przedstawia obecny stan badań dotyczących alkaloidów pirolizydynowych i obejmuje 
takie zagadnienia jak: budowa chemiczna, biosynteza, ewolucja z uwzględnieniem powiązanych 
genów oraz czynniki wpływające na biosyntezę i gromadzenie, a także toksyczność PA. 

Słowa kluczowe: alkaloidy pirolizydynowe (PA), szlaki metaboliczne, biosynteza, syntaza deoksy-
hypuzyny (DHS), syntaza homospermidyny (HSS), toksyczność




