Pyrrolizidine Alkaloids | Encyclopedia.pub

Pyrrolizidine Alkaloids

Subjects: Chemistry, Analytical
Contributor: Bruna Tabuas , Silvia Cruz Barros , Catarina Diogo , Carlos Cavaleiro , Ana Sanches Silva

Pyrrolizidine alkaloids (PAs) are a group of natural compounds that are present in several plant families, among
which the most predominant are Boraginaceae, Asteraceae, and Fabaceae, and are produced as a defense
response against herbivores. PAs are known for their toxicity and for posing an elevated risk to human and animal

health when consumed in large quantities over long periods of time.

pyrrolizidine alkaloids toxicology metabolism chromatography

| 1. Chemistry of PAs

PAs are organic compounds characterized by the heterocyclic nucleus of pyrrolizidine, hydroxymethylated at
position 1 (necine), and generally esterified with aliphatic acids, which are generically referred as necic acids 1
(Figure 1).
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Figure 1. Fundamental structures of PAs. From left to right: (A) pyrrolizidine, (B) 1-hydroxymethylpyrrolizidine

(necine), and (C) necine diester.

In most cases, the necine base, in addition to the hydroxymethyl at C-1, is also hydroxylated at C-7. This hydroxyl
can also be esterified, and depending on whether esterification occurs at one or both hydroxyl groups (positions C-
7 and C-9), PAs can be monoesters or diesters and, in the latter case, open-chain esters or cyclic esters & (Figure
2).
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Figure 2. Different types of esterification of PAs. From left to right: (A) monoester, (B) open-chain diester, and (C)

cyclic diester.

Depending on the structure of the necine base, PAs can be divided into four main types: retronecine, heliotridine,
otonecine, and platynecine (Figure 3). Retronecine, heliotridine, and otonecine types include PAs derived from 1,2-
unsaturated pyrrolizidine (unsaturated bases), while those of the platynecine type are derived from the saturated
base. From a structural point of view, the otonecine type is the most peculiar, as it is derived from a monocyclic
base, has a carbonyl group at C-8 and a methylated nitrogen. Retronecine- and heliotridine-type PAs are
diastereoisomers at C-7 2. Besides these main types of necine bases, there are other types; however, they are of

minor significance.
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Figure 3. Structures of the most common necine bases. From left to right: (A) retronecine, (B) heliotridine, (C)

otonecine, and (D) platynecin.

PAs normally occur in the form of tertiary bases or of their N-oxides, often coexisting in both forms. PANOs are
ionic structures resulting from the oxidation of the nitrogen atom of the necine base Bl and they correspond to the

most predominant form in plants (4] (Figure 4).
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Figure 4. From left to right: (A) retronecine and (B) retronecine N-oxide.

Compared with tertiary bases, which are soluble in non-polar organic solvents and in some polar organic solvents,
PANOs are soluble in water, methanol, and other polar organic solvents [&. These characteristics are relevant in
the physiological processes of transport and storage of PAs and have significance for the laboratory procedures of
extraction and analysis. All known PAs are capable of forming N-oxide derivatives, except those of the otonecine

type 2,

Although necine bases are structurally related, necic acids have a wide structural diversity. They are aliphatic,
monocarboxylic, or dicarboxylic acids, most with branched carbon chains and hydroxy and alkoxy substituents.
Acetic, angelic and tiglic, trachelantic and viridifloric acids (monocarboxylic acids), and senecic and isatinecic acids

(dicarboxylic) are examples necic acids (Figure 5). Necic acids with aromatic systems are rarely found &,
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Figure 5. Common necic acids. From left to right: first ro—monocarboxylic acids: (A) acetic acid, (B) angelic acid,
(C) tiglicic acid, (D) trachelantic acid, and (E) viridifloric acid; second row: dicarboxylic necic acids: (F) senecic acid,

and (G) isatinecic acid.

The combination of different necine bases with many necic acids results in the huge diversity of PAs [&. The N-

oxidation of the tertiary nitrogen of the necine base multiplies this diversity [4! (Figure 6). Hundreds of PAs have
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already been described, and new variants continue to be discovered 41,

Figure 6. Diversity of PAs exemplified with retronecine derivatives. From left to right: (A) senecionine and (B)

senecionine-N-oxide (cyclic diesters); (C) triangularine and (D) triangularine-N-oxide (open-chain diesters).

It is also common to group PAs into types defined by the binding patterns between necine bases and necic acids 4
or by the plant taxa where they were originally identified. According to Hartmann and Witthe, based on the
combination of necine base and the necic acids, it is possible to classify them into five groups. The first and largest
group are the senecionine-type PAs, which are found mainly in the Fabaceae family and the Senecionaeae genus
(of the Asteraceae family). The triangularine-type PAs represent the second group typical of the Boraginaceae
family and Senecioneae genus. The third type is the lycopsamine-type PAs that can be found in Boraginaceae. The
fourth group is is monocrolatin-type PAs, predominant in the Fabaceae family. The phallenopsin-type PAs that can

be found in some species of Boraginaceae 2418 (Table 1).

Table 1. Examples of PA-producing plants and their PAs.

Family Genus Species (e.g.) Type of PA PAs

. Monocrotaline
Monocrotalin-type

Aucherine
C. albida
Fabaceae Crotalaria spp. c assamica SeneC|on!ne
C. pallida Platyphylline
C. sessiliflora Senecionine-type Rosmarinine
Senecivernine
Nemorensine
S. jacobaea
S. wulgaris L.
S. nemorensis L. Triangularine
Senecio spp. S. argunensis Triangularine-type Sarracine
S. integrifolius (L.) Macrophylline
S. scandens
Asteraceae

S. longilobus

E. cannabinum
E. chinense Lycopsamine-type Acetylechimidine and isomers
E. japonicum Echimidine and isomers
E. fortunei

Eupatoriae spp.
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Family Genus Species (e.g.) Type of PA PAs
. Europine
Boraginaceae  Heliotropium spp. H. arborescens Lycopsamine-type Heliotrine

H. indicum Phalaenosine-type . .
Lasiocarpine

The biosynthesis of necine bases begins with the decarboxylation of the amino acids L-arginine and L-ornithine,
which leads to the formation of putrescine @45 Next, the formation of the precursor of the necine bases—
homospermidine—occurs, for which two theories have been proposed: one that argues that homospermidine
results from the condensation of two putrescine molecules 8 another that argues that the formation of
homospermidine results from the reaction between a putrescine molecule and another spermidine molecule (4,
Regardless of the precursors used, the formation of homospermidine, a key step in the biosynthesis of PAs, is
catalyzed by homospermidine synthase. Homospermidine is then cyclized to the corresponding iminium ion, which,
in turn, is reduced and cyclized, giving rise to isoretronecanol, trachelantamidine, and rosmarinecine, which are all
necine bases. Subsequently, through hydroxylation and dehydration, retronecin and heliotridine are obtained. From

retronecin and via subsequent hydroxylations and methylations, otonecine is obtained (5] (Figure 7).

NH> NH, CHO OH
NH,
H — —_— . e
N N+ N N

Homospermidine iminium ions isoretronecanol
Figure 7. Necine-based biosynthesis (Adapted from: &),

Although necine bases are synthesized through a common pathway, necic acids can have distinct biosynthetic
origins. Some of them, such as acetic acid, are products of the plant’s primary metabolism . The others are
mostly derived from aliphatic amino acids, such as L-threonine, L-valine, L-leucine, and L-isoleucine [ the latter
having a central role as a precursor of necic acids 8 (Figure 8). Regarding the formation of monocarboxylic acids,
such as angelic, tiglic, or sarracinic acids, mainly threonine and isoleucine are involved. The biosynthesis of
trachelantic, viridifloric, or senecioic acids mainly involves valine as a precursor. Finally, dicarboxylic acids, such as

senecic acid, are mainly formed from isoleucine and threonine (2]14],
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Figure 8. Amino acids involved in the biosynthesis of necic acids. From left to right: (A) L-threonine, (B) L-valine,

(C) L-leucine, and (D) L-isoleucine.

The biosynthesis of PAs occurs fundamentally in roots [2l. However, it has also been described that the biosynthetic
process can occur in specific young leaves 19, These compounds are almost exclusively available and stored in
the form of N-oxides, which, owing to their high-water solubility, can be easily transported to other plant organs. At

any time, PANOSs can be reduced to their respective tertiary amines.

It is estimated that approximately 6000 plant species have the capacity to produce one or more of the PAs and
PANOSs already identified. This fact probably makes PA-producing plants the most common group of toxic plants,
capable of affecting both animals and humans. PAs are mostly found in Angiosperms, in the families Asteraceae
(tribes Senecioneae—where the genus Senecio stands out—and Eupatorieae), Boraginaceae (all genera,
highlighting the genus Heliotropium of the subfamily Heliotropioideae and the genera Echium and Symphytum of

the subfamily Boraginoideae), Fabaceae (genus Crotalaria), Orchidaceae, and Apocynaceae [EIEI11],

Some of these plants are used as cover crops for soil improvement, ornamental plants or as animal feed. Among
them, there are some species of the genera Heliotropium and Crotalaria, which are common weeds in crop fields,

whereas others are particularly appreciated as melliferous plants (family Boraginaceae) 8,

Most PA-producing plants produce several different PAs that can be found in different concentrations. In a way, the
different structural types of PAs are typical of certain taxa, although there are some overlaps. Senecionin-type PAs
(such as jacobine, jacoline, jaconine, retrorsine, senecionine and seneciphylline) are characteristic of the tribe
Senecioneae (of the Asteraceae family), but also of the Fabaceae family, particularly the genus Crotalaria.
Lycopsamine-type PAs (which include echimidine, lycopsamine, and vulgarine) appear particularly in the
Boraginaceae family, but also in the Eupatorieae tribe of the Asteraceae family. The heliotrine type (which has
europine, heliothrine and lasiocarpine as Pas) is typical of the genus Heliotropium (from the Boraginaceae family.
Monocrotaline-type (for example, 6 ulvene, monocrotaline, and tricodesmine) appear most frequently in the
Fabaceae family, more precisely, in the genus Crotalaria. The triangularine-type is predominantly found in the
Senecioneae tribe and the Boraginaceae family. Phalaenopsin-type PAs are found in the Orchidaceae family. With
regard to necic acids, monocarboxylic acids are characteristic of the Boraginaceae family and macrocyclic diesters

are characteristic of the Asteraceae family.

The biosynthesis of PAs, which is dependent on genetic variation and heredity, is regulated differently during plant
development. The occurrence and number of PAs vary greatly, depending on the species and part of the plant. For
example, in the genera Senecio and Eupatorium (family Asteraceae), PA synthesis is restricted to the roots. It is
also influenced by other factors such as climate and soil properties, namely nutrients, water quantity, and herbivore

infestations ! (Figure 9).
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Figure 9. Main factors influencing PAs occurrence and contents in plant material.

| 2. Metabolism and Toxicity of PAs

It is estimated that approximately half of the known PAs are toxic 12, meaning that the consumption of plant
products originating from numerous species or products derived from them may imply a risk of toxicity. In this
regard, the genera Heliotropium and Crotalaria are particularly relevant, which include the species most commonly

associated with poisoning in humans 8.

The toxicological effects of acute exposure of humans and livestock to PAs are known and well documented in the
literature. The majority of cases reported in humans are related to the consumption of medicines and herbal dietary
supplements, vegetable infusions, cereals, or products derived from them contaminated with seeds from plants
producing PAs, honey, and dairy products. These events are mostly related to products produced in regions of
Central Asia, Afghanistan, and India, with a direct relationship with periods of meteorological drought, which favor

the development of weeds and contamination of crops (8.

Some of the documented cases are related to wheat flour contaminated with Heliotropium seeds and qurut—a
goat’'s milk cheese common in Central Asia—where PAs characteristic of Heliotropium and Crotalaria species were
detected 23],
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In Europe, occurrences are rare 2 and the risk of acute poisoning due to PAs is considered low, both by the
German Federal Institute for Risk Assessment (BfR) and the European Food Safety Authority (EFSA) [1415]
However, the potential health risks from chronic exposure to low doses have been the cause of recent concern
from European regulatory authorities—EFSA and the European Medicines Agency (EMA) (28! motivated, above all,
by the detection of significant amounts of PAs in various foods, as well as in herbal medicines and food
supplements 41,

This concern is also because there is little toxicological information on most PAs, and their molecular mechanisms
of toxicity are not fully understood 2. All this apprehension is reinforced by the knowledge, for several decades
now, of the acute toxicity, genotoxicity, and carcinogenicity of some of these compounds in laboratory animals [€IL3]
[18][19]

PAs are rapidly absorbed in the gastrointestinal tract, with cutaneous absorption estimated to be of little
significance. Compartmental studies have revealed distribution mainly in red blood cells, liver, kidney, lung, and

plasma [8l. Because of their lipophilic properties, some PAs are capable of crossing the placental barrier 17,
The catabolism of PAs involves three metabolic pathways.

In general, the metabolization pathways vary according to the necine base; therefore, for retronecine- and
heliotridine-type PAs, there are three metabolization pathways:

» Hydrolysis of the ester groups to form the necine base and the corresponding necic acids.

» N-oxidation, for conversion to PANOs.

» Enzymatic hydroxylation of the necine base at the C3 or C8 position to form the respective hydroxynecine
derivatives and further C-oxidation, leading to the formation of reactive intermediates pyrolytic esters (DHP) 12
[201[21][22]

On the other hand, otonecine-type PAs have only two main metabolic pathways:

» Hydrolysis of the ester groups to form the corresponding necine bases and necic acids.

» Formation of the corresponding pyrrolic esters through oxidative N-demethylation of the necine base, which

closes the ring by eliminating of formaldehyde and its dehydration [22122],

The liver is the main organ responsible for metabolism, although small contributions from the lungs and kidneys
have been observed. Hydrolysis, which may occur in the transport and distribution process via non-specific blood
esterases, occurs mainly through the catalysis of hepatic microsomal carboxylesterases. The products, necine

bases and necic acids, are non-toxic and can be immediately conjugated and excreted via urination I,
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However, most PAs are oxidized to the corresponding N-oxides through hepatic microsomal monooxygenases:
flavin monooxygenase and microsomal cytochrome P450 monooxygenase (CYP450) [El23l. This N-oxidation is
exclusive to the bases of the retronecin and heliotridine types because nitrogen is methylated in the bases of the
otonecine type. The N-oxide metabolites are very soluble in water and are therefore easily excreted in urine 24!,

However, given that PANOs can be metabolically reconverted into PAs, a cyclical effect may occur 121,

C-oxidation, particularly of carbon-a, catalyzed by the microsomal monooxygenase CYP450, will convert PAs to

reactive toxic pyrrolic metabolites—pyrrolic esters or dehydropyrrolizidine alkaloids (DHPAS) (Figure 10).

/—\
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Q . Necic acids )
Hydrolysis + Hydrolysis
\ _— Necines -

\ Oxidation  N-oxidative demethylation
Retronecin or heliotridine

PAs

Otonecine type PAs

N-oxidation

pyrrolic
(Dehydropyrrolizidine)

PANO

Figure 10. PA metabolism leads to pyrrolic derivatives (Adapted from: [1—2]).
PA metabolism is rapid, and metabolites can be detected in the liver and lungs 30-120 min after ingestion [24]
Approximately 80% of ingested PAs are excreted unchanged, predominantly through urine in feces and milk (21,

Not all PAs are toxic, and those that exhibit toxicity have common structural characteristics, among which the
double bond between the 1 and 2 positions stands out, being unsaturated PAs (1,2-unsaturated). Therefore, the
PAs of the retronecine, heliotridine, and otonecine types stand out as being toxic, and those of the platinecine type
as non-toxic. The presence of this double bond is responsible for the level of toxicity in the liver because these
compounds need to undergo metabolic activation, to form the highly reactive pyrrole intermediates. The pyrrole
intermediates can penetrate the nucleus and react with DNA to form adducts and DNA-protein cross-links that can
cause damage, particularly to hepatocytes. Hepatic veno-occlusive disease is caused by the damage that these
toxic metabolites cause to the hepatocytes. Briefly, after oral ingestion of PAs, they are rapidly absorbed in the
gastrointestinal tract and undergo metabolic activation in the liver 2129 saturated PAs do not undergo metabolic

activation in the liver and form water-soluble compounds that are easily excreted (61,
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As noted earlier, the liver is the main organ affected by PAs toxicity. HVOD is the main clinical manifestation and is
considered a marker of PA toxicity. Some symptoms included vomiting, hepatomegaly, and bloody diarrhea.
Poisoning can present itself in three forms: acute, subacute, and chronic, and the point of distinction is the
symptoms presented. The acute one is characterized by hemorrhagic necrosis, hepatomegaly, and ascites; in the
subacute one, both the ascites and the liver are enlarged, and there is blockage of the hepatic sinuses leading to
Sinusiodal Obstruction Syndrome (HSOS); finally, in the chronic one, necrosis, fibrosis and cirrhosis, liver failure,

and death are present symptoms (2.

Therefore, for PAs to be considered toxic, they must have three minimum structural requirements: the presence of
a double bond at positions 1 and 2; a hydroxymethyl substituent at position C1, preferably with a second hydroxyl
group at position C7; and the presence of a branched necic acid (mono- or dicarboxylic) with at least five carbon
atoms 28 (Figure 11).
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Figure 11. Structural features essential for the toxicity of PAs: (I) double bond at positions 1 and 2; (ll)

O
V4

N

hydroxymethyl substituent at position C1; (lll) hydroxyl group at position C7 (lll); (IV) presence of a branched necic

acid (mono- or dicarboxylic) with at least five carbon atoms (Adapted from: 22},
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