
molecules

Review

Pyrrolizidine Alkaloids: Biosynthesis, Biological
Activities and Occurrence in Crop Plants

Sebastian Schramm, Nikolai Köhler and Wilfried Rozhon *

Biotechnology of Horticultural Crops, TUM School of Life Sciences Weihenstephan,
Technical University of Munich, Liesel-Beckmann-Straße 1, 85354 Freising, Germany;
seb.schramm@tum.de (S.S.); nikolai.koehler@tum.de (N.K.)
* Correspondence: wilfried.rozhon@wzw.tum.de; Tel.: +49-8161-71-2023

Academic Editor: John C. D’Auria
Received: 20 December 2018; Accepted: 29 January 2019; Published: 30 January 2019

����������
�������

Abstract: Pyrrolizidine alkaloids (PAs) are heterocyclic secondary metabolites with a typical
pyrrolizidine motif predominantly produced by plants as defense chemicals against herbivores.
They display a wide structural diversity and occur in a vast number of species with novel structures
and occurrences continuously being discovered. These alkaloids exhibit strong hepatotoxic, genotoxic,
cytotoxic, tumorigenic, and neurotoxic activities, and thereby pose a serious threat to the health of
humans since they are known contaminants of foods including grain, milk, honey, and eggs, as well
as plant derived pharmaceuticals and food supplements. Livestock and fodder can be affected due
to PA-containing plants on pastures and fields. Despite their importance as toxic contaminants of
agricultural products, there is limited knowledge about their biosynthesis. While the intermediates
were well defined by feeding experiments, only one enzyme involved in PA biosynthesis has
been characterized so far, the homospermidine synthase catalyzing the first committed step in PA
biosynthesis. This review gives an overview about structural diversity of PAs, biosynthetic pathways
of necine base, and necic acid formation and how PA accumulation is regulated. Furthermore,
we discuss their role in plant ecology and their modes of toxicity towards humans and animals.
Finally, several examples of PA-producing crop plants are discussed.

Keywords: Borago officinalis; Crassocephalum; Copper-dependent diamine oxidase; Gynura bicolor;
Homospermidine synthase; Lolium perenne; Necic acids; Necine bases; Pyrrolizidine alkaloid
biosynthesis; Senecionine

1. Introduction

Pyrrolizidine alkaloids (PAs) are heterocyclic organic compounds synthesized by plants that are
thought to act as defense compounds against herbivores [1]. Estimates indicate that approximately
6.000 plant species worldwide, representing 3% of all flowering plants, produce these secondary
metabolites. In particular, members of the Asteraceae, Boraginaceae, Heliotropiaceae, Apocynaceae,
and some genera of the Orchidaceae and the Fabaceae are PA producers [2]. Reported concentrations
vary greatly, from trace amounts to up to 19% dry weight, and are considered to be dependent
on a number of factors including the developmental stage, tissue type, environmental conditions,
and extraction procedures [3].

PAs consist of a necine base esterified with a necic acid. The necine base typically includes
pyrrolizidine, a bicyclic aliphatic hydrocarbon consisting of two fused five-membered rings with a
nitrogen at the bridgehead [4] (Figure 1). Loline alkaloids may be formally considered as PAs since
they also possess a pyrrolizidine system, although it contains an ether bridge linking carbon 2 (C-2)
and carbon 7 (C-7). While stricto sensu PAs are exclusively formed in plants, lolines are synthesized by
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endophytic fungal symbionts of the genus Epichloë [5]. In addition, their biosynthesis is distinct from
PAs [5–7]. Thus, lolines will be discussed only peripherally in this review.
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and sparteine are used in medicine [9], PAs are mainly known for their hepatotoxic and potentially 
carcinogenic properties [10]. Nevertheless, some PAs show interesting pharmacological properties 
that are currently under investigation (see Chapter 5.3) [10,11]. While tropane and quinolizidine 
alkaloids are usually present in plants in their free forms, PAs are mainly present as N-oxides 
(Figure 1), which are highly water-soluble and considered less toxic than the free PAs. 
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instance, as the necine base of trachelanthamine (Figure 5C) and the nervosines [12] (Figure 5E), 
respectively. Examples for PAs containing (+)-trachelanthamidine and (+)-isoretronecanole are 
acetyllaburnine [13] (Figure 5G) and madhumidine A [14], respectively. The most frequent 
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Figure 1. Core structures and examples for pyrrolizidine, loline, indolizidine, quinolizidine, tropane
and granatane alkaloids. In contrast to the other alkaloids pyrrolizidine alkaloids appear mainly as
N-oxides, as shown for the example of senecionine-N-oxide.

The fused bicyclic system of PAs resembles indolizidine and quinolizidine alkaloids, which
contain a five and a six-membered ring or two six-membered rings, respectively [8] (Figure 1).
Tropane and granatane alkaloids also show a similar structure consisting of a five and a six-membered
ring or two six-membered rings, respectively [9]. However, in contrast to necine bases, the rings
of tropane and granatane alkaloids are bridged rather than fused. While several tropane and
quinolizidine alkaloids including atropine (the racemic mixture of (±)-hyoscyamine) and sparteine
are used in medicine [9], PAs are mainly known for their hepatotoxic and potentially carcinogenic
properties [10]. Nevertheless, some PAs show interesting pharmacological properties that are currently
under investigation (see Section 5.3) [10,11]. While tropane and quinolizidine alkaloids are usually
present in plants in their free forms, PAs are mainly present as N-oxides (Figure 1), which are highly
water-soluble and considered less toxic than the free PAs.

2. Structural Diversity of Pyrrolizidine Alkaloids

Within the combination of a set of necine bases (Figures 2 and 3) and a considerable number of
necic acids (Figure 4), an enormous structural diversity of PAs can be obtained. This is further amplified
by modifications, including N-oxidation of the tertiary nitrogen of the necine base, hydroxylation of
the necine base and/or the necic acid, and acetylation of hydroxy groups of the acid moiety. Thus, it is
not surprising that several hundreds of different PAs have already been identified and each year new
variants are described.

2.1. Diversity of Necine Bases

In addition to the pyrrolizidine ring system most necine bases possess a hydroxymethyl group
at position 1 (Figure 2), which is a consequence of the biosynthetic pathway (see Section 3.1).
Since 1-hydroxymethylpyrrolizidine contains two chiral centers, carbons C-1 and C-8, in total four
compounds exist: The enantiomers (-)/(+)-trachelanthamidine and (-)/(+)-isoretronecanole (Figure 2B).
Among them, (-)-trachelanthamidine and (-)-isoretronecanole are most frequently found, for instance,
as the necine base of trachelanthamine (Figure 5C) and the nervosines [12] (Figure 5E), respectively.
Examples for PAs containing (+)-trachelanthamidine and (+)-isoretronecanole are acetyllaburnine [13]
(Figure 5G) and madhumidine A [14], respectively. The most frequent modification of saturated necine
bases is hydroxylation at C-7. However, the positions C-2 and C-6 are also occasionally hydroxylated.
Necine bases like (-)-platynecine, possessing hydroxy groups on C-7 and C-8, and (-)-rosmarinecine
containing hydroxy groups on C-2, C7 and C-9 (Figure 2), are often esterified by dicarboxylic necic
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acids to form macrocyclic PAs like platyphylline and rosmarinine (Figure 5A) [15]. In general, saturated
PAs are considered as non-toxic [16].Molecules 2018, 23, x FOR PEER REVIEW  3 of 45 
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Most PAs contain a necine base possessing a double bond between C-1 and C-2 (Figure 2).
Introducing that double bond eliminates the chiral centre at C-1, thus leaving only the stereocentre at
C-8. Consequently, only two forms, (-)/(+)-supinidine, exist of the C-9 monohydroxalated derivatives
and four, (-)/(+)-retronecine and (-)/(+)-heliotridine, of the C-7 and C-9 dihydroxylated compounds.
Among them (+)-retronecine is the most frequently observed necine base in PAs.

In addition to the saturated and desaturated bases discussed above, necine bases of the otonecine
type also exist. Otonecine is not a genuine bicyclus, but may act as such due to transannular interactions
of the keto group and the tertiary amine (Figure 3A) [17]. These interactions are also likely for the
reason that otonecine-type PAs are present in plants as free bases rather than N-oxides.
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the otonecine-type PAs otosenine, florosenine, ligularidine, and doronine.

There are also several necine bases with unusual structures (Figure 2D). One of them is
1-aminopyrrolizidine, wherein the hydroxymethyl group is replaced by an amino group. This unusual
necine base is found for instance in laburnamine, an alkaloid present in trace amounts in
Laburnum anagyroides [18]. From the leaves of Ehretia asperia, ehretinine was isolated, which is very
unusual since the 7-hydroxy group of its necine base, (1R,7S)-7-methylhexahydro-1H-pyrrolizin-1-ol,
is esterified with 4-methylbenzoic acid and the typical hydroxymethyl group on C-1 is replaced
by a methyl residue [19]. Similarly, Senecio polypodioides contains, besides sarracine N-oxide, also
7β-angeloyloxy-1-methylene-8α-pyrrolizidine, a PA with a methylene group instead of the typical
hydroxymethyl residue on its necine base. The 7-hydroxy group of this PA is esterified with angelic
acid [20]. In Echium glomeratum, PAs with a tricyclic ring were found. The 9-hydroxy group of the
necine base was found to be esterified with angelic acid [21]. Another example is the necine base of
tussilagine from Tussilago farfara, which possesses a carboxy group instead of the typical hydroxymethyl
group (Figure 5H) [22].

2.2. Diversity of Necic Acids

While necine bases share a common structure, the necic acids show broad structural diversity.
Some, particularly the smaller and simpler ones, are typical metabolites of plant metabolism, while
others, particularly the monocarboxylic acids of the trachelanthic acid type and the dicarboxylic acids
(Figure 4) are formed in specific, complex pathways.

Acetic acid (Figure 4A) is frequently observed in simple PAs, for instance 7-acetylretronecine
present in Onosma arenaria [23] and acetyllaburnine present in Vanda, a genus of the Orchidaceae [13,24]
(Figure 5G). Acetic acid may also esterify the second hydroxy group of the necine base in triangularine
and lycopsymine-type PAs, such as 7-acetyl-9-sarracinoylretronecine present in Alkanna tuberculata [25]
(Figure 5B) and uplandicine found in pollen of Echium vulgare (Figure 5C). In addition, acetic acid
also frequently esterifies hydroxy groups of other necic acids in more complex PAs, for instance
florosenine [26], ligularidine [27] (Figure 3B), or acetylerucifoline N-oxide [28]. In contrast to the
frequently observed acetic acid, lactic acid has, so far, only been found in lactoidine, a PA of Cynoglossum
furcatum [29].

C5 acids of the tiglic acid type (Figure 4A) are characteristic for the triangularine group of
PAs (Figure 5B). They may esterify one or two hydroxy groups of the necine base. In the former
case they may appear together with acetic acid or more complex necic acids, particularly branched
C7 acids, which is seen for instance in the PAs echimidine [30] and heliosupine [31] (Figure 5F).
In addition to esterifying necine bases directly, C5 acids may also esterify hydroxy groups of other
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necic acids. Examples are scorpioidine, a PA of Myosotis scorpioides [32] (Figure 5F), and anadoline,
a PA of Symphytum orientale [33,34]. Latifolic acid [35–37] and the closely related hackelic acid [38] are
examples of cyclic C7 acids.

Aromatic systems are rarely present in necic acids except in PAs found in the Orchidaceae. Many
of them, for instance benzoic acid, salicylic acid and p-coumaric acid, are simple aromatic acids
present as primary or secondary metabolites in most plant species. However, some aromatic necine
bases, particularly those found in the genera Phalaenopsis and Liparis, show a very complex structure,
for instance the phalaenopsines [39,40] and the nervosines [41] (Figures 4B and 5E).
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The dicarboxylic necic acids (Figure 4C) are a particularly interesting group because they form
macrocyclic PAs, which are considered to be the most toxic. Necic acids of the monocrotalic acid
type are a relatively small group; they form 11-membered rings. In contrast, senecic acid-like necic
acids typically form 12-membered rings and represent a large group. The considerable diversity is
obtained by modification of the senecic acid core structure by a number of reactions (Section 3.2.4).
Interestingly, a few among them contain chlorine (Figures 3B and 4C), a modification rarely observed
in plant metabolites.

2.3. Linkage Patterns of Necine Bases with Necic Acids

Based on the combination of necine bases and necic acids and their linkage patterns the PAs have
been classified into five groups [42]. The first and largest group are senecionine-like PAs, which consist
of necine bases of the retronecine (Figure 2C), platynecine, rosmarinecine (Figure 2B), or otonecine-type
(Figure 3) and typically branched C10 dicarboxylic necic acids (Figure 4C) derived from two molecules
of L-isoleucine (see Section 3.2.4), which together form 12-membered macrocyclic rings. An exception is
the small sub-group of nemorensine-like PAs [43], which form 13-membered macrocycles (Figure 5A).
Typically, the necine bases are esterified at their C-7 and C-9 hydroxy groups. PAs of this type are
mainly found in the tribe Senecioneae and family Fabaceae [44].

The second group is represented by triangularine-type PAs, which are open-chain mono- or
diesters of necine bases with the C5 acids tiglic, angelic, senecioic, and sarracinic acid (Figure 5B).
These PAs are mainly present in Senecioneae and Boraginaceae [44].

The third type, the lycopsamine-like PAs are mainly found in Boraginaceae and Eupatorieae [44].
This type possesses branched C7 necic acids esterifying the C-9 hydroxy group (Figure 5C). A number
of PAs represent a combination of group 2 and 3 since they also possess a C5 acid residue in addition
to a C7 necic acid. The C5 acid residue can either be linked directly with the necine base or attached to
a hydroxy group of the C7 acid (Figure 5F).

The fourth group are the 11-membered macrocyclic PAs of the monocrotaline type. Similar to
senecionine-like PAs the hydroxy groups of C-7 and C-9 are esterified with dicarboxylic necic acids
(Figure 5D). This group is found predominantly in Fabaceae [44].

Phalaenopsine and ipanguline-type PAs represent the fifth group, which is characterized by the
presence of an aromatic acid (Figure 4B), esterifying the usually saturated necine base (Figure 5E).
The acidic compound shows a high structural diversity and includes simple aromatic acids like
benzoic, salicylic and p-coumaric acid, but also very complex ones like nervogenic acid. This is the only
group of PAs that are frequently glycosylated. Members of this group are found in the Orchidaceae,
Convolvulaceae, and in a few representatives of other tribes including the Boraginaceae [44].

In addition to these five groups, there are also very simple PAs consisting only of the necine
base and a small acid residue, particularly acetate, as illustrated by the examples shown in Figure 5G.
A number of PAs show unusual linkage patterns distinct from that of the five groups discussed
above. In madurensine the hydroxy group of C-9 is bridged by the dicarboxylic acid intergerrinecic
acid with a hydroxy group placed at C-6 rather than the usual C-7 hydroxyl [45]. This leads to a
13-membered macrocyclic ring (Figure 5H). The structure of laburnamine [46] matches that of PAs
of the triangularine type. However, since its necine base (1S,8R)-1-aminopyrrolizidine (Figure 2D)
possesses an amino group instead of the hydroxy group on C-9, a reaction with isovaleric acid yields
an amide rather than an ester bond (Figure 5G). Tussilagine, a PA of Tussilago farfara (coltsfoot), is very
special since its necine base possesses, instead of the typical hydroxymethyl residue, a carboxy group
on C-1, which is esterified with methanol [22]. Anhydroplatynecine is devoid of any necic acid and the
C-7 and C-9 hydroxy groups of platynecine (Figure 2B) instead combine together via an ether bridge.
However, anhydroplatynecine is likely not a naturally-occurring PA, but is rather formed by heating
of platynecine containing PAs during isolation [47]. Finally, it is worth mentioning that several plant
species also contain unmodified necine bases in their free form or as N-oxides [48].
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2.4. Modification and Conjugation of Pyrrolizidine Alkaloids

As discussed above, the astonishing diversity of PAs is achieved by hydroxylation and
desaturation of necine bases and necic acids and their combination to PAs. Complete PAs might also
be modified by hydroxylation, desaturation and epoxidation. The latter may be further metabolized
to a diol or a chlorine-containing PA (see Section 3.2.4). In addition to these generally irreversible
modifications, PAs can also be reversibly modified. By far the most frequently observed modification
of this type is N-oxidation (Figure 1). In plants, the major fraction of PAs is present as N-oxides.
Exceptions include seeds of several Crotalaria species [49] and leaves of Crassocephalum crepidioides,
wherein the majority of the PAs are present in their basic form [50], and shoots of jacobine-chemotype
plants of Senecio jacobaea, in which up to 50% might be present as tertiary PAs [51]. N-oxidation of
the tertiary amine nitrogen changes the properties of a PA significantly. In contrast to basic tertiary
amines, which are positively charged under physiological conditions, amine N-oxides are neutral and
behave like very polar, highly water-soluble, salt-like compounds that are thought to be membrane
impermeable. These characteristics might be important for their role in transport and storage of PAs.
Accordingly, it was shown that PA transporters in membranes of plant cells have a higher affinity for
PA N-oxides than for the tertiary amines [52].

In addition to N-oxidation, a number of PAs are also acetylated, particularly at hydroxy groups of
the necic acid moiety. Examples are 7-acetylscorpionidine, the 7-O-acetylation product of scorpionidine
(Figure 5F), and the otonecine-type PAs florosenine and ligularidine (Figure 3B), which are acetylated
forms of otosenine and petasitenine, respectively.

While glycosylation is frequent among secondary metabolites, modifications of that type are
rarely observed for PAs. Only among the PAs with aromatic necic acids some examples are known.
They include thesinine-4′-O-α-L-glucoside present at high levels in borage seeds [53] (Section 6.1),
thesinine-4’-O-α-L-rhamnoside found in Lolium species [54] (Section 6.4) and nervone PAs isolated
from Liparis nervosa [41] (Figure 5E).

Other modifications are rarely seen in PAs.

3. Biosynthesis of Pyrrolizidine Alkaloids

Attempts at deciphering PA biosynthesis (Figure 6) date back to the early 1960s, when Nowacki
and Byerrum performed their first feeding experiments with radiolabeled precursors [55,56]. Later, this
work was continued by others, mainly the groups of Robins and Crout. Robins also introduced labeling
with stable isotopes, particularly 13C, 2H and 15N, and subsequent analysis by NMR spectroscopy
for analysis of PA biosynthesis [57–59]. This technique provided detailed information about the fate
of single C and H atoms during biosynthesis of the necine bases and necic acids. In the late 1990s,
the first biosynthetic enzyme, homospermidine synthase, catalyzing the first committed step in PA
biosynthesis, was identified [2]. Its analysis in different plant species provided interesting data about
PA evolution, or more precisely, homospermidine biosynthesis.

3.1. Biosynthesis of Necine Bases

Feeding of Crotalaria spectabilis plants, which produce monocrotaline, with 14C-labelled precursors
showed that [14C]-ornithine was efficiently incorporated into monocrotaline, particularly into its
necine base retronecine [56]. Studies with Senecio isatideus [60] and Senecio douglasii [61] confirmed that
[14C]-ornithine is mainly incorporated into the necine base. Degradation studies in the latter study
showed that approximately 25% of the incorporated radioactivity was present in carbon C-9 of the
retronecine unit irrespective of whether [2-14C]-ornithine or [5-14C]-ornithine were fed, indicating
that C-2 and C-5 of ornithine become equivalent during biosynthesis (at least for biosynthesis of the
right-handed ring) and suggesting 1,4-diaminobutane (putrescine) as a symmetrical intermediate.
Indeed, feeding of [1,4-14C2]-putrescine again yielded retronecine bearing approximately 25% of the
radioactivity on C-9. Using Senecio magnificus, it was shown that arginine is also selectively incorporated
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into the necine base part of senecionine [62]. Subsequently, Robins and Sweeney compared the
incorporation efficiency of several compounds using Senecio isatideus and found that putrescine,
spermidine, and spermine were more efficiently incorporated than arginine and ornithine [63] and
that the two latter were only effectively incorporated when present in the L configuration [64].

While these experiments established L-arginine and L-ornithine as precursors and putrescine as an
intermediate, they did not allow a more comprehensive investigation since the fate of the individual C
and H atoms could not be followed during biosynthesis. This problem was overcome by introduction
of stable isotope labeled precursors and NMR analysis of the obtained products in combination with an
improved plant feeding technique. Previously, plants were mainly fed hydroponically or as cut shoots,
which resulted in incorporation rates significantly below 1%. In contrast, by absorption of aqueous
solutions of the precursors directly into the xylems of freshly rooted cuttings through stem punctures,
incorporation rates of up to 5% could be obtained [63]. Feeding of both [1,4-13C2]-putrescine and
[1-13C]-putrescine gave enriched 13C signals for C-3, C-5, C-8 and C-9 (Figure 7A), confirming that
both rings originate from putrescine [57,65].
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Figure 6. Biosynthesis of PAs. The polyamines putrescine and spermidine are derived from
the basic amino acid arginine. Subsequently, homospermidine synthase (HSS) exchanges the
1,3-diamonopropane residue of spermidine by putrescine, which releases 1,3-diaminopropane and
forms symmetric homospermidine. Oxidation of homospermidine, likely by copper-dependent diamine
oxidases, to 4,4´-iminodibutanal initiates cyclization to pyrrolizidine-1-carbaldehyde, which is reduced,
likely by an alcohol dehydrogenase, to 1-hydroxymethylpyrrolizidine. Desaturation and hydroxylation
by unknown enzymes form retronecine, which is acylated with an activated necic acid, for instance
with senecyl-CoA2 as in the example shown above. Acylation might be catalyzed by an acyltransferase
of the BAHD family. PA N-oxides, which are believed to be the primary products of PA biosynthesis,
may be reduced to the free tertiary amine.
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Because approximately 1.1% of the natural occurring carbon is the 13C isotope, a 13C label is easily
obscured, particularly if the incorporation efficiency is moderate to low. Thus, further studies made use
of double labeled precursors, where the 13C-13C double label can be sensitively detected by 13C-NMR
spectroscopy as doublet around the natural abundance signal. Feeding of [2,3-13C2]-putrescine gave
a pair of doublets for C-1 and C-2 with a coupling constant J of 34 Hz and a second doublet pair for
C-6 and C-7 with a coupling constant J of 70 Hz [65] (Figure 7B). Finally, feeding Senecio isatideus
with [1,2-13C2]-putrescine gave rise to four pairs of doublets, namely C-1/C-9, C-2/C-3, C-5/C6 and
C-7/C-8, with four different coupling constants (Figure 7C). To investigate which C-N bond remains
intact during retronecine biosynthesis [1-15N,1-13C], double labeled putrescine was synthesized and
fed to Senecio vulgaris [66,67] or Senecio isatideus [58,65]. Analysis of the necine base showed an equal
amount of retronecine with a 15N and a 13C label at C-3 and retronecine with a 15N and a 13C label at
C-5 (Figure 7D). The observation that both variants appeared at the same level confirmed the presence
of a symmetric C4-N-C4 compound in retronecine biosynthesis. A similar series of experiments was
also performed using Senecio pleistocephalus, which forms rosmarinine as the sole PA. Rosamarinine
consists of senecic acid and the saturated necine base rosmarinecine, which has, in addition to the
typical 7 and 9-hydroxy groups, an additional hydroxy group on C-2 (Figure 2B). Additionally, within
this experimental system, the same result was obtained that a symmetric C4-N-C4 intermediate is
involved in necine base biosynthesis [68].

Molecules 2018, 23, x FOR PEER REVIEW  10 of 45 

 

Because approximately 1.1% of the natural occurring carbon is the 13C isotope, a 13C label is 
easily obscured, particularly if the incorporation efficiency is moderate to low. Thus, further studies 
made use of double labeled precursors, where the 13C-13C double label can be sensitively detected by 
13C-NMR spectroscopy as doublet around the natural abundance signal. Feeding of 
[2,3-13C2]-putrescine gave a pair of doublets for C-1 and C-2 with a coupling constant J of 34 Hz and a 
second doublet pair for C-6 and C-7 with a coupling constant J of 70 Hz [65] (Figure 7B). Finally, 
feeding Senecio isatideus with [1,2-13C2]-putrescine gave rise to four pairs of doublets, namely C-1/C-9, 
C-2/C-3, C-5/C6 and C-7/C-8, with four different coupling constants (Figure 7C). To investigate 
which C-N bond remains intact during retronecine biosynthesis [1-15N,1-13C], double labeled 
putrescine was synthesized and fed to Senecio vulgaris [66,67] or Senecio isatideus [58,65]. Analysis of 
the necine base showed an equal amount of retronecine with a 15N and a 13C label at C-3 and 
retronecine with a 15N and a 13C label at C-5 (Figure 7D). The observation that both variants appeared 
at the same level confirmed the presence of a symmetric C4-N-C4 compound in retronecine 
biosynthesis. A similar series of experiments was also performed using Senecio pleistocephalus, which 
forms rosmarinine as the sole PA. Rosamarinine consists of senecic acid and the saturated necine 
base rosmarinecine, which has, in addition to the typical 7 and 9-hydroxy groups, an additional 
hydroxy group on C-2 (Figure 2B). Additionally, within this experimental system, the same result 
was obtained that a symmetric C4-N-C4 intermediate is involved in necine base biosynthesis [68].  

 
Figure 7. Investigation of necine base biosynthesis by feeding of stable isotope labeled precursors. 
Feeding of (A) [1,4-13C2]-putrescine and [1-13C]-putrescine, (B) [2,3-13C2]-putrescine, (C) 
[1,2-13C2]-putrescine, (D) [1-15N, 1-13C]-putrescine and (E) [1,9-13C2]-homospermidine. Red dots 
symbolize 13C labels, a red N symbolizes a 15N label. 13C-13C double labels are marked with bonds in 
red. Please mind that the retronecine structures shown in (A), (B), and (C) are composite 
representations of all labeled species present. 
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which is known to be present in a number of plant species, particularly in such producing PAs. 
Initial experiments with radiolabeled homospermidine showed that this compound was 
incorporated into the necine base part of retrorsine in feeding experiments with Senecio isatideus [69]. 
To investigate whether the C4-N-C4 unit stays intact during biosynthesis 13C labels were placed on 
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Figure 7. Investigation of necine base biosynthesis by feeding of stable isotope labeled
precursors. Feeding of (A) [1,4-13C2]-putrescine and [1-13C]-putrescine, (B) [2,3-13C2]-putrescine,
(C) [1,2-13C2]-putrescine, (D) [1-15N, 1-13C]-putrescine and (E) [1,9-13C2]-homospermidine. Red dots
symbolize 13C labels, a red N symbolizes a 15N label. 13C-13C double labels are marked with bonds in
red. Please mind that the retronecine structures shown in (A), (B), and (C) are composite representations
of all labeled species present.

3.1.1. Homospermidine Synthase

The most obvious candidate for the symmetric C4-N-C4 intermediate was homospermidine,
which is known to be present in a number of plant species, particularly in such producing PAs. Initial
experiments with radiolabeled homospermidine showed that this compound was incorporated into the
necine base part of retrorsine in feeding experiments with Senecio isatideus [69]. To investigate whether
the C4-N-C4 unit stays intact during biosynthesis 13C labels were placed on the most distal carbons
(Figure 7E). Feeding of [1,9-13C2]-homospermidine to Senecio pleistocarpus revealed enrichment of the
label on C-8 and C-9 of the isolated retronecine [70], confirming that homospermidine is incorporated
intact into necine bases.



Molecules 2019, 24, 498 11 of 44

At the same time, Bötcher et al. partially purified an enzyme with homospermidine synthase
(HSS) activity from root cultures of Eupatorium cannabinum [71]. Enzymatic assays were performed
by addition of [14C]-labeled putrescine to the partially purified enzyme. The pH optimum was 9
and the enzymatic reaction was strictly dependent on the presence of NAD+. The enzyme showed
high selectivity for putrescine and NAD+, and accepted neither NADP+ as co-substrate nor any
of the other tested amines including 1,3-diaminopropane, cadaverine, and pyrroline as substrate.
The Michaelis-Menten constants (KM) for putrescine and NAD+ were 13.5 µM and 3 µM, respectively.
In contrast to NAD+, its reduced form, NADH, acted even at low concentrations (inhibition constant
Ki: 2 µM) as a strong inhibitor indicating that the NADH formed in the first step of the reaction,
the formation of an imine intermediate, remains bound to the enzyme and serves as electron donor
for the second step, the reduction of the imine intermediate to the secondary amine. The enzymatic
activity was also inhibited by 1,3-diaminopropane, spermidine, and homospermidine with Ki values
of 6.3, 94 and 950 µM, respectively. While it was believed that the partially purified enzyme utilized
two molecules of putrescine for formation of one molecule of homospermidine, later work with HSS
purified to homogeneity showed that the enzyme instead uses putrescine and spermidine to produce
homospermidine and 1,3-diaminopropane as by-products [2]. The reason for the initially wrong
conclusion was that spermidine was added at all steps during enzyme purification since it was found
that this compound preserves enzyme activity. Consequently, spermidine was also present in the
partially purified enzyme and thus in the enzymatic reaction at sufficient concentrations allowing
transfer of the radiolabeled putrescine moiety to spermidine. Thus, the first step of PA biosynthesis is
transfer of the 1,4-diaminobutan part of spermidine to a specific lysine residue of HSS accompanied
by release of 1,3-diaminopropane and reduction of NAD+ to NADH, which remains bound to
HSS (Figure 8). Subsequently, putrescine reacts with the HSS-bound 1,4-diaminobutane moiety
under formation of an imine intermediate and regeneration of the lysine-NH2. Finally, the imine is
reduced by the HSS-bound NADH to homospermidine and released from the regenerated HSS/NAD+

complex [72].
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Figure 8. Mechanism of homospermidine formation by HSS. The amino group of a lysine residue of
HSS reacts with spermidine, which releases 1,3-diaminopropane and reduces HSS-bound NAD+ to
NADH. Next, the residue is transferred to putrescine, forming an imine intermediate, which is reduced
by the HSS-bound NADH to release homospermidine and recycle the HSS/NAD+ complex. Adapted
from [72].

Purification of HSS from Senecio vernalis to homogeneity allowed identification of the protein and
corresponding gene. After protease treatment, four fragments were obtained that were microsequenced
to give short peptide sequences. Database searches revealed close homology to deoxyhypusine synthase
(DHS) [2]. DHS catalyzes the NAD+-dependent transfer of an amino-butyl moiety from spermidine to
a specific lysine side chain of the precursor for the eukaryotic initiation factor 5A (eIF5A), forming the
amino acid deoxyhypusine. This reaction is one of the most specific post-translational modifications
known [73,74] and similar to the reaction proposed for HSS except that elF5A is replaced by spermidine
(Figure 8). Subsequent PCR with redundant primers yielded the first sequences, which were completed
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by 3´ and 5´-RACE allowing subsequent for a cloning of the complete Senecio vernalis HSS coding
sequence. Heterologous expression of the cloned gene as His(6)-tagged fusion protein in E. coli and
in vitro enzymatic assays confirmed that the enzyme for homospermidine synthesis was obtained
and that putrescine and spermidine are required as substrates. With respect to that, it is worth
mentioning that this may also explain the considerable incorporation of radiolabeled spermidine into
homospermidine previously observed in feeding experiments using Senecio isatideus [63].

Since HSS catalyzes the first committed step in PA biosynthesis, thereby linking primary
metabolism with PA biosynthesis, it is also interesting to study its evolution in order to deduce
how PA biosynthesis was established in plants [72]. Due to 70 to 90% sequence homology—depending
on the species—it was suggested that HSS evolved through gene duplication from DHS [75]. HSS has
been recruited from DHS independently in different plant families at least eight times: Once in the
Apocynaceae, Boraginaceae, Convolvulaceae, Fabaceae, Orchidaceae, and Poaceae, and twice in
the Asteraceae [76–78]. The major difference lies in the biochemical properties of the two enzymes.
DHS accepts eIF5A (lys) as well as putrescine, though with far lower efficiency, as substrate and can
therefore catalyze the formation of both eIF5A(dhp) and homospermidine, the latter at a very low rate.
In contrast, HSS has lost the ability to bind eIF5A, hence can only produce homospermidine [2,79,80].
This change in substrate specificity was possible because binding of putrescine occurs within the active
site of DHS, while binding of eIF5A(lys) happens at the surface of the enzyme [75]. Reimann et al. [78]
compared the rates of non-synonymous to synonymous mutations in HSS and DHS and found higher
rates in HSS, suggesting higher selection pressure on DHS. The same study also found that it is not
possible to distinguish between DHS and HSS solely by sequence data since there are no differing
characteristic patterns. Despite the similar biochemical properties and sequences, the expression levels
of both genes clearly differ. A study of the expression patterns of HSS and DHS in Senecio vernalis
(Asteraceae, Senecioneae) revealed that DHS is expressed in all plant tissues in an almost constant
manner throughout plant development. In contrast, HSS expression was found to be restricted to
root cells, particularly to endodermis and cortex parenchyma cells [81]. In Eupatorium cannabium
(Asteraceae, Eupatorieae) HSS expression was also found in the cortex parenchyma cells but not in the
endodermis. In addition, HSS expression was shut down when the flower buds opened [82]. In contrast,
in Phalaenopsis (Orchidaceae) HSS is expressed in the tips of aerial roots and in young flower buds [83].
In the Boraginaceae different HSS expression patterns were observed. In Heliotropium indicum, HSS
was expressed exclusively in non-specialized cells of the lower epidermis of young leaves and shoots
while in Symphytum officinale HSS expression was detected in the cells of the root endodermis and
in leaves underneath developing inflorescences. In Cynoglossum officinale HSS expression was only
observed in roots. In young roots, its expression was limited to cells of the endodermis, while in later
developmental stages cells of the pericycle, it also showed HSS expression [84].

One theory regarding establishment of secondary metabolic pathways suggests that changes
in gene function lead to subfunctionalization and a subsequent duplication event to two genes
with different but complementary subfunctions, preserving the original enzyme function [75].
This complements an early suggestion by [85] that, prior to a gene duplication leading to novel protein
function, the original gene was bifunctional. This theory is also supported by the bifunctionality
of DHS, when considering this model for the explanation of HSS evolution. Furthermore, gene
regulation and therefore gene expression patterns, might vary for the two genes, resulting from gene
duplication [86]. This suggestion finds support in the varying expression patterns of DHS and HSS
described above.

While extensive research on the recruitment of HSS has been conducted, there is still little
knowledge about the evolution of the entire PA biosynthetic pathway, as it cannot be explained
by the presence of homospermidine alone. Introduction of HSS into non-PA producing plants
only results in formation of homospermidine, rather than of PAs or any precursors downstream
of homospermidine [87].
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3.1.2. Copper-Dependent Diamine Oxidases and Cyclization of the Dialdehyde

Early evidence for involvement of a diamine oxidase in the incorporation of homospermidine into
necine bases was provided by incubating homospermidine in vitro with a diamine oxidase fraction
prepared from pea. Reduction of the reaction products by sodium borohydride and subsequent
analysis by GC revealed that mainly trachelanthamidine and a small amount (approximately 5%)
of isoretronecanol were obtained. In another experiment, reduction of the reaction products was
performed with liver alcohol dehydrogenase, which again mainly yielded trachelanthamidine and
little isoretronecanol [88]. However, the stereochemical properties of the obtained products were
not investigated. Subsequent studies confirmed these initial findings and suggested involvement
of a copper-dependent diamine oxidase since treatment of Senecio vulgaris and Heliotropium indicum
with 2-hydroxyethylhydrazine (HEH), a potent diamine oxidase inhibitor, caused homospermidine
accumulation and impeded PA biosynthesis [71,89].

Oxidation of amine precursors followed by cyclisation is a common theme in alkaloid
biosynthesis. In tropane biosynthesis N-methylputrescine is oxidized by methylputrescine oxidase
to 4-methylaminobutanal, which cyclizes spontaneously to the N-methyl-∆1-pyrrolinium cation
(Figure 9) [9]. This is similar to the first steps proposed for conversion of the dialdehyde
4,4′-iminodibutanal to the pyrrolium cation (Figure 10). However, biosynthesis of necine bases
continues with reaction of the remaining aldehyde group for closure of the second ring via a
Mannich-type reaction mechanism, which leads ultimately to pyrrolizidine-1-carbaldehyde. While
cyclization in tropane alkaloid biosynthesis might be spontaneous, this is rather unlikely for necine
base synthesis. Spontaneous cyclization of the dialdehyde and subsequent reduction would result
in a mixture of the four saturated 1-hydroxymethylpyrrolizidines (±)-trachelanthamidine and
(±)-isoretronecanol. After desaturation, a mixture of (±)-supinidine would be obtained and subsequent
C-7 hydroxylation would, depending on the specificity of the hydroxylase, lead to a mixture of
(+)-retronecine and (-)-heliotridine or (-)-retronecine and (+)-heliotridine. However, such mixtures
are usually not observed in PA-producing plants. In contrast, plants usually contain PAs with
necine bases of only a specific stereochemical configuration. For instance, Senecio jacobaea and
Senecio aquaticus contain, apart from otonecine-type PAs, only senecionine-like, jacobine-like and
erucifoline-like PAs, which are all (+)-retronecine-type PAs [90]. Crassoceopahlum crepidioides contains
only jacobine, a PA of the (+)-retronecine type [50]. Lolium perenne contains only the (-)-isoretronecanol
type PAs Z- and E-thesinine and its rhamnosides [91]. Borago officinalis contains only alkaloids of the
(-)-isoretronecanol, (-)-supinine and (+)-retronecine-type [92], which have the same stereoconfiguration
of the C-8 hydrogen. Heliotropium europaeum contains only (+)-heliotridine-type PAs [93]. The observed
stereochemical specificity argues clearly against spontaneous cyclisation and suggests an enzymatic
mechanism. Since enzyme-catalyzed cyclization must immediately follow oxidative deamination
it is tempting to speculate that the copper-dependent diamine oxidase might also either support
stereospecific cyclization of the dialdehyde or act in a protein complex with a second enzyme that
catalyzes cyclization.
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by methylputrescine oxidase to 4-methylaminobutanal, which cyclizes spontaneously by reaction of
the amino group with the aldehyde. Adapted from Reference [9].
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Figure 10. Cyclization in PA biosynthesis. Homospermidine is likely oxidized by a copper-dependent
diamine oxidase to 4,4′-iminodibutanal, which can be inhibited by the synthetic compound
2-hydroxyethylhydrazine. The reaction product cyclizes first to the 1-(4-oxobutyl)-3,4-dihydro-
2H-pyrrolium cation and further to pyrrolizidine-1-carbaldedye in a Mannich-type reaction. However,
as indicated, spontaneous cyclization would lead to a mixture of the different stereomers and thus
mixtures of necine bases would be obtained, arguing for enzyme-catalyzed cyclization.

3.1.3. Further Downstream Reactions

After cyclization the formed pyrrolizidine-1-carbaldehyde is reduced to the alcohol. This might be
catalyzed by an alcohol dehydrogenase (ADH), since Robins showed that ADH can in principle reduce
the carbaldehyde to the alcohol [88]. Additional evidence comes from a detailed stereochemical study
of necine base formation. Feeding of Senecio isatideus with deuterium labeled [1,1,4,4-2H4]-putrescine
and hydrolysis of the obtained PA yielded retronecine that retained three deuterium atoms on the
right handed ring: Two at C-3 and one at C-9. Importantly, the latter was in the S position, which is the
stereochemistry expected for an ADH-catalyzed reduction of an carbaldehyde [59].

The sequence of retronecine base interconversions was studied by Birecka and Catalfamo, using
pulse-chase experiments [94]. Heliotropium spathulatum was used for this study since this species
produces (-)-trachelanthamidine, (-)-supinidine and (-)-retronecine containing PAs. The plants were
treated with [14C]-carbon dioxide for 2 h prior quenching incorporation with unlabeled carbon dioxide.
Samples were taken after 12 h, 24 h and 48 h and the specific activity of the necine bases analyzed.
The activity of (-)-trachelanthamidine increased first, which was followed by an increase of the
activity of (-)-supinidine and finally (-)-retronecine. This suggests that (-)-trachelanthamidine is first
dehydrogenated at the C-1/C-2 bond to (-)-supinidine, which is subsequently hydroxylated at C-7 to
(-)-retronecine. However, the involved enzymes remain elusive in addition to whether the free necine
bases are modified or the, at least partially, esterified PAs.
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3.2. Biosynthesis of Necic Acids

While necine bases are synthesized by a common pathway, different necic acids are formed
by distinct modes. A number of acids found in PAs are normally present in plants. This includes,
for instance, acetic acid, benzoic acid, and p-coumaric acid. These acids and their activated forms,
the coenzyme A thioesters, are formed by common metabolic pathways of primary metabolism, which
will not be discussed here.

3.2.1. Tiglic Acid and Related C5 Necic Acids

C5-acids of the tiglic acid type are frequently observed as building blocks of secondary plant
metabolites. For instance, tiglic acid is the moiety of meteloidine and other tropane alkaloids
formed by Datura species [95]. Feeding experiments in Datura meteloides showed that tiglic acid
is derived from isoleucine [96]. Similar results were also obtained in Cynoglossum officinale for
angelic acid, which is present as ester in the PA heliosupine [31]. Feeding of Datura meteloides
with radiolabeled 2-methylbutanoic acid showed that the radioactivity was efficiently incorporated
into the tiglic acid moiety of meteloidine, identifying 2-methylbutanoic acid as a precursor [97].
The same pathway was also established for carabid beetle [98]. Data from mammals [99] suggest
that 3-hydroxy-2-methylbutyric acid acts as intermediate between 2-methylbutanoic acid and tiglic
acid, and that the intermediates appear as coenzyme A thioesters. These steps are in fact part of
the common L-isoleucine degradation pathway and thus it is not surprising that these metabolites
including tiglyl-CoA are present in most plant tissues. McGaw and Woolley showed that angelic acid
is derived by cis-trans isomerization from tiglic acid in Cynoglossum officinale [100]. These data suggest
a pathway for biosynthesis of tiglic and angelic acid starting from L-isoleucine (Figure 11).
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Figure 11. Biosynthesis of tiglic and angelic acid. L-Isoleucine is desaminated and the obtained
ketocarboxylic acid decarboxylated to 2-methylbutyric acid, which is likely accompanied by linking
with coenzyme A to yield 2-methylbutyryl-CoA. This intermediate is hydroxylated and subsequently
dehydrated to form tiglyl-CoA, which can be isomerized to angelyl-CoA. The activated tiglic and
angelic acid residues are finally transferred to necine bases and coenzyme A is released.

3.2.2. C7 Necic Acids

The more complex acids are generated by specific biosynthetic pathways. The observation that
many of these acids include one or two C5 units resembles isoprenoids, although with unusual linkage
and oxygenation patterns, encouraging the idea that they might be derived from mevalonate [101].
However, feeding experiments with 14C-labeled acetate, acetoacetate and mevalonate did not result
in specific incorporation into necic acids, excluding these compounds as direct precursors for necic
acids. In contrast, feeding experiments with 14C-labeled amino acids provided compelling evidence
that necic acids are derived from L-isoleucine and L-valine. Additionally, [14C]-L-threonine and a few
further amino acids were found to be efficiently incorporated, but only since they acted as precursors
for L-isoleucine or L-valine.

The PA heliosupine appearing in Cynoglossum officinale consists of the necine base (-)-heliotridine
esterified on the 7-hydroxy group with angelic acid (which is synthesized as shown in Figure 12) and
on the 9-hydroxy group with echimidinic acid, a C7-acid (Figure 12A). Feeding experiments revealed
that echimidinic acid is derived from L-valine and an additional C2 unit of unknown origin [102].
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Trachelanthic acid, which is structurally very similar to echimidinic acid, is also derived from
L-valine, as revealed by feeding of 14C-labeled amino acids. These results were further supported by an
isotopologue study by feeding a root culture of Eupatorium clematideum with a mixture of 13C-labeled
and unlabeled glucose [103]. Subsequently, trachelanthamine and the amino acids L-arginine, L-proline,
and L-valine were isolated and the 13C labelling pattern analyzed by NMR spectroscopy. The 13C
pattern of the necine base was in agreement with that of L-arginine, while the major part of trachelanthic
acid (shown in red in Figure 12B) fitted to that observed for L-valine. The remaining two carbons
showed a pattern as reconstituted for hydroxyethyl-TPP. This confirmed the conclusions for echimidinic
acid. However, it must be emphasized that the result that the 13C pattern of the C2 unit corresponds to
that of hydroxyethyl-TPP does not mean that this compound is indeed the direct precursor. In contrast,
there might be a number of metabolites in-between. Thus, the direct precursor of the C2 unit remains
to be determined.
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Figure 12. Biosynthesis of C7 necic acids. (A) Echimidinic acid present in heliosupine is derived from
L-valine (red) and a C2 unit of unknown origin (green). Angelic acid esterifying the 7-hydroxy group of
(-)-heliotridine is derived from L-isoleucine (blue) as shown in Figure 11. (B) Trachelanthic acid is also
derived from L-valine (red) and a C2 unit (green) that is likely derived from hydroxyethyl thiamine
pyrophosphate. Adapted from References [70,103].

3.2.3. Monocrotalic Acid and Related Compounds

Biosynthesis of monocrotalic acid was analyzed in the Fabaceae Crotalaria retusa and Crotalaria
spectabilis by feeding of 14C-labeled acetate, DL-alanine, L-threonine, and L-isoleucine [104]. While
minute incorporation was observed for acetate and DL-alanine, L-threonine and L-isoleucine were
incorporated into monocrotaline to significant levels. Degradation studies showed that the necine
base had incorporated little radioactivity while the necic acid monocrotalic acid contained most of the
activity. More specifically, most activity was observed in fragments consisting of C-1, C-2 and C-6 and
of C-3 and C-7, while the fragment consisting of C-4, C-5, and C-8 had incorporated comparatively
little activity (Figure 13A). Thus, the right hand part of monocrotalic acid is derived from L-isoleucine
while the origin of the left hand part remains elusive. Another study found, in addition to efficient
incorporation of 14C-labeled L-isoleucine and L-threonine, a significant incorporation of L-valine [105].
Since no degradation studies were performed, it remains unknown whether L-valine serves as a
precursor for the left hand part.

The structure of trichodesmic acid is very similar to monocrotalic acid, except that a methyl group
is replaced by an isopropyl group (Figure 13B). Thus, it was also expected that the right hand part of
trichodesmic acid is derived from L-leucine (and L-threonine), which could be confirmed by feeding
studies. In addition, 14C-labeled L-valine and L-leucine were also efficiently incorporated, particularly
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into the right hand part [106]. The fact that both amino acids were incorporated to a similar level
suggests that they are converted to a common precursor prior to incorporation into trichodesmic acid.
However, the pathway and mechanism remain to be elucidated.
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Figure 13. Biosynthesis of necic acids forming 11-membered rings. (A) The right hand part of
monocrotalic acid is formed from L-leucine (and its precursor L-threonine). The C3 left hand unit is
of unknown origin. (B) The right hand side of trachelanthic acid is derived from L-leucine (and its
precursor L-threonine) while the left hand side seems to be formed from L-valine or L-leucine. Dotted
lines indicate the both sides. Adapted from Reference [70].

3.2.4. Senecic Acid and Senecic Acid-Derived Compounds

Among the necic acids forming 12-membered macrocyclic PAs biosynthesis of senecic acid
is best characterized. Since seneciphyllic acid and isatinecic acid are derived from senecic acid,
results obtained for these compounds will be discussed together with that for senecic acid. Feeding
experiments of Senecio douglasii with 14C-labeled acetate, acetoacetate and mevalonate showed that
these compounds were inefficiently incorporated into seneciphylline, and that the radioactivity was
randomly distributed between the necine base retronecine and the necic acid seneciphyllic acid.
This indicated that none of the tested compounds are direct precursors of the alkaloid. In contrast,
L-threonine was efficiently incorporated and the radioactivity was found selectively in the necic
acid part. Subsequent experiments showed that L-threonine was first converted to L-isoleucine prior
to incorporation into seneciphyllic acid, identifying isoleucine as the direct precursor. In addition,
evidence was provided that only C-2 to C-5 of L-leucine were incorporated into seneciphyllic acid, while
C-1 (the carboxy group) was lost [107]. Feeding experiments using Senecio magnificus provided similar
results for senecic acid and provided compelling evidence that the acid is derived from two molecules
of L-isoleucine, both losing their C-1 during biosynthesis [108,109]. From the four possible isoleucine
stereomers, L/D-isoleucine and L/D-alloisoleucine, only L-isoleucine was efficiently incorporated [110].
The loss of the carboxy groups raised the question for the five-carbon intermediate. Possible candidates
were 2-methylbutanoic acid, which is an intermediate of L-isoleucine degradation and thus are present
in most plant tissues, and 2-methyl-3-oxobutanoic acid and angelic acid. The latter was selected since
it has the same configuration as the double bond in senecioic acid. Feeding resulted in incorporation
of 0.06% (S)-[14C]-2-methylbutanoate, which was a slightly lower level than for L-[14C]-leucine, where
incorporation rates of 0.1 to 0.4% were observed. However, analysis of the necic acid and the necine
base showed random distribution of radioactivity. The two other compounds were incorporated in only
trace amounts. Based on these results the idea that one of those compounds is a precursor of senecic
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acid was discarded. Next, 14C-labeled 2-amino-3-methylenepentanoic acid (β-methylenenorvaline)
was tested and efficient incorporation (0.07–0.11%) was observed with essentially only senecioic acid
possessing the radio label. This observation suggested this compound as a possible intermediate
(Figure 14A). Unfortunately, it could not be investigated whether the 14C-label was incorporated in
either or both halves of senecic acid [111].
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Figure 14. Biosynthesis of senecic acid. (A) Feeding experiments with 14C-labeled compounds showed
that senecic acid is formed from two L-isoleucine molecules accompanied by loss of both carboxy
carbons. 2-Amino-3-methylenepentanoic acid might be an intermediate, although it is not clear whether
for one or both halves of senecic acid. Carbons are numbered according to Reference [112]. (B) Feeding
with L-isoleucine stereospecifically labeled with 3H (tritium, T) at C-4 showed that only the 4R label
was retained upon incorporation. (C) 2-Aminobutanoic acid is converted in planta to L-isoleucine.
Due to 2-ketobutanoic acid as intermediate the initial stereochemistry of 2-aminobutyric acid is
irrelevant. A label (13C or 3H; red) at C-3 and C-4 is retained and found on position C-5 and C-6
in L-isoleucine. (D) The 13C-labeled C-4 and C-5 (blue) of L-leucine (obtained in planta from labeled
2-aminobutanoic acid) and most of the 2H (deuterium, D; red) is retained upon incorporation into
senecic acid. (E) Possible mechanism for formation of senecic acid. CoA, coenzyme A; L-Glu, L-glutamic
acid; NAD+/NAHD, oxidized/reduced nicotinamide adenine dinucleotide; OG, 2-oxoglutaric acid;
and Py, pyridoxalphosphate.
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The most enigmatic step in biosynthesis of senecic acid and related compounds is the mechanism
for uniting C-13 and C-14 (Figure 14A). C-13 corresponds to C-4 carbons of the isoleucine precursor
forming the right hand part of senecic acid. Studies with L-leucine stereospecifically labeled at C-4
with 3H showed that the pro-R hydrogen was retained, while the pro-S hydrogen was lost on both
L-isoleucine molecules required for synthesis of senecic acid. This demonstrates that both carbons
cannot be oxidized further than the alkene or carbinol level [113]. The observation that 2-aminobutanoic
acid is efficiently converted to isoleucine in feeding experiments [113] (Figure 14C) enabled feeding
studies with stable isotope labelling and analysis of the produced alkaloids by NMR [112]. Feeding
of Senecio pleistocephalus and root cultures of Senecio vulgaris with [3,4-13C2]-2-aminobutanoic acid
confirmed that C-3 and C-4 of 2-aminobutyric acid carbons are the precursors of C-20 and C-21 in the
left hand side of senecic acid and of C-13 and C-19 in the right hand side (Figure 14D). Analysis of
alkaloids obtained by feeding of [3,4-2H5]-2-aminobutanoic acid revealed that three 2H were retained
on the methyl groups of both C-21 and C-19, and one 2H was retained on each C-13 and C-20. These
results show that the C-3 and C-4 positions of 2-aminobutanoic acid corresponding to C-5 and C-6 of
L-isoleucine are exclusively and equally incorporated intact into the two halves of senecic acid. These
results are in agreement with a mechanism proposed by Bale, where the left hand part of senecic acid
is derived from L-isoleucine by conversion to β-methylenenorvaline, which reacts with pyridoxal
phosphate to a Schiff’s base (Figure 14E). Deprotonation would generate a mesomeric anion with a
nucleophilic character at C-6 (numbering corresponding to that of L-isoleucine). This nucleophile
might react with a suitable, yet unknown electrophile [111]. From the experiments with 3H-labeled
L-isoleucine and 2H-labeled 2-aminobutanoic acid, it is clear that the electrophile cannot possess
a carbonyl group at C-4 while an alkene would be in agreement with those results. An attractive
candidate is tiglyl-coenzyme A since this compound is a metabolite of L-isoleucine degradation [114]
and thus present in most tissues. In addition, the C-C double bond is activated due to the neighboring
keto group. Attack of the nucleophile on tiglyl-CoA would create the C-13/C-14 bond. Subsequent
release of the pyridoxal phosphate coenzyme would create the C-16/C-20 double bond, which is either
directly or further metabolized (e.g., as epoxide, diol, etc.) almost invariably present in necic acids of the
senecic acid type. It must be emphasized that feeding experiments using (S)-[14C]-2-methylbutanoate,
the precursor of tiglyl-CoA in the L-isoleucine degradation pathway, did not give conclusive results
since high incorporation was observed, but the incorporation pattern was unspecific [111]. However,
it might be worth reinvestigating a possible role of tiglyl-CoA in senecic acid biosynthesis by state of
the art isotopologous NMR-based techniques.

First evidence for conversion of senecionine to other senecionine-type PAs came from feeding of
[14C]-putrescine to Senecio vernalis root cultures, which resulted in rapid incorporation in senecionine
N-oxide. However, the labeled senecionine N-oxide was progressively converted within 10 days
to senkirkine, an otonecine-type PA [28]. Pulse-chase feeding experiments of Senecio erucifolius
root cultures with [14C]-putrescine showed rapid incorporation of radioactivity in senecionine
N-oxide and revealed absence of any significant alkaloid turnover with the exception of a slow but
progressive conversion of labeled senecionine N-oxide to its dehydrogenation product, seneciphylline
N-oxide [115]. Using whole Senecio erucifolius plants, in addition to formation of seneciphylline
N-oxide, conversion of senecionine N-oxide to O-acetyl seneciphylline, and of erucifoline to O-acetyl
erucifoline and to eruciflorine was also observed, indicating that the stem might be crucial for these
modifications [116]. These data clearly demonstrate that the first product of PA biosynthesis in
Senecio is senecionine N-oxide, which is further converted to a bouquet of senecionine-like alkaloids
or their N-oxides (Figure 15). Such reactions mainly include simple one or two-step reactions like
hydroxylations, acetylations, desaturations and epoxidations. In addition, it is tempting to speculate
that the epoxide ring of jacobine and similar compounds might undergo further metabolization by
hydrolysis or addition of hydrochloric acid to yield jacoline N-oxide or jaconine N-oxide, respectively.
Thus, senecionine-like alkaloids are derived by modification of senecionine N-oxide rather than
combination of necine bases with different necic acids.
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4. Regulation of Pyrrolizidine Alkaloid Levels and Biosynthesis

PA biosynthesis is known to be regulated differently during plant development. For example,
in Eupatorium cannabium HSS expression is restricted to young roots with close correlation to plant
growth [82]. HSS is only detectable in newly grown, white roots until the produced biomass peaks
and flowers open. When these plant parts die off at the end of the vegetation period, de novo alkaloid
biosynthesis is required at the beginning of the next growth period. In contrast, plants of the species
Symphytum officinale can activate a second site of HSS expression once inflorescence development
begins in leaves subtending emerging flowers [117]. The same study could also demonstrate that not
only HSS but the whole PA biosynthetic pathway are active in these young leaves. This second site of
PA biosynthesis allows for drastically increased PA levels within the inflorescences ensuring optimal
protection of the reproductive structures against herbivores.

Furthermore, PA expression is influenced by nutrient and water supply as well as herbivore
infestation [118–120]. On the effects of nutrient availability, a general proposal is that a higher NPK
supply reduces the PA content in Senecio jacobaea, Senecio vulgaris, and Senecio aquaticus, presumably due
to dilution effects in shoots and roots, whereas PA levels in flowers are not affected [118]. These findings
are further supported by results of PA analysis in Senecio jacobaea and Senecio aquaticus on marginal,
sandy soils showing that low nutrient supply increases relative PA amounts [119]. Nevertheless,
the same study found a significant change in PA composition on fertilized soils, as they reported a high
rise in jacobine contents, while the total PA amount remained constant under nutrient rich conditions.
One reason for increased jacobine levels could be the role of jacobine in insect herbivore resistance.
Research on root herbivore damage in Senecio jacobaea has revealed no change in total PA content in the
whole plant, but a translocation of PAs from shoot to the root, mostly of N-oxides, also causing the
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ratio of N-oxide to free PAs to drop from 2:1 to 1:1 in the shoot [120]. Moreover, plants stabilize free PA
levels in aerial plant parts by converting PA N-oxide into free bases [120].

There is substantial evidence for the genetic control and heritability of PA biosynthesis. A study
by Vrieling et al. [121] using a diallel cross of Senecio jacobaea revealed that 48% of the variation in total
PA content was caused by genotypic variation. Half-sib analysis from natural progenies combined
with drought and nutrient deficiency treatments indicated that 85–90% of the differences in total
PA concentration were caused by additive genetic variation. Heritability for individual PAs was
significant as well. van Dam et al. [122] estimated that 33–43% of the variation in PA levels between
selfed families of Cynoglossum officinale is due to broad-sense heritability and found that the inducibility
of PA production by wounding of leaves differs significantly between families. Macel et al. [123]
evaluated the variations in PA profiles within clonal families of Senecio jacobaea and found significant
differences in the relative percentages and absolute concentrations of individual PAs between clonal
families. The variation in PA composition within clonal families was smaller than the variation among
families, indicating a strong genetic influence. Furthermore, Joosten et al. [51] found that the presence
of pyrrolizidine alkaloids in the tertiary amine form in Senecio jacobaea is genotype-dependent as well.
Pelser et al. [124] reconstructed the evolutionary history of qualitative PA variation in the Jacobaea
section of Senecio. They concluded that the variations in PA profiles are not caused by simple gain and
loss of PA-specific genes, but rather by changes in transient expression of PA biosynthesis genes, since
the large intra and interspecific variation in PA distribution seems to be largely incidental and nearly
all of the PAs identified in the Jacobaea section are also present in species of other sections of the genus.

Hybridization can result in the occurrence of novel PA structures through inter-specific epistatic
interactions between enzymes and substrates, as demonstrated by Kirk et al. [119]. They observed that
F1 hybrids between Senecio jacobaea and Senecio aquaticus produce florosenine, which is not present in
parent populations. Since florosenine is formed by O-acetylation of otosenine, the capacity of Senecio
aquaticus to synthesise otosenine and the ability of Senecio jacobaea for PA acetylation could be combined
in the hybrids. A study by Cheng et al. [125] using F1 and F2 hybrids of Senecio jacobaea and Senecio
aquaticus showed that hybrid roots contained acetylated otosenine-like PAs, while roots of the parental
lines did not. Additionally, shoots of F2 hybrids exhibited an over-expression of otosenine-like PAs
with contents reaching >20% of total PAs. In contrast, otosenine-like PAs have not been previously
reported as a major fraction of the PA bouquet in Senecio jacobaea or Senecio aquaticus. Furthermore,
some F2 hybrids contained higher relative proportions of erucifoline-like PAs in shoots compared to
the parental genotypes where jacobine or senecionine-type PAs dominated. These findings indicate
that hybridization contributes to the increase of the structural diversity of PAs.

There is little knowledge about the regulation of PA biosynthesis by plant hormones.
Methyl-jasmonate is thought to play a part because of its role as an elicitor of induced responses
and anti-herbivory resistance. Wei et al. [126] conducted a study with Senecio jacobaea and Senecio
aquaticus grown aseptically on medium containing methyl jasmonate. In treated Senecio jacobaea plants,
the total concentration of PAs increased in shoots but decreased in roots. A similar non-significant
trend was observed for Senecio aquaticus. The application of methyl jasmonate leads to a strong shift
from senecionine to erucifoline-like PAs, while the jacobine and otosenine-like PAs were not affected.
This indicates that methyl jasmonate does not necessarily induce de novo synthesis, but rather leads to
reallocation of certain PAs from roots to shoots and a conversion of PA structures. Sievert et al. [127]
tested the influence of methyl jasmonate on PA levels and on the transcript levels of homospermidine
synthase in Heliotropium indicum, Symphytum officinale, and Cynoglossum officinale, but could not detect
any significant effects. The only case where a clear influence of methyl jasmonate on PAs was observed
was in hairy root cultures of Echium rauwolfii [128]. Root culture medium, supplemented with 100 µM
of methyl jasmonate, lead to a 19-fold increase of total PAs, while the flavonoid quercetin boosted
the PA accumulation 6-fold at 50 µM. When the root cultures were pre-incubated with salicylic acid,
the inducing effect of both compounds could be suppressed.
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Regarding PA transport within the plant it has been shown for Senecio vernalis that translocation
from roots to shoots occurs through phloem cells, located opposite to specialized HSS-expressing cells
of the endodermis and the adjoining cortex parenchyma [81,129]. These cells are likely to execute
the entire biosynthesis of PAs which can then be transported as N-oxides through the pericycle into
the phloem, from there into the shoot and finally to the sites of storage, thereby uncoupling sites of
PA synthesis from sites of activity. PA N-oxides are more soluble than free PA bases and are thus
very phloem mobile, enabling transport between different storage tissues when necessary [130]. Also,
the shoot is suggested to harbor the ability to diversify the chemical composition of PAs by simple
hydroxylation, epoxidation, dehydrogenation, or O-acetylation reactions [89,116].

In a study by van Dam et al. [131], the inducibility of PA production after leaf damage was tested
in two different plants species, namely Senecio jacobaea and Cynoglossum officinale, by cutting off 50% of
their leaf area. PA concentrations were measured at different time points after damage and the cut-off
leaf tips were used as controls for diurnal fluctuations. In Senecio jacobaea leaf damage significantly
decreased PA concentrations. PA levels reached a minimum 12 h after the treatment and went back to
initial values 24 h after. PA levels in Cynoglossum officinale steadily increased with time after damage.
The authors hypothesize that the different responses might be due to adaptations related to the type
and severity of herbivory occurring under natural conditions as Senecio jacobaea is adapted to initiate
regrowth after severe defoliation by specialist herbivores. Therefore, a decrease of PAs in the leaves
after damage could be caused by a reallocation of defense resources for future regrowth. Cynoglossum
officinale on the other hand is not adapted to severe herbivory and does not recover as quickly following
damage. Thus, it might be advantageous for this species to boost its chemical defense in order to
reduce herbivore-inflicted damage.

5. Biological Activity

5.1. Role in Plant Ecology

The parallel evolvement of PA synthesis in phylogenetically unrelated plant families suggests
an evolutionary advantage from PA presence. One important aspect in this context is, as for the
evolution of many other secondary metabolites, a defense against insect herbivores [132,133]. Support
for this hypothesis is found by studying insects specialized on PA-containing plants, which are
found in a number of families, such as Lepidoptera, Coleoptera, Orthoptera, and Homoptera [134].
Additionally, grazing animals are known to only consume PA plants in times of low feed supply and
generalist insect herbivores are suggested to be deterred by different PAs whereas adapted insects
are thought to be attracted [131,134–136]. The general PA metabolism in insects is similar to human
PA metabolism, including the negative physiological effects. Various studies regarding the effects
of single PAs and general PA content on both specialist and generalist herbivore feeding have been
conducted. Wei et al. [137] and Macel et al. [138] showed that the influence on different generalist
species depends on PA-type and concentration. While Macel et al. [138] only observed effects under
certain dietary conditions, Wei et al. [137] performed bioassays with Senecio jacobaea x Senecio aquaticus
F2 hybrids with varying PA contents to draw conclusions about the correlation between the presence
and abundance of different PAs and feeding damage. The results indicate that, for instance, thrips
prefer leaves with lower jacobine-like PA contents, while for slugs, low senecionine-like PA levels are
important. Furthermore, single PAs of both types were correlated to feeding behavior. These results
are particularly interesting because presence of a C-13/C-19 double bond seems to play an important
role in generalist herbivore resistance [137]. However, also jacobine N-oxide, although not carrying the
C-13/C-19 double bond, has been shown to deter western flower thrips (Frankliniella occidentalis) and
higher amounts were shown to be a characteristic trait of thrips resistant PA plants [90,139].

There are several reports stating that PA N-oxides are less bioactive against insect herbivores
than the corresponding free bases [131,140–142]. Contrarily, PAs are mostly present in plants as
N-oxides [129] with some jacobine-like PAs occurring up to 50% as free base in Senecio jacobaea [51] and



Molecules 2019, 24, 498 23 of 44

Crassocephalum crepidioides [50]. An advantage of N-oxides is their higher solubility resulting in more
efficient storage and transport [130,143,144]. Another possible explanation suggested by Liu et al. [145]
are synergistic effects of PA N-oxides with other plant metabolites. They showed that PA free bases and
chlorogenic acid act antagonistically on western flower thrips (Frankliniella occidentalis) mortality, while
in contrast, PA N-oxides showed synergistic interactions with chlorogenic acid on thrips mortality.
In the absence of chlorogenic acid, PA free bases decreased thrips survival more severely than PA
N-oxides, but when chlorogenic acid was added, this effect was reversed. Thus, the bioactivity of
individual PAs seems to be influenced by the natural chemical background in which they occur.
This aspect is further supported by a study of Liu et al. [146], which demonstrated that fractions of
a methanol extract from Senecio jacobaea all showed a higher survival rate of western flower thrips
than the whole extract. Additionally, the expected combined effect of the single fractions on survival,
assuming no interaction, was lower than that of the methanol extract. Furthermore, retrorsine and
retrorsine N-oxide were added alone and in combination to the five fractions; the effects on thrips
survival depended on the fraction to which the PAs were added. These studies highlight the relevance
of synergistic effects of PAs and other plant metabolites on herbivores. In contrast, different PAs (free
amines and N-oxides) do not show synergistic effects on one another [141].

While the correlation of PA content and feeding is generally negative for generalists, the exact
opposite is reported for specialists, indicating an attraction by PA in plants. In fact, several cases
of adaption and utilization of PAs by insects have been reported [1,147,148]. The oviposition of
Tyria jacobaea, a well-studied member of the Lepidoptera, also called the cinnabar moth, was shown
to be positively influenced by the concentration of jacobine-like PAs [136]. This finding suggests
an advantage for Tyria jacobaea larvae from PA ingestion. Frequently, PAs are sequestered and
stored as N-oxides in specialist beetles, moths, butterflies and grasshoppers [1,147–149]. With the
storage of PA N-oxides insects have developed a strategy of using plant defense chemicals for their
own defense against predators. An astonishing example for this adaption are neotropic Ithomiinae
butterflies which, unlike moths, neither feed on PA plants nor sequester them from larvae stage
on, but rather take up PAs solely through nectar or withered twigs [135,138]. This habit protects
them from the spider Nephila clavipes, which cuts out butterflies that had previously ingested PAs,
of her own net [150,151]. In Utetheisa ornatrix the male butterflies are able to transfer their PA storage
during mating onto females, who then utilize them to protect their eggs [152]. Sequestered PAs
play an important role in the mating process of some tribes of the Lepidoptera family, because they
serve as a precursor for male pheromones [135,153]. Another impressive adaption was found in
Tyria jacobaea and Creatonotos transiens. These two arctiids are able to synthesize their own PAs
by esterifying a necine base of plant origin with a necic acid derived from isoleucine by their
own metabolism [42,154,155]. Kubitza et al. [156] provided a high-resolution crystal structure of
the flavin-dependent monooxygenase from the African locust (Zonocerus variegatus). This locust
expresses three flavin-dependent monooxygenase isoforms contributing to a counterstrategy against
PAs. By N-oxidation of PAs and accumulation of PA N-oxides within its hemolymph the locust
circumvents the chemical plant defense and uses PA N-oxides to protect itself against predators.
By such mechanisms specialized insects may gain advantages from PA-containing plants. Macel and
Klinkhamer [157] reported positive correlations between the jacobine N-oxide and free base content
of Senecio jacobaea with damage from specialist insect herbivores. Moreover, a study by Joshi and
Vrieling [158] reported higher jacobine concentrations in Senecio jacobaea growing in invasive areas,
indicating fitness advantage of lower PA amounts in areas with specialist herbivores compared to
areas with exclusively generalist insects, wherein higher contents are advantageous.

Livshultz et al. [77] studied the evolution of PAs in species of the Apocynaceae family, which
are larval host plants for PA-adapted butterflies of the Danainae family. The phylogenetic analysis
showed a monophyletic origin of the HSS sequences early in the evolution of one Apocynaceae
lineage. They found HSS orthologues, pseudogenes and multiple losses of HSS amino acid motifs in
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several non-PA producing species consistent with multiple independent losses of PAs. This indicates a
selection for the loss of PA biosynthesis by PA-adapted specialist herbivores in the Apocynaceae family.

Despite their contribution in defense against insects, PAs have also been reported to influence
interactions with symbiotic and pathogenic fungi. An inhibitory effect of PAs was measurable on
Fusarium and Trichoderma, with PA mixtures exhibiting the highest inhibition [159]. Interestingly,
in the same study an enhancement of growth by PAs was quantifiable for strains isolated from
Senecio jacobaea indicating specialization. PA chemotypes of Senecio jacobaea also influence the diversity
of fungal communities in soil, as shown by Kowalchuk et al. [119]. It was possible to distinguish
fungal communities associated with high-PA jacobine chemotypes from low PA samples as well
as senecionine/seneciphylline chemotypes. Additionally, a trend towards lower diversity in the
rhizosphere of high-PA plants was observed compared to low-PA plants. This shows that PA
chemotypes of Senecio jacobaea influence fungal communities in the rhizosphere, with jacobine types
selecting more intensely than senecionine/seneciphylline types. In another study, artificial root
colonization of Senecio jacobaea by Rhizophagus irregularis increased concentrations of senecionine,
jacoline N-oxide, jaconine N-oxide, and usaramine N-oxide in roots but not in shoots. Only the amount
of senecionine was significantly correlated with root length colonized [160]. On the other hand,
Reidinger et al. [161] observed a negative correlation between natural colonization levels of roots
of Senecio jacobaea by vesicles and the concentrations of both jacoline and total PAs. The authors
suggest that the natural variations in PA concentrations between individual plants might have affected
arbuscular mycorrhizal fungi colonization.

In the Fabaceae member Crotalaria PA production can also be influenced by root nodulation as
demonstrated by Irmer et al. [162]. Only nodulating Crotalaria spectabilis plants infected with their
rhizobial partner produce the PA monocrotaline, which is not regarded as being functionally involved
in the symbiosis. The absolute amounts of PA per plant were highest in leaves, followed by nodules,
roots, and stems, while the concentration was highest in the nodules (1.97 mg/g dry weight), exhibiting
a 10-fold higher concentration than in leaves (0.21 mg/g dry weight). A plant derived HSS sequence
was identified suggesting that the plant and not the microbiont is the PA producer. HSS transcripts
were only detectable in nodules, indicating that they are the only location of alkaloid biosynthesis and
the source from which the PAs are transported to above ground parts of the plant.

Plants which are not producing PAs can still accumulate them if they grow on soil containing
decomposing PA-containing plants according to a study by Nowak et al. [163]. Various plant species
commonly used as herbal teas or spices, i.e., melissa (Melissa officinalis), peppermint (Mentha x piperita),
chamomile (Matricaria chamomilla), and parsley (Petroselinum crispum), were grown on soil mulched
with 1 g of dried Senecio jacobaea plant material to investigate the uptake of PAs. Seven days after
application, all mulched plants exhibited marked concentrations of PA in their leaves while the
untreated controls were PA-free. The maximum PA levels in peppermint, melissa and chamomile were
0.1–0.15 mg/kg dry weight, whereas PA levels in parsley were up to five times higher (>0.5 mg/kg).
Fourteen days after mulching, PA concentrations severely decreased, especially the N-oxide forms.
The composition of the imported PAs in parsley, chamomile and melissa, showed a similar pattern to
that of Senecio jacobaea with erucifoline being the most abundant alkaloid, followed by seneciphylline
and jacobine, whereas in peppermint erucifoline occurred only in traces. This observation is probably
due to species dependent differences in PA degradation or modification in the acceptor plants. While
PA free bases can pass the membranes of the roots by simple diffusion, the uptake of PA N-oxides
might be catalyzed by transporters normally responsible for the uptake of other compounds. Since
the flowers of treated chamomile plants did not contain any PAs it was assumed that the transport to
the leaves of acceptor plants happens via the xylem. These findings are significant for the production
of herbal teas, spices, and plant derived pharmaceuticals as PA-contaminations can occur due to
decomposing PA-containing plants in the fields.
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5.2. Toxicity of Pyrrolizidine Alkaloids and Mechanisms for their Detoxification

Toxicity and pharmacology of PAs has recently been discussed in a detailed review by
Moreira et al. [10]. Thus, we summarize toxicity here only very briefly and focus more on detoxification
mechanisms.

PAs are one of the most important classes of naturally occurring toxins due to their wide
distribution and high risk of unwitting consumption of contaminated natural products like grains,
honey, milk, herbal teas, and medicines [3,164–171]. Numerous studies have demonstrated the
hepatotoxic [172], genotoxic [173], cytotoxic [173,174], tumorigenic [175], and neurotoxic [176] potential
of naturally occurring PAs. Possible symptoms of PA toxicity are hepatic veno-occlusive disease,
liver cirrhosis, megalocystosis and cancer. Furthermore, they can cause chronic pulmonary arterial
hypertension and congenital anomalies [3,177]. Several cases of poisonings and poisoning outbreaks
caused by PA contaminated food have been documented [3,178]. The two main sources of intoxication
for humans are the consumption of cereal grain contaminated with seeds from PA-containing weeds
and the use of alkaloid-forming herbs or herbal remedies for medicinal and dietary purposes [17,177].

The degree of harm caused by a specific PA relies on its necine base structure, since toxic
PAs, like the retronecine, otonecine and heliotridine-types, generally carry a 1,2-unsaturated
necine base. The first step of metabolic activation of PAs after ingestion and absorption is
dehydrogenation catalyzed by cytochrome P450 monooxygenases (CYP3A4 and CYP2C19) of
the liver (Figure 16) [179]. In retronecine and heliotridine-type PAs hydroxylation of the necine
base occurs at the C-3 and C-8 position to form 3- or 8-hydroxynecine derivatives followed
by spontaneous dehydration [180–182]. For otonecine-type PAs, oxidative N-demethylation of
the necine base occurs, followed by ring closure and dehydration [183,184]. Those reactions
lead to the formation of reactive dehydropyrrolizidine intermediates, also known as pyrroles or
pyrrolic esters, followed by the formation of pyrrolizinium ions. The electrophilic metabolites
are capable of binding nucleophilic -OH, -SH, or -NH functional groups on physiologically
important macromolecules like glutathione (GSH), DNA and proteins [173,185–189]. Nucleophilic
substitution of one or two glutathione molecules produces the GSH conjugates 7-, 7,9-di- and
9-glutathionyl-6,7-dihydro-1-hydroxymethyl-5H-pyrrolizine for excretion [173,183,190,191]. These
GSH conjugates are considered to be detoxification metabolites but it has been reported that they
also act as reactive metabolites, causing DNA adduct formation [172]. Additionally, glutathione
S-transferases (GSTs) can mediate these reactions leading to species-dependent toxicity effects, as it
has been observed that guinea pig hepatic GSTs catalyze GSH conjugation of the pyrrolic metabolites
of jacobine whereas rat hepatic GST did not affect the reaction [192]. GSH conjugation is one of the
most important detoxification reactions of PAs. If the levels of reactive intermediates are high enough,
the cellular GSH pool can be depleted causing severe oxidative damage of liver tissues [193–195].
Dehydro-PAs, including 6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP) [196,197],
their C-7 and C-9 hydrolysis product, and the dehydration product (3H-pyrrolizin-7-yl)methanol [198]
are all reactive alkylating species. They can bind to liver cellular proteins and DNA resulting in
the formation of DNA and/or protein adducts as well as DNA-protein cross links, which are all
associated with genotoxicity and carcinogenicity ultimately leading to veno-occlusive disease and/or
tumors [175,199,200].
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Reference [11].

A study on the in vitro metabolism of lasiocarpine in liver microsomes of humans, pigs, rats,
mice, rabbits, and sheep was compared and a tendency towards species-dependent toxicity was
observed [201]. The highest levels of reactive metabolites like (3H-pyrrolizin-7-yl)methanol and GSH
conjugates were detected in human microsomes, followed by pig, rat and mouse, all known to be
susceptible to PA intoxication. The microsomes of rabbit and sheep, known to be more PA-resistant,
exhibited lower metabolite levels. Interestingly, the scale of PA toxicity also depends on age and gender,
since male rats are more prone to clavinorine and isoline intoxication than female rats [194,202,203]
and young mice are more susceptible to retrorsine in comparison to adult mice [204].

One mode of detoxification catalyzed by flavin-containing monooxygenase (FMOs) is the
N-oxidation of the necine bases of retronecine and heliotridine-type PAs to form PA N-oxides [205,206].
Otonecine-type PAs on the other hand cannot form PA N-oxides due to methylation of the
necine base nitrogen. PA N-oxides can be conjugated for excretion and are therefore generally
regarded as detoxification products, although they may also be converted back to their toxic parent
PAs [181,207–209]. As it was demonstrated for senecionine, the susceptibility of an animal species to
PA exposure depends on the rate of FMO-catalyzed conversion of the PA into its N-oxide leading to
detoxification as well as the P450-catalyzed formation of DHP leading to toxicity [210]. In susceptible
species such as rats, cattle, horses, and chickens, a high glutathione–DHP conjugation is observed.
However, in sheep, a resistant species, low rates of glutathione conjugation combined with high rates
of FMO-catalyzed conversion of senecionine into its N-oxide occur.

Another mode of detoxification in mammal metabolism is the cleavage of the necine base-necine
acid bond, mediated by unspecific esterases followed by phase II-conjugation and excretion.
This process was shown to contribute to guinea pig resistance to PA toxicity and rat susceptibility,
as guinea pigs have higher liver esterase activity in contrast to rats [211–214].

Recently, N-glucuronidation has been identified as a potential new metabolic pathway in humans
and several animal species for the activation and detoxication of PAs [215].

PAs with a saturated necine base like platynecine-type PAs are known to be nontoxic. It has
been demonstrated that in hepatocytes treated with platyphylline the metabolites being formed
are mainly dehydroplatyphylline carboxylic acid and in lower amounts, platyphylline epoxide
as well as platyphylline N-oxide [216]. Disparate in comparison to unsaturated PAs, which are
activated to reactive pyrrolic esters causing the formation of hepatotoxic protein and/or DNA adducts,
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the saturated structure of the platynecine-type PAs causes the P450-mediated oxidative metabolism to
generate nonreactive polar compounds that are water-soluble and easily excreted.

5.3. Beneficial Properties of Certain PAs

Despite the toxic properties of 1,2-unsaturated PAs and their negative implications on human
and animal health, some PAs have the potential to be used for the treatment of diseases and infections.
One of the most consequential and positive characteristics of these PAs is their glycosidase inhibitory
activity [217,218], potentially leading to antidiabetic, anticancer, fungicidal, and antiviral effects [219].
Glycosidases are a class of enzymes involved in selective hydrolysis of sugar bonds in glycoconjugates
as well as the covalent attachment of carbohydrates to lipids, proteins, and peptides on the cell
surfaces [220–223]. Disfunctional glycosidases can reduce the proliferation of malignant cells and
tumor growth [219,224]. Furthermore, inhibited glycosidases can cause the formation of disorganized
oligosaccharides, thereby interrupting cell–cell and cell–virus recognition [219,225]. Thus, certain PAs
may be used for the treatment of cancer, diabetes, and infections [226,227]. Some of the most potent
glycosidase inhibitors are polyhydroxylated PAs since they mimic the pyranosyl and furanosyl core of
the natural glycosidase substrates [226,228]. It has been demonstrated that the polyhydroxylated PAs
alexine from Alexa leiopetala and australine from Castanospermum australe exhibit a strong glycosidase
inhibition [229–231] and show promising potential to be used as chemotherapeutic [219], antiviral [228],
and immunomodulatory drugs.

A pair of PAs with antitumor as well as antibiotic properties are (-)-clazamycin A and
(+)-clazamycin B, which were isolated from Streptomyces puniceus [232,233]. These compounds show
activity against Herpes simplex virus in vitro [233], as well as a strong inhibition of Pseudomonas
species [232]. Moreover, in some fungus species, PAs with potent activity against Gram-positive and
Gram-negative bacteria, as well as tumor cells have been isolated [234,235].

6. Occurrence of Pyrrolizidine Alkaloids in Crop Plants

While many plant species are PA producers, few of them are used by humans, which is likely
related to PA toxicity. Among them, most are used in traditional medicine for treatment of diverse
diseases, which is discussed in detail in a number of review articles [16,17,177,236–239]. However,
there are also several PA-producing plants used as food or as forage crops. While intake of medicinal
plants is usually minute, vegetables and herbs may be consumed at substantial amounts, making
presence of PAs very critical. Thus, we will focus here on plant species that are consumed as food or
used as livestock feed in different regions of the world.

6.1. Borago officinalis

Borage (Borago officinalis), which originated from the Mediterranean area, is a common annual
garden herb used in salads and teas and is widely cultivated for seed oil production. The oil
contains high amounts of the essential fatty acid γ-linolenic acid (18–25%), and is therefore used
for nutritional, medical, and cosmetic purposes. Larson et al. [240] first identified the pyrrolizidine
alkaloids lycopsamine and amabiline (Figure 17) in fresh and dried leaves and stems of B. officinalis
with a total alkaloid amount of less than 0.001% dry weight. They also showed that in roots
the alkaloids are mainly present as the free base, while fresh leaves contain mainly N-oxides.
Lüthy et al. [241] did not only detect lycopsamine and amabiline but also intermedine, supinine
and the isomer pair acetyllycopsamine/acetylintermedine in the range of 2-10 mg/kg in vegetative
tissues. Dodson et al. [92] determined thesinine as the only alkaloid in the flowers and the major
alkaloid in seeds. Mature seeds were found to contain thesinine and minute amounts of lycopsamine.
Immature seeds contained only thesinine. The first glycosylated pyrrolizidine alkaloid reported in
plants, namely thesinine-4′-O-β-D-glucoside, was discovered in dried and defatted borage seeds [53].
Seeds contain approximately 0.1% to 0.5% thesinine-4′-O-β-D-glucoside.
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Wretensjö and Karlberg [242] analyzed crude borage oil as well as borage oil from different
processing stages and found no pyrrolizidine alkaloids present above a detection limit of 20 µg/kg.
Additionally, they could demonstrate by spiking experiments with crotaline that the pyrrolizidine
content in crude borage oil was reduced overall by a factor of approximately 30,000 in the refining
process. Additionally, Vacillotto et al. [243] could not detect any pyrrolizidine alkaloids above a
detection limit of 0.2 µg/kg in seed oil.
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Figure 17. Pyrrolizidine alkaloids found in Borago officinalis (borage): (A) Flower of B. officinalis. Young
flowers show a bright blue color while older flowers exhibit, because of a lower pH, a slightly reddish
coloration. (B) Leaves of B. officinalis contain the supinidine-type PAs amabiline and supinine and the
retronecine-type lycopsamine and intermedine as well as their 7-acetylated derivatives. Seeds contain
mainly the (-)-isoretronecanol-type PA thesinine and its glucoside thesinine-4′-O-β-D-glucoside.

6.2. Crassocephalum crepidioides

The genus Crassocephalum belongs to the Asteraceae family (subfamily Asteroideae, tribe
Senecioneae) [244] and includes approximately 100 plant species growing in Africa, tropical and
subtropical regions of Asia and Australia and locally in America [245,246]. Both Crassocephalum
crepidioides (Figure 18A) and Crassocephalum rubens are erect annual herbs used as leafy
vegetables [245,247–249].

C. crepidioides and C. rubens are used fresh or dried for preparation of sauces, soups and stews [250].
C. crepidioides is also eaten raw, for example in Australia in salad dishes [245]. A factor making
particularly C. crepidioides interesting for food production is its high yield of up to 25-27 t/ha per
year even on soils with low nutrient supply [245]. Moreover, it has desirable nutritional properties
since dried leaves contain about 27% protein, 8% fiber, 42% carbohydrates, and 3% lipids [248,251].
These values suggest that C. crepidioides is a good source of fiber while the relatively high amount of
carbohydrates makes it a good source of energy. C. crepidioides and C. rubens contain also high levels of
minerals including potassium, magnesium, calcium, phosphorous, iron, copper and manganese [251].
Both plant species are also used in traditional medicine due to supposed medicinal properties,
such as antibiotic, antioxidant, anti-fungal, anti-inflammatory, anti-diabetic and blood regulative
effects. They are included in traditional treatment of hepatic insufficiency, intestinal worms, stomach
disorders and open wounds [245,252,253]. Furthermore, in Africa C. crepidioides is traditionally part
of diets of pregnant and breast-feeding women as it is believed to prevent anemia and stimulate
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milk production [252]. In addition to human consumption and application in traditional medicine,
C. crepidioides is also used as livestock feed, for instance for poultry [245].

Based on brine shrimp lethality tests and application of Mayer’s reagent Adjatin et al. considered
both C. crepidioides and C. rubens as safe for human consumption [254]. In sharp contrast, Asada et al.
reported isolation of significant amounts of jacobine and jacoline (Figure 18C) from C. crepidioides [255].
The reason for these divergent results might be the low sensitivity of Mayer’s reagent for PAs, which
are in fact usually detected with Dragendorff’s reagent, or with higher sensitivity and specificity,
by chromatographic techniques. Indeed, presence of high amounts of jacobine in C. crepidioides was
recently confirmed by cation exchange chromatography [50]. Interestingly, the content of jacobine
depended highly on the tissue. In young leaves jacobine was present at levels exceeding 200 mg/kg
fresh weight while it was below 1 mg/kg fresh weight in old leaves. In addition, the jacobine
content was under developmental control since six-week-old plants showed contents of approximately
27 mg/kg fresh weight while 10-week-old plants had contents of 260 mg/kg. Also, the growth
conditions had a significant impact since incubator-grown plants had high levels while jacobine was
below the detection limit (1 mg/kg) in greenhouse grown plants [50]. Production of alkaloids has also
been reported for C. rubens [256]. These results clearly show that C. crepidioides and C. rubens cannot
be considered safe for human consumption and that PA-free varieties have to be identified prior to
utilization of these species as food or forage crops.
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species collected from Jiangsu. These results show that the amount and variety of PAs in Gynura 
depends on the species as well as the growing region, indicating that environmental factors likely 
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as well as antioxidative and anti-inflammatory properties [264]. Its medicinal use is risky though as 
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segetum [265–268]. Liang and Roeder were the first to characterize senecionine from G. segetum [269]. 
The presence of senecionine was confirmed by Yuan et al. [270], who could additionally detect 
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Figure 18. Crassocephalum crepidioides. C. crepidioides plant (A) and flowers (B). (C) The retronecine-type
PAs jacobine and jacoline were reported in C. crepidioides. Pictures shown in (A) and (B): Courtesy of N.
Adebimpe Adedej.

6.3. Gynura

Gynura, a genus of the Asteraceae family, contains several edible species native to Asia like G.
bicolor, G. divaricata and G. procumbens which are used in Asian cuisine and traditional medicine.
The species G. bicolor for example, has great nutraceutical potential, containing high levels of
phenolic acids, flavonoids, carotenoids and anthocyanins and exhibits anti-oxidative as well as
anti-inflammatory properties [257]. Furthermore, it can be used for the treatment of diabetes
mellitus [258] and cancer [259,260]. Even though the use of Gynura may have numerous beneficial
effects on health, its consumption is not without risk because of the presence of PAs. Intergerrimine
and usaramine were first identified in G. divaricata by Roeder et al. [261]. Chen et al. [262] compared
the PA profiles of G. bicolor and G. divaricata collected from five different provinces of China. They
found 27 PAs consisting of five different types in the two species. Known PAs that were identified
are retrorsine, spartioidine, seneciphylline, integerrimine, senecionine, senkirkine, retrorsine N-oxide,
senecionine N-oxide, and seneciphylline N-oxide (Figure 19). Additionally, 18 other unidentified
PAs were detected in both species. G. divaricata collected in the Jiangsu province showed the highest
concentration (39.7 µg/g) of retronecine type PAs while G. bicolor from Fujian contained the lowest
concentration (1.4 µg/g). G. divaricata always contained higher amounts of retronecine type PAs in
comparison to G. bicolor from the same locality and harvest time. Both species collected from Jiangsu
contained the most diverse PA profile, while G. divaricata from Fujian showed the lowest variety of
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PAs. A weak cytotoxic activity was detected in alkaloid extracts of both species collected from Jiangsu.
These results show that the amount and variety of PAs in Gynura depends on the species as well
as the growing region, indicating that environmental factors likely play a role in PA accumulation
in Gynura. Another Gynura species traditionally used in Chinese medicine is Gynura segetum, also
known as Jusanqi. It has been shown to have anti-angiogenic [263] as well as antioxidative and
anti-inflammatory properties [264]. Its medicinal use is risky though as there have been several reports
of hepatic veno-occlusive disease linked to the consumption of G. segetum [265–268]. Liang and Roeder
were the first to characterize senecionine from G. segetum [269]. The presence of senecionine was
confirmed by Yuan et al. [270], who could additionally detect seneciphylline as well as seneciphyllinine
and E-seneciphylline. Qi et al. [271] analyzed whole plants of G. segetum collected from Zhejang
province of China and could unequivocally identify seneciphylline, senecionine, seneciphyllinine, and
seneciphyllinine N-oxide using HPLC / ITMS. 16 further PA or PANO structures were tentatively
assigned, among them E-seneciphylline, E-seneciphylline N-oxide, senecicannabine, senecicannabine
N-oxide, a yamataimine isomer, jacoline, and tetrahydrosenecionine, which has been reported for the
first time from a natural source. Considering the present research about PAs in Gynura indicates that
caution is required concerning its use for dietary and medicinal purposes.

Molecules 2018, 23, x FOR PEER REVIEW  30 of 45 

 

further PA or PANO structures were tentatively assigned, among them E-seneciphylline, 
E-seneciphylline N-oxide, senecicannabine, senecicannabine N-oxide, a yamataimine isomer, 
jacoline, and tetrahydrosenecionine, which has been reported for the first time from a natural source. 
Considering the present research about PAs in Gynura indicates that caution is required concerning 
its use for dietary and medicinal purposes. 

 
Figure 19. Pyrrolizidine alkaloids observed in Gynura bicolor. (A) G. bicolor plant. (B) G. bicolor leaves 
from the upper (green) and lower (ruby-colored) side. (B) Senecionine, seneciphylline and retrorsine 
were reported in G. bicolor in both, their free forms (shown above) and as N-oxides, while 
intergerrimine, spartiodine, and senkirkine were only found as free alkaloids. 

6.4. Lolium 

Lolium species, commonly known as ryegrass, are important pasture grass species serving as 
main feed for grazing livestock in numerous countries and regions, for example Australia, New 
Zealand, North America and Europe. These species can have toxic effects on mammals that graze 
them and are related to a syndrome known as ryegrass staggers. Therefore, their chemical 
composition has been analyzed intensively. 

Interestingly, the originally identified toxins, lolitrem B [272], ergovaline [273], and loline 
alkaloids are produced by endophytic fungi [5]. The loline alkaloids represent a special class of PAs, 
which are characterized by the presence of an ether bridge (Figure 1). In contrast to classical PAs, 
which are produced by plants, lolines are metabolic products of fungi, particularly of the genus 
Epichloë [5,274,275].  

In addition, several Lolium species can also produce PAs of the thesinine type themself. 
Koulman et al. [54] were the first to isolate and elucidate the stereoisomers 
E-thesinine-O-4′-α-rhamnoside and Z-thesinine-O-4′-α-rhamnoside from Lolium perenne (Figure 20), 
thereby providing the first report of PAs in the Poaceae family which are synthesized by the plant 
itself. Furthermore, they could detect those two compounds together with the aglycone and a 
hexoside in Festuca arundinacea, a species of grasses closely related to L. perenne. In L. perenne the 
highest concentrations of E/Z-thesinine-O-4′-α-rhamnoside were found in sheath tissue, followed by 
blade tissue while immature tissue contained the lowest amounts. Infection with the endophytic 
fungus Neotyphodium lolii increased the concentrations only slightly. The authors analyzed plants 
grown in a greenhouse and found variations in the ratios of E-thesinine-O-4′-α-rhamnoside to 
Z-thesinine-O-4′-α-rhamnoside between 0.2 and 1. When clonal material was grown in a climate 
room under controlled conditions the variation was severely reduced, indicating a strong 
environmental influence on the accumulation of E/Z-thesinine-rhamnoside. Since the identified 
alkaloid conjugates do not possess a C-1/C-2 unsaturation and a hydroxy group at C-7, they likely 
exhibit a limited toxicity to mammals. The common occurrence of these PAs in several widely used 
commercial L. perenne and F. arundinacea cultivars further demonstrates their non-toxicity or low 
toxicity to grazing livestock, but detoxification by rumen bacteria might play a role as well [276]. It is 

Figure 19. Pyrrolizidine alkaloids observed in Gynura bicolor. (A) G. bicolor plant. (B) G. bicolor leaves
from the upper (green) and lower (ruby-colored) side. (B) Senecionine, seneciphylline and retrorsine
were reported in G. bicolor in both, their free forms (shown above) and as N-oxides, while intergerrimine,
spartiodine, and senkirkine were only found as free alkaloids.

6.4. Lolium

Lolium species, commonly known as ryegrass, are important pasture grass species serving as main
feed for grazing livestock in numerous countries and regions, for example Australia, New Zealand,
North America and Europe. These species can have toxic effects on mammals that graze them and are
related to a syndrome known as ryegrass staggers. Therefore, their chemical composition has been
analyzed intensively.

Interestingly, the originally identified toxins, lolitrem B [272], ergovaline [273], and loline
alkaloids are produced by endophytic fungi [5]. The loline alkaloids represent a special class of
PAs, which are characterized by the presence of an ether bridge (Figure 1). In contrast to classical
PAs, which are produced by plants, lolines are metabolic products of fungi, particularly of the genus
Epichloë [5,274,275].

In addition, several Lolium species can also produce PAs of the thesinine type themself.
Koulman et al. [54] were the first to isolate and elucidate the stereoisomers E-thesinine-O-4′-
α-rhamnoside and Z-thesinine-O-4′-α-rhamnoside from Lolium perenne (Figure 20), thereby providing
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the first report of PAs in the Poaceae family which are synthesized by the plant itself. Furthermore,
they could detect those two compounds together with the aglycone and a hexoside in Festuca
arundinacea, a species of grasses closely related to L. perenne. In L. perenne the highest concentrations
of E/Z-thesinine-O-4′-α-rhamnoside were found in sheath tissue, followed by blade tissue while
immature tissue contained the lowest amounts. Infection with the endophytic fungus Neotyphodium
lolii increased the concentrations only slightly. The authors analyzed plants grown in a greenhouse
and found variations in the ratios of E-thesinine-O-4′-α-rhamnoside to Z-thesinine-O-4′-α-rhamnoside
between 0.2 and 1. When clonal material was grown in a climate room under controlled conditions
the variation was severely reduced, indicating a strong environmental influence on the accumulation
of E/Z-thesinine-rhamnoside. Since the identified alkaloid conjugates do not possess a C-1/C-2
unsaturation and a hydroxy group at C-7, they likely exhibit a limited toxicity to mammals.
The common occurrence of these PAs in several widely used commercial L. perenne and F. arundinacea
cultivars further demonstrates their non-toxicity or low toxicity to grazing livestock, but detoxification
by rumen bacteria might play a role as well [276]. It is currently unknown if the thesinine-rhamnoside
PAs play any role in insect deterrence or if they enhance plant fitness by any other means.
Wesseling et al. [91] analyzed various Pooideae species grown under controlled conditions and found
that PA biosynthesis is restricted to a small group of species producing only a narrow range of
thesinine conjugates. The three closely related outbreeding Lolium species L. perenne, L. multiflorum,
and L. rigidum were shown to accumulate PAs while the inbreeding L. temulentum and L. remotum
do not. Furthermore, F. arundinacea contained PAs while in the closely related F. pratensis they were
absent. Potential explanations for this pattern might be the independent evolution of PA biosynthesis
in F. arundinacea or a secondary loss in the inbreeding Lolium species. Hybridization of PA producing
Lolium species with Festuca could be another possibility of how PA production was acquired in Festuca.
Additionally, the inter and intra-specific PA patterns are highly variable. L. rigidum contained the
highest average amounts of PAs, followed by L. perenne and F. arundinacea, while L. multiflorum showed
the lowest concentrations. F. arundinacea was the only species which contained the aglycone thesinine
in significant amounts. In L. perenne and L. multiflorum PAs were restricted to only a few of the tested
individuals, while all samples of L. rigidum and F. arundinacea were tested positive. It seems like PA
biosynthesis is a constitutive trait in some species, while in others it occurs only infrequently and might
possibly be induced by external stimuli or occur in later developmental stages. Gill et al. [76] identified
two putative HSS genes in perennial ryegrass, one of them (LpHSS1) occurring only sporadically.
A significant association of absence of the LpHSS1 gene with lower levels of thesinine-rhamnoside PAs
was found. This provides the possibility of developing genetic markers for future breeding efforts in
regard to PA presence and enables investigations about the role of PAs in deterring herbivore pests.
Further HSS-like gene sequences were identified in other Poaceae species, including tall fescue, wheat,
maize, and sorghum. Therefore, PA biosynthesis might be even more widespread in the grass family
than it is known to date with unknown PA structures still to be discovered.

Molecules 2018, 23, x FOR PEER REVIEW  31 of 45 

 

currently unknown if the thesinine-rhamnoside PAs play any role in insect deterrence or if they 
enhance plant fitness by any other means. Wesseling et al. [91] analyzed various Pooideae species 
grown under controlled conditions and found that PA biosynthesis is restricted to a small group of 
species producing only a narrow range of thesinine conjugates. The three closely related 
outbreeding Lolium species L. perenne, L. multiflorum, and L. rigidum were shown to accumulate PAs 
while the inbreeding L. temulentum and L. remotum do not. Furthermore, F. arundinacea contained 
PAs while in the closely related F. pratensis they were absent. Potential explanations for this pattern 
might be the independent evolution of PA biosynthesis in F. arundinacea or a secondary loss in the 
inbreeding Lolium species. Hybridization of PA producing Lolium species with Festuca could be 
another possibility of how PA production was acquired in Festuca. Additionally, the inter and 
intra-specific PA patterns are highly variable. L. rigidum contained the highest average amounts of 
PAs, followed by L. perenne and F. arundinacea, while L. multiflorum showed the lowest 
concentrations. F. arundinacea was the only species which contained the aglycone thesinine in 
significant amounts. In L. perenne and L. multiflorum PAs were restricted to only a few of the tested 
individuals, while all samples of L. rigidum and F. arundinacea were tested positive. It seems like PA 
biosynthesis is a constitutive trait in some species, while in others it occurs only infrequently and 
might possibly be induced by external stimuli or occur in later developmental stages. Gill et al. [76] 
identified two putative HSS genes in perennial ryegrass, one of them (LpHSS1) occurring only 
sporadically. A significant association of absence of the LpHSS1 gene with lower levels of 
thesinine-rhamnoside PAs was found. This provides the possibility of developing genetic markers 
for future breeding efforts in regard to PA presence and enables investigations about the role of PAs 
in deterring herbivore pests. Further HSS-like gene sequences were identified in other Poaceae 
species, including tall fescue, wheat, maize, and sorghum. Therefore, PA biosynthesis might be even 
more widespread in the grass family than it is known to date with unknown PA structures still to be 
discovered. 

 
Figure 20. Pyrrolizidine alkaloids reported for Lolium species. (A) Lolium perenne (ray grass). (B) 
Lolium multiflorum (Italian rye-grass). (C) Structures of E- and Z-thesinine-4′-O-α-L-rhamnoside. 
Pictures shown in (A) and (B): Courtesy of Leo Michels. 

Author Contributions: Conceptualization, W.R., S.S.; writing and original draft preparation W.R., S.S. and 
N.K.; figure preparation, W.R. and S.S. 

Funding: The publication costs were covered by the German Research Foundation (DFG) and the Technical 
University of Munich (TUM) in the framework of the Open Access Publishing Program. 

Acknowledgments: Thanks to N. Adebimpe Adedej for providing pictures used in Figure 18 and for help with 
editing. Thanks to Leo Michels for providing pictures used in Figure 20. Thanks to Brigitte Poppenberger and 
Veronica Ramirez for critical reading of the manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 
  

Figure 20. Pyrrolizidine alkaloids reported for Lolium species. (A) Lolium perenne (ray grass). (B) Lolium
multiflorum (Italian rye-grass). (C) Structures of E- and Z-thesinine-4′-O-α-L-rhamnoside. Pictures
shown in (A) and (B): Courtesy of Leo Michels.



Molecules 2019, 24, 498 32 of 44

Author Contributions: Conceptualization, W.R., S.S.; writing and original draft preparation W.R., S.S. and N.K.;
figure preparation, W.R. and S.S.

Funding: The publication costs were covered by the German Research Foundation (DFG) and the Technical
University of Munich (TUM) in the framework of the Open Access Publishing Program.

Acknowledgments: Thanks to N. Adebimpe Adedej for providing pictures used in Figure 18 and for help with
editing. Thanks to Leo Michels for providing pictures used in Figure 20. Thanks to Brigitte Poppenberger and
Veronica Ramirez for critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Macel, M. Attract and deter: A dual role for pyrrolizidine alkaloids in plant-insect interactions. Phytochem.
Rev. 2011, 10, 75–82. [CrossRef] [PubMed]

2. Ober, D.; Hartmann, T. Homospermidine synthase, the first pathway-specific enzyme of pyrrolizidine
alkaloid biosynthesis, evolved from deoxyhypusine synthase. Proc. Natl. Acad. Sci. USA 1999, 96, 14777–14782.
[CrossRef] [PubMed]

3. EFSA. Scientific opinion on pyrrolizidine alkaloids in food and feed. EFSA J. 2011, 9, 2406. [CrossRef]
4. Molyneux, R.J.; Gardner, D.L.; Colegate, S.M.; Edgar, J.A. Pyrrolizidine alkaloid toxicity in livestock:

A paradigm for human poisoning? Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess.
2011, 28, 293–307. [CrossRef] [PubMed]

5. Schardl, C.L.; Grossman, R.B.; Nagabhyru, P.; Faulkner, J.R.; Mallik, U.P. Loline alkaloids: Currencies of
mutualism. Phytochemistry 2007, 68, 980–996. [CrossRef] [PubMed]

6. Pan, J.; Bhardwaj, M.; Faulkner, J.R.; Nagabhyru, P.; Charlton, N.D.; Higashi, R.M.; Miller, A.F.; Young, C.A.;
Grossman, R.B.; Schardl, C.L. Ether bridge formation in loline alkaloid biosynthesis. Phytochemistry 2014, 98,
60–68. [CrossRef]

7. Pan, J.; Bhardwaj, M.; Nagabhyru, P.; Grossman, R.B.; Schardl, C.L. Enzymes from fungal and plant origin
required for chemical diversification of insecticidal loline alkaloids in grass-Epichloe symbiota. PLoS ONE
2014, 9, e115590. [CrossRef]

8. Bunsupa, S.; Yamazaki, M.; Saito, K. Quinolizidine alkaloid biosynthesis: Recent advances and future
prospects. Front. Plant Sci. 2012, 3, 239. [CrossRef]

9. Kim, N.; Estrada, O.; Chavez, B.; Stewart, C.; D’Auria, J.C. Tropane and Granatane Alkaloid Biosynthesis:
A Systematic Analysis. Molecules 2016, 21, 1510. [CrossRef]

10. Moreira, R.; Pereira, D.M.; Valentao, P.; Andrade, P.B. Pyrrolizidine Alkaloids: Chemistry, Pharmacology,
Toxicology and Food Safety. Int. J. Mol. Sci. 2018, 19, 1668. [CrossRef]

11. Robertson, J.; Stevens, K. Pyrrolizidine alkaloids: Occurrence, biology, and chemical synthesis. Nat. Prod.
Rep. 2017, 34, 62–89. [CrossRef] [PubMed]

12. Ikeda, Y.; Nonaka, H.; Furumai, T.; Igarashi, Y. Cremastrine, a pyrrolizidine alkaloid from Cremastra
appendiculata. J. Nat. Prod. 2005, 68, 572–573. [CrossRef] [PubMed]

13. Lindström, B.; Lüning, B. Studies on Orchidaceae alkaloids XIII. A new alkaloid, laburnine acetate, from
Vanda cristata Lindl. Acta Chem. Scand. 1969, 23, 3352–3354. [CrossRef]

14. Hoang le, S.; Tran, M.H.; Lee, J.S.; To, D.C.; Nguyen, V.T.; Kim, J.A.; Lee, J.H.; Woo, M.H.; Min, B.S.
Anti-inflammatory Activity of Pyrrolizidine Alkaloids from the Leaves of Madhuca pasquieri (Dubard).
Chem. Pharm. Bull. 2015, 63, 481–484. [CrossRef] [PubMed]

15. Freer, A.A.; Kelly, H.A.; Robins, D.J. Rosmarinine: A pyrrolizidine alkaloid. Acta Cryst. C 1986, 42, 1348–1350.
[CrossRef]

16. Roeder, E.; Wiedenfeld, H. Pyrrolizidine alkaloids in medicinal plants of Mongolia, Nepal and Tibet.
Pharmazie 2009, 64, 699–716. [CrossRef]

17. Roeder, E. Medicinal plants in Europe containing pyrrolizidine alkaloids. Pharmazie 1995, 50, 83–98.
[PubMed]

18. Tasso, B.; Novelli, F.; Sparatore, F.; Fasoli, F.; Gotti, C. (+)-Laburnamine, a natural selective ligand and partial
agonist for the alpha4beta2 nicotinic receptor subtype. J. Nat. Prod. 2013, 76, 727–731. [CrossRef]

19. Suri, O.P.; Jamwal, R.S.; Suri, K.A.; Atal, C.K. Ehretinine, a novel pyrrolizidine alkaloid from Ehretia aspera.
Phytochemistry 1980, 19, 1273–1274. [CrossRef]

http://dx.doi.org/10.1007/s11101-010-9181-1
http://www.ncbi.nlm.nih.gov/pubmed/21475391
http://dx.doi.org/10.1073/pnas.96.26.14777
http://www.ncbi.nlm.nih.gov/pubmed/10611289
http://dx.doi.org/10.2903/j.efsa.2011.2406
http://dx.doi.org/10.1080/19440049.2010.547519
http://www.ncbi.nlm.nih.gov/pubmed/21360375
http://dx.doi.org/10.1016/j.phytochem.2007.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17346759
http://dx.doi.org/10.1016/j.phytochem.2013.11.015
http://dx.doi.org/10.1371/journal.pone.0115590
http://dx.doi.org/10.3389/fpls.2012.00239
http://dx.doi.org/10.3390/molecules21111510
http://dx.doi.org/10.3390/ijms19061668
http://dx.doi.org/10.1039/C5NP00076A
http://www.ncbi.nlm.nih.gov/pubmed/27782262
http://dx.doi.org/10.1021/np049650x
http://www.ncbi.nlm.nih.gov/pubmed/15844951
http://dx.doi.org/10.3891/acta.chem.scand.23-3352
http://dx.doi.org/10.1248/cpb.c14-00855
http://www.ncbi.nlm.nih.gov/pubmed/26027474
http://dx.doi.org/10.1107/S0108270186092314
http://dx.doi.org/10.1691/ph.2009.9653
http://www.ncbi.nlm.nih.gov/pubmed/7700976
http://dx.doi.org/10.1021/np3007028
http://dx.doi.org/10.1016/0031-9422(80)83115-3


Molecules 2019, 24, 498 33 of 44

20. Villanueva-Canongo, C.; Perez-Hernandez, N.; Hernandez-Carlos, B.; Cedillo-Portugal, E.; Joseph-Nathan, P.;
Burgueno-Tapia, E. Complete 1H NMR assignments of pyrrolizidine alkaloids and a new eudesmanoid from
Senecio polypodioides. Magn. Reson. Chem. 2014, 52, 251–257. [CrossRef]

21. Alali, F.Q.; Tahboub, Y.R.; Ibrahim, E.S.; Qandil, A.M.; Tawaha, K.; Burgess, J.P.; Sy, A.; Nakanishi, Y.;
Kroll, D.J.; Oberlies, N.H. Pyrrolizidine alkaloids from Echium glomeratum (Boraginaceae). Phytochemistry
2008, 69, 2341–2346. [CrossRef] [PubMed]

22. Roeder, E.; Wiedenfeld, H.; Jost, E.J. Tussilagine—A new pyrrolizidine alkaloid from Tussilago farfara.
Planta Med. 1981, 43, 99–102. [CrossRef] [PubMed]

23. El-Shazly, A.; Abdel-Ghani, A.; Wink, M. Pyrrolizidine alkaloids from Onosma arenaria (Boraginaceae).
Biochem. Syst. Ecol. 2003, 31, 477–485. [CrossRef]

24. Brandänge, S.; Granelli, I.; Johanson, R.; Hytta, R.; van der Hoeven, M.G.; Swahn, C.G. Studies on
Orchidaceae Alkaloids. XXXVI. Alkaloids from some Vanda and Vandopsis Species. Acta Chem. Scand.
1973, 27, 1096–1097. [CrossRef]

25. El-Shazly, A.; El-Domiaty, M.; Witte, L.; Wink, M. Pyrrolizidine alkaloids in members of the Boraginaceae
from Sinai (Egypt). Biochem. Syst. Ecol. 1998, 26, 619–636. [CrossRef]

26. Roeder, E.; Wiedenfeld, H.; Hoenig, A. Pyrrolizidinalkaloide aus Senecio aureus. Planta Med. 1983, 49, 57–59.
[CrossRef]

27. Hikichi, M.; Asada, Y.; Furuya, T. Ligularidine, a new pyrrolizidine alkaloid from Ligularia dentata. Tetrahedron
Lett. 1979, 20, 1233–1236. [CrossRef]

28. Toppel, G.; Witte, L.; Riebesehl, B.; Borstel, K.V.; Hartmann, T. Alkaloid patterns and biosynthetic capacity of
root cultures from some pyrrolizidine alkaloid producing Senecio species. Plant Cell Rep. 1987, 6, 466–469.
[CrossRef]

29. Ravi, S.; Ravikumar, R.; Lakshmanan, A.J. Pyrrolizidine alkaloids from Cynoglossum furcatum. J. Asian Nat.
Prod. Res. 2008, 10, 349–354. [CrossRef]

30. Culvenor, C.C.; Edgar, J.A.; Smith, L.W. Pyrrolizidine alkaloids in honey from Echium plantagineum L. J. Agric.
Food Chem. 1981, 29, 958–960. [CrossRef]

31. Crout, D.H. Pyrrolizidine alkaloids. Biosynthesis of the angelate component of heliosupine. J. Chem. Soc.
Perkin Trans. 1 1967, 13, 1233–1234. [CrossRef] [PubMed]

32. Resch, J.F.; Rosberger, D.F.; Meinwald, J.; Appling, J.W. Biologically active pyrrolizidine alkaloids from the
true forget-me-not, Myosotis scorpioides. J. Nat. Prod. 1982, 45, 358–362. [CrossRef] [PubMed]

33. Culvenor, C.C.J.; Edgar, J.A.; Frahn, J.L.; Smith, L.W.; Ulubelen, A.; Doganca, S. The structure of anadoline.
Aust. J. Chem. 1975, 28, 173–178. [CrossRef]

34. Ulubelen, A.; Doganca, S. Anadoline, a new senecio alkaloid from Symphytum orientale. Tetrahedron Lett. 1970,
11, 2583–2585. [CrossRef]

35. Crowley, H.C.; Culvenor, C.C.J. Alkaloids of Cynoglossum latifolium R.Br. Latifoline and 7-Angelylretronecine.
Aust. J. Chem. 1962, 15, 139–144. [CrossRef]

36. Hagglund, K.M.; L’Empereur, K.M.; Roby, M.R.; Stermitz, F.R. Latifoline and Latifoline-N-Oxide from
Hackelia floribunda, the Western False Forget-Me-Not. J. Nat. Prod. 1985, 48, 638–639. [CrossRef]

37. Roitman, J.N.; Wong, R.Y. Revised Absolute Configurations of Latifolic Acid and the Pyrrolizidine Alkaloid
Latifoline. Aust. J. Chem. 1988, 41, 1781–1787. [CrossRef]

38. L’Empereur, K.M.; Li, Y.; Stermitz, F.R.; Crabtree, L. Pyrrolizidine Alkaloids from Hackelia californica and
Gnophaela latipennis, an H. californica-Hosted Arctiid Moth. J. Nat. Prod. 1989, 52, 360–366. [CrossRef]

39. Frolich, C.; Hartmann, T.; Ober, D. Tissue distribution and biosynthesis of 1,2-saturated pyrrolizidine
alkaloids in Phalaenopsis hybrids (Orchidaceae). Phytochemistry 2006, 67, 1493–1502. [CrossRef]

40. Luning, B.; Trankner, H.; Brandange, S. Studies on orchidaceae alkaloids V. A new alkaloid from Phalaenopsis
amabilis Bl. Acta Chem. Scand. 1966, 20, 2011. [CrossRef]

41. Huang, S.; Zhou, X.L.; Wang, C.J.; Wang, Y.S.; Xiao, F.; Shan, L.H.; Guo, Z.Y.; Weng, J. Pyrrolizidine alkaloids
from Liparis nervosa with inhibitory activities against LPS-induced NO production in RAW264.7 macrophages.
Phytochemistry 2013, 93, 154–161. [CrossRef] [PubMed]

42. Hartmann, T.; Witte, L. Pyrrolizidine alkaloids: Chemical, biological and chemoecological aspects.
In Alkaloids: Chemical and Biological Perspectives; Pergamon Press: Oxford, UK, 1995; Volume 9, pp. 155–233.

43. Klásek, A.; Sedmera, P.; Boeva, A.; Šantavý, F. Pyrrolizidine alkaloids. XX. Nemorensine, an alkaloid from
Senecio nemorensis L. Collect. Czech. Chem. Commun. 1973, 38, 2504–2512. [CrossRef]

http://dx.doi.org/10.1002/mrc.4054
http://dx.doi.org/10.1016/j.phytochem.2008.06.017
http://www.ncbi.nlm.nih.gov/pubmed/18691727
http://dx.doi.org/10.1055/s-2007-971485
http://www.ncbi.nlm.nih.gov/pubmed/17402021
http://dx.doi.org/10.1016/S0305-1978(02)00177-1
http://dx.doi.org/10.3891/acta.chem.scand.27-1096
http://dx.doi.org/10.1016/S0305-1978(98)00028-3
http://dx.doi.org/10.1055/s-2007-969812
http://dx.doi.org/10.1016/S0040-4039(01)86111-6
http://dx.doi.org/10.1007/bf00272784
http://dx.doi.org/10.1080/10286020701833503
http://dx.doi.org/10.1021/jf00107a018
http://dx.doi.org/10.1039/j39670001233
http://www.ncbi.nlm.nih.gov/pubmed/6068837
http://dx.doi.org/10.1021/np50021a020
http://www.ncbi.nlm.nih.gov/pubmed/7119809
http://dx.doi.org/10.1071/CH9750173
http://dx.doi.org/10.1016/S0040-4039(01)98286-3
http://dx.doi.org/10.1071/CH9620139
http://dx.doi.org/10.1021/np50040a020
http://dx.doi.org/10.1071/CH9881781
http://dx.doi.org/10.1021/np50062a023
http://dx.doi.org/10.1016/j.phytochem.2006.05.031
http://dx.doi.org/10.3891/acta.chem.scand.20-2011
http://dx.doi.org/10.1016/j.phytochem.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23571028
http://dx.doi.org/10.1135/cccc19732504


Molecules 2019, 24, 498 34 of 44

44. Langel, D.; Ober, D.; Pelser, P. The evolution of pyrrolizidine alkaloid biosynthesis and diversity in the
Senecioneae. Phytochem. Rev. 2011, 10, 3–74. [CrossRef]

45. Culvenor, C.C.J.; Smith, L.W.; Willing, R.I. Madurensine, a macrocyclic pyrrolizidine diester with the
secondary ester attachment at C-6. J. Chem. Soc. D 1970, 65–66. [CrossRef]

46. Neuner-Jehle, N.; Nesvadba, H.; Spiteller, G. Application of mass spectrometry to structure elucidation of
alkaloids, 6th center: Pyrrolizidine alkaloids from laburnum. Chem. Mon. 1965, 96, 321–338. [CrossRef]

47. Stelljes, M.E.; Kelley, R.B.; Molyneux, R.J.; Seiber, J.N. GC-MS Determination of Pyrrolizidine Alkaloids in
Four Senecio Species. J. Nat. Prod. 1991, 54, 759–773. [CrossRef]

48. El-Shazly, A.; Wink, M. Diversity of Pyrrolizidine Alkaloids in the Boraginaceae Structures, Distribution,
and Biological Properties. Diversity 2014, 6, 188–282. [CrossRef]

49. Mattocks, A.R.; Jukes, R. Improved field tests for toxic pyrrolizidine alkaloids. J. Nat. Prod. 1987, 50, 161–166.
[CrossRef]

50. Rozhon, W.; Kammermeier, L.; Schramm, S.; Towfique, N.; Adebimpe Adedeji, N.; Adesola Ajayi, S.;
Poppenberger, B. Quantification of the Pyrrolizidine Alkaloid Jacobine in Crassocephalum crepidioides by
Cation Exchange High-Performance Liquid Chromatography. Phytochem. Anal. 2017, 29, 48–58. [CrossRef]

51. Joosten, L.; Cheng, D.; Mulder, P.P.; Vrieling, K.; van Veen, J.A.; Klinkhamer, P.G. The genotype dependent
presence of pyrrolizidine alkaloids as tertiary amine in Jacobaea vulgaris. Phytochemistry 2011, 72, 214–222.
[CrossRef]

52. Ehmke, A.; von Borstel, K.; Hartmann, T. Alkaloid N-oxides as transport and vacuolar storage compounds
of pyrrolizidine alkaloids in Senecio vulgaris L. Planta 1988, 176, 83–90. [CrossRef] [PubMed]

53. Herrmann, M.; Joppe, H.; Schmaus, G. Thesinine-4′-O-beta-D-glucoside the first glycosylated plant
pyrrolizidine alkaloid from Borago officinalis. Phytochemistry 2002, 60, 399–402. [CrossRef]

54. Koulman, A.; Seeliger, C.; Edwards, P.J.; Fraser, K.; Simpson, W.; Johnson, L.; Cao, M.; Rasmussen, S.;
Lane, G.A. E/Z-Thesinine-O-4′-alpha-rhamnoside, pyrrolizidine conjugates produced by grasses (Poaceae).
Phytochemistry 2008, 69, 1927–1932. [CrossRef] [PubMed]

55. Nowacki, E.; Byerrum, R.U. Biosynthesis of lupanine from lysine and other labeled compounds. Biochem.
Biophys. Res. Commun. 1962, 7, 58–61. [CrossRef]

56. Nowacki, E.; Byerrum, R.U. A study on the biosynthesis of the Crotalaria alkaloids. Life Sci. 1962, 1, 157–161.
[CrossRef]

57. Khan, H.A.; Robins, D.J. Pyrrolizidine alkaloid biosynthesis; incorporation of 13C-labelled putrescines into
retronecine. J. Chem. Soc. Chem. Commun. 1981, 146–147. [CrossRef]

58. Khan, H.A.; Robins, D.J. Pyrrolizidine alkaloids: Evidence for N-(4-aminobutyl)-1,4-diaminobutane
(homospermidine) as an intermediate in retronecine biosynthesis. J. Chem. Soc. Chem. Commun. 1981,
554–556. [CrossRef]

59. Rana, J.; Robins, D.J. Application of 2H n.m.r. Spectroscopy to study the incorporation of 2H-labelled
putrescines into the pyrrolizidine alkaloid retrorsine. J. Chem. Soc. Perkin Trans. 1 1986, 983–988. [CrossRef]

60. Hughes, C.A.; Letcher, R.; Warren, F.L. 956. The Senecio alkaloids. Part XVI. The biosynthesis of the “necine”
bases from carbon-14 precursors. J. Chem. Soc. 1964, 4974–4978. [CrossRef]

61. Bottomley, W.; Gheissman, T.A. Pyrrolizidine alkaloids. The biosynthesis of retronecine. Phytochemistry 1964,
3, 357–360. [CrossRef]

62. Bale, N.M.; Crout, D.H.G. Determination of the relative rates of incorporation of arginine and ornithine into
retronecine during pyrrolizidine alkaloid biosynthesis. Phytochemistry 1975, 14, 2617–2622. [CrossRef]

63. Robins, D.J.; Sweeney, J.R. Pyrrolizidine alkaloid biosynthesis. Incorporation of 14C-labelled precursors into
retronecine. J. Chem. Soc. Perkin Trans. 1 1981, 3083–3086. [CrossRef]

64. Robins, D.J.; Sweeney, J.R. Pyrrolizidine alkaloid biosynthesis: Derivation of retronecine from L-arginine
and L-ornithine. Phytochemistry 1983, 22, 457–459. [CrossRef]

65. Khan, H.A.; Robins, D.J. Pyrrolizidine alkaloid biosynthesis. Synthesis of 13C-labelled putrescines and their
incorporation into retronecine. J. Chem. Soc. Perkin Trans. 1 1985, 101–105. [CrossRef]

66. Grue-Soerensen, G.; Spenser, I.D. Biosynthesis of retronecine. J. Am. Chem. Soc. 1981, 103, 3208–3210. [CrossRef]
67. Grue-Sørensen, G.; Spenser, I.D. The biosynthesis of retronecine. Can. J. Chem. 1982, 60, 643–662. [CrossRef]
68. Kelly, H.A.; Robins, D.J. Pyrrolizidine alkaloid biosynthesis. Incorporation of 13C-labelled precursors into

rosmarinine. J. Chem. Soc. Perkin Trans. 1 1987, 177–180. [CrossRef]

http://dx.doi.org/10.1007/s11101-010-9184-y
http://dx.doi.org/10.1039/c29700000065
http://dx.doi.org/10.1007/BF00909439
http://dx.doi.org/10.1021/np50075a004
http://dx.doi.org/10.3390/d6020188
http://dx.doi.org/10.1021/np50050a005
http://dx.doi.org/10.1002/pca.2713
http://dx.doi.org/10.1016/j.phytochem.2010.11.013
http://dx.doi.org/10.1007/BF00392483
http://www.ncbi.nlm.nih.gov/pubmed/24220738
http://dx.doi.org/10.1016/S0031-9422(02)00069-9
http://dx.doi.org/10.1016/j.phytochem.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18466931
http://dx.doi.org/10.1016/0006-291X(62)90145-6
http://dx.doi.org/10.1016/0024-3205(62)90011-5
http://dx.doi.org/10.1039/c39810000146
http://dx.doi.org/10.1039/c39810000554
http://dx.doi.org/10.1039/p19860000983
http://dx.doi.org/10.1039/JR9640004974
http://dx.doi.org/10.1016/S0031-9422(00)88063-2
http://dx.doi.org/10.1016/0031-9422(75)85235-6
http://dx.doi.org/10.1039/p19810003083
http://dx.doi.org/10.1016/0031-9422(83)83023-4
http://dx.doi.org/10.1039/p19850000101
http://dx.doi.org/10.1021/ja00401a048
http://dx.doi.org/10.1139/v82-095
http://dx.doi.org/10.1039/p19870000177


Molecules 2019, 24, 498 35 of 44

69. Khan, H.A.; Robins, D.J. Pyrrolizidine alkaloid biosynthesis. Synthesis of 14C-labelled homospermidines
and their incorporation into retronecine. J. Chem. Soc. Perkin Trans. 1 1985, 819–824. [CrossRef]

70. Robins, D.J. Chapter 1 Biosynthesis of Pyrrolizidine and Quinolizidine Alkaloids. In The Alkaloids: Chemistry
and Pharmacology; Cordell, G.A., Ed.; Academic Press: Cambridge, MA, USA, 1995; Volume 46, pp. 1–61.

71. Böttcher, F.; Adolph, R.D.; Hartmann, T. Homospermidine synthase, the first pathway-specific enzyme in
pyrrolizidine alkaloid biosynthesis. Phytochemistry 1993, 32, 679–689. [CrossRef]

72. Ober, D.; Hartmann, T. Phylogenetic origin of a secondary pathway: The case of pyrrolizidine alkaloids.
Plant Mol. Biol. 2000, 44, 445–450. [CrossRef]

73. Krishna, R.G.; Wold, F. Post-translational modification of proteins. Adv. Enzymol. Relat. Areas Mol. Biol. 1993,
67, 265–298. [CrossRef] [PubMed]

74. Park, M.H.; Lee, Y.B.; Joe, Y.A. Hypusine is essential for eukaryotic cell proliferation. Neurosignals 1997, 6,
115–123. [CrossRef]

75. Ober, D.; Kaltenegger, E. Pyrrolizidine alkaloid biosynthesis, evolution of a pathway in plant secondary
metabolism. Phytochemistry 2009, 70, 1687–1695. [CrossRef] [PubMed]

76. Gill, G.P.; Bryant, C.J.; Fokin, M.; Huege, J.; Fraser, K.; Jones, C.; Cao, M.; Faville, M.J. Low pyrrolizidine
alkaloid levels in perennial ryegrass is associated with the absence of a homospermidine synthase gene.
BMC Plant Biol. 2018, 18, 56. [CrossRef] [PubMed]

77. Livshultz, T.; Kaltenegger, E.; Straub, S.C.K.; Weitemier, K.; Hirsch, E.; Koval, K.; Mema, L.; Liston, A.
Evolution of pyrrolizidine alkaloid biosynthesis in Apocynaceae: Revisiting the defence de-escalation
hypothesis. New Phytol. 2018, 218, 762–773. [CrossRef] [PubMed]

78. Reimann, A.; Nurhayati, N.; Backenkohler, A.; Ober, D. Repeated evolution of the pyrrolizidine
alkaloid-mediated defense system in separate angiosperm lineages. Plant Cell 2004, 16, 2772–2784. [CrossRef]
[PubMed]

79. Ober, D.; Harms, R.; Witte, L.; Hartmann, T. Molecular evolution by change of function. Alkaloid-specific
homospermidine synthase retained all properties of deoxyhypusine synthase except binding the eIF5A
precursor protein. J. Biol. Chem. 2003, 278, 12805–12812. [CrossRef] [PubMed]

80. Ober, D.; Hartmann, T. Deoxyhypusine synthase from tobacco. cDNA isolation, characterization, and
bacterial expression of an enzyme with extended substrate specificity. J. Biol. Chem. 1999, 274, 32040–32047.
[CrossRef]

81. Moll, S.; Anke, S.; Kahmann, U.; Hansch, R.; Hartmann, T.; Ober, D. Cell-specific expression of homospermidine
synthase, the entry enzyme of the pyrrolizidine alkaloid pathway in Senecio vernalis, in comparison with its
ancestor, deoxyhypusine synthase. Plant Physiol. 2002, 130, 47–57. [CrossRef]

82. Anke, S.; Niemuller, D.; Moll, S.; Hansch, R.; Ober, D. Polyphyletic origin of pyrrolizidine alkaloids within
the Asteraceae. Evidence from differential tissue expression of homospermidine synthase. Plant Physiol.
2004, 136, 4037–4047. [CrossRef]

83. Anke, S.; Gonde, D.; Kaltenegger, E.; Hansch, R.; Theuring, C.; Ober, D. Pyrrolizidine alkaloid biosynthesis
in Phalaenopsis orchids: Developmental expression of alkaloid-specific homospermidine synthase in root
tips and young flower buds. Plant Physiol. 2008, 148, 751–760. [CrossRef] [PubMed]

84. Niemuller, D.; Reimann, A.; Ober, D. Distinct cell-specific expression of homospermidine synthase involved
in pyrrolizidine alkaloid biosynthesis in three species of the boraginales. Plant Physiol. 2012, 159, 920–929.
[CrossRef] [PubMed]

85. Hughes, A.L. The evolution of functionally novel proteins after gene duplication. Proc. Biol. Sci. 1994, 256,
119–124. [CrossRef] [PubMed]

86. Zhang, J. Evolution by gene duplication: An update. Trends Ecol. Evol. 2003, 18, 292–298. [CrossRef]
87. Abdelhady, M.I.; Beuerle, T.; Ober, D. Homospermidine in transgenic tobacco results in considerably reduced

spermidine levels but is not converted to pyrrolizidine alkaloid precursors. Plant Mol. Biol. 2009, 71, 145–155.
[CrossRef]

88. Robins, D.J. The pyrrolizidine alkaloids. Fortschr. Chem. Org. Naturst. 1982, 41, 115–203.
89. Frolich, C.; Ober, D.; Hartmann, T. Tissue distribution, core biosynthesis and diversification of pyrrolizidine

alkaloids of the lycopsamine type in three Boraginaceae species. Phytochemistry 2007, 68, 1026–1037. [CrossRef]
90. Cheng, D.; Kirk, H.; Vrieling, K.; Mulder, P.P.; Klinkhamer, P.G. The relationship between structurally

different pyrrolizidine alkaloids and western flower thrips resistance in F(2) hybrids of Jacobaea vulgaris and
Jacobaea aquatica. J. Chem. Ecol. 2011, 37, 1071–1080. [CrossRef]

http://dx.doi.org/10.1039/p19850000819
http://dx.doi.org/10.1016/S0031-9422(00)95154-9
http://dx.doi.org/10.1023/A:1026597621646
http://dx.doi.org/10.1002/9780470123133.ch3
http://www.ncbi.nlm.nih.gov/pubmed/8322616
http://dx.doi.org/10.1159/000109117
http://dx.doi.org/10.1016/j.phytochem.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19545881
http://dx.doi.org/10.1186/s12870-018-1269-6
http://www.ncbi.nlm.nih.gov/pubmed/29625552
http://dx.doi.org/10.1111/nph.15061
http://www.ncbi.nlm.nih.gov/pubmed/29479722
http://dx.doi.org/10.1105/tpc.104.023176
http://www.ncbi.nlm.nih.gov/pubmed/15466410
http://dx.doi.org/10.1074/jbc.M207112200
http://www.ncbi.nlm.nih.gov/pubmed/12562768
http://dx.doi.org/10.1074/jbc.274.45.32040
http://dx.doi.org/10.1104/pp.004259
http://dx.doi.org/10.1104/pp.104.052357
http://dx.doi.org/10.1104/pp.108.124859
http://www.ncbi.nlm.nih.gov/pubmed/18701671
http://dx.doi.org/10.1104/pp.112.195024
http://www.ncbi.nlm.nih.gov/pubmed/22566491
http://dx.doi.org/10.1098/rspb.1994.0058
http://www.ncbi.nlm.nih.gov/pubmed/8029240
http://dx.doi.org/10.1016/S0169-5347(03)00033-8
http://dx.doi.org/10.1007/s11103-009-9514-x
http://dx.doi.org/10.1016/j.phytochem.2007.01.002
http://dx.doi.org/10.1007/s10886-011-0021-6


Molecules 2019, 24, 498 36 of 44

91. Wesseling, A.M.; Demetrowitsch, T.J.; Schwarz, K.; Ober, D. Variability of Pyrrolizidine Alkaloid Occurrence
in Species of the Grass Subfamily Pooideae (Poaceae). Front. Plant Sci. 2017, 8, 2046. [CrossRef]

92. Dodson, C.D.; Stermitz, F.R. Pyrrolizidine Alkaloids from Borage (Borago officinalis) Seeds and Flowers. J. Nat.
Prod. 1986, 49, 727–728. [CrossRef]

93. O’Dowd, D.J.; Edgar, J.A. Seasonal dynamics in the pyrrolizidine alkaloids of Heliotropium europaeum. Aust. J.
Ecol. 1989, 14, 95–105. [CrossRef]

94. Birecka, H.; Catalfamo, J.L. Incorporation of assimilated carbon into aminoalcohols of Heliotropium
spathulatum. Phytochemistry 1982, 21, 2645–2651. [CrossRef]

95. Leete, E. Biosynthesis and metabolism of the tropane alkaloids. Planta Med. 1979, 36, 97–112. [CrossRef]
96. Leete, E.; Murrill, J.B. Biosynthesis of the tiglic acid moiety of meteloidine in Datura meteloides. Tetrahedron

Lett. 1967, 18, 1727–1730. [CrossRef]
97. Leete, E. Biosynthetic conversion of α-methylbutyric acid to tiglic acid in Datura meteloides. Phytochemistry

1973, 12, 2203–2205. [CrossRef]
98. Attygalle, A.B.; Wu, X.; Will, K.W. Biosynthesis of tiglic, ethacrylic, and 2-methylbutyric acids in a carabid

beetle, Pterostichus (Hypherpes) californicus. J. Chem. Ecol. 2007, 33, 963–970. [CrossRef] [PubMed]
99. Robinson, W.G.; Bachhawat, B.K.; Coon, M.J. Tiglyl coenzyme A and alpha-methylacetoacetyl coenzyme A,

intermediates in the enzymatic degradation of isoleucine. J. Biol. Chem. 1956, 218, 391–400.
100. Mcgaw, B.A.; Woolley, J.G. The biosynthesis of angelic acid in Cynoglossum officinale. Phytochemistry 1979, 18,

1647–1649. [CrossRef]
101. Hughes, C.; Warren, F.L. The Senecio alkaloids. Part XIV. The biological synthesis of the “necic” acids using

carbon-14. J. Chem. Soc. 1962, 34–37. [CrossRef]
102. Crout, D.H. Pyrrolizidine alkaloids. The biosynthesis of echimidinic acid. J. Chem. Soc. Perkin Trans. 1 1966,

21, 1968–1972. [CrossRef]
103. Weber, S.; Eisenreich, W.; Bacher, A.; Hartmann, T. Pyrrolizidine alkaloids of the lycopsamine type:

Biosynthesis of trachelanthic acid. Phytochemistry 1999, 50, 1005–1014. [CrossRef]
104. Robins, D.J.; Bale, N.M.; Crout, D.H. Pyrrolizidine alkaloids. Biosynthesis of monocrotalic acid, the necic

acid component of monocrotaline. J. Chem. Soc. Perkin Trans. 1 1974, 2082–2086. [CrossRef]
105. Rao, P.G.; Zutshi, U.; Soni, A.; Atal, C.K. Studies on Incorporation of 14C–Labelled Precursors in

Monocrotaline. Planta Med. 1979, 35, 279–282. [CrossRef]
106. Devlin, J.A.; Robins, D.J. Pyrrolizidine alkaloids. Biosynthesis of trichodesmic acid. J. Chem. Soc. Perkin Trans.

1 1984, 1329–1332. [CrossRef]
107. Crout, D.H.G.; Benn, M.H.; Imaseki, H.; Geissman, T.A. Pyrrolizidine alkaloids: The biosynthesis of

seneciphyllic acid. Phytochemistry 1966, 5, 1–21. [CrossRef]
108. Crout, D.H.; Smith, E.H.; Davies, N.M.; Whitehouse, D. Pyrrolizidine alkaloids. The biosynthesis of senecic

acid. J. Chem. Soc. Perkin Trans. 1 1972, 5, 671–680. [CrossRef]
109. Crout, D.H.G.; Davies, N.M.; Smith, E.H.; Whitehouse, D. Biosynthesis of the C10 necic acids of the

pyrrolizidine alkaloids. J. Chem. Soc. D 1970, 635–636. [CrossRef]
110. Davies, N.M.; Crout, D.H. Pyrrolizidine alkaloid biosynthesis. Relative rates of incorporation of the isomers

of isoleucine into the necic acid component of senecionine. J. Chem. Soc. Perkin Trans. 1 1974, 2079–2082.
[CrossRef]

111. Bale, N.M.; Cahill, R.; Davies, N.M.; Mitchell, M.B.; Smith, E.H.; Crout, D.H.G. Biosynthesis of the necic
acids of the pyrrolizidine alkaloids. Further investigations of the formation of senecic and isatinecic acids in
Senecio species. J. Chem. Soc. Perkin Trans. 1 1978, 101–110. [CrossRef]

112. Stirling, I.R.; Freer, I.K.A.; Robins, D.J. Pyrrolizidine Alkaloid Biosynthesis. Incorporation of
2-Aminobutanoic Acid Labeled with 13C or 2H into the Senecic Acid Portion of Rosmarinine and Senecionine.
J. Chem. Soc. Perkin Trans. 1 1997, 1, 677–680. [CrossRef]

113. Cahill, R.; Crout, D.H.G.; Gregorio, M.V.M.; Mitchell, M.B.; Muller, U.S. Pyrrolizidine alkaloid biosynthesis:
Stereochemistry of the formation of isoleucine in Senecio species and of its conversion into necic acids.
J. Chem. Soc. Perkin Trans. 1 1983, 173–180. [CrossRef]

114. Binder, S. Branched-Chain Amino Acid Metabolism in Arabidopsis thaliana. Arabidopsis Book 2010, 8, e0137.
[CrossRef]

115. Sander, H.; Hartmann, T. Site of synthesis, metabolism and translocation of senecionine N-oxide in cultured
roots of Senecio erucifolius. Plant Cell Tissue Organ Cult. 1989, 18, 19–31. [CrossRef]

http://dx.doi.org/10.3389/fpls.2017.02046
http://dx.doi.org/10.1021/np50046a045
http://dx.doi.org/10.1111/j.1442-9993.1989.tb01011.x
http://dx.doi.org/10.1016/0031-9422(82)83092-6
http://dx.doi.org/10.1055/s-0028-1097249
http://dx.doi.org/10.1016/S0040-4039(00)90710-X
http://dx.doi.org/10.1016/0031-9422(73)85120-9
http://dx.doi.org/10.1007/s10886-007-9276-3
http://www.ncbi.nlm.nih.gov/pubmed/17404818
http://dx.doi.org/10.1016/0031-9422(79)80176-4
http://dx.doi.org/10.1039/JR9620000034
http://dx.doi.org/10.1039/j39660001968
http://dx.doi.org/10.1016/S0031-9422(98)00203-9
http://dx.doi.org/10.1039/p19740002082
http://dx.doi.org/10.1055/s-0028-1097217
http://dx.doi.org/10.1039/p19840001329
http://dx.doi.org/10.1016/S0031-9422(00)85077-3
http://dx.doi.org/10.1039/p19720000671
http://dx.doi.org/10.1039/c29700000635
http://dx.doi.org/10.1039/p19740002079
http://dx.doi.org/10.1039/p19780000101
http://dx.doi.org/10.1039/a605623g
http://dx.doi.org/10.1039/p19830000173
http://dx.doi.org/10.1199/tab.0137
http://dx.doi.org/10.1007/BF00033462


Molecules 2019, 24, 498 37 of 44

116. Hartmann, T.; Dierich, B. Chemical diversity and variation of pyrrolizidine alkaloids of the senecionine type:
Biological need or coincidence? Planta 1998, 206, 443–451. [CrossRef]

117. Kruse, L.H.; Stegemann, T.; Sievert, C.; Ober, D. Identification of a Second Site of Pyrrolizidine Alkaloid
Biosynthesis in Comfrey to Boost Plant Defense in Floral Stage. Plant Physiol. 2017, 174, 47–55. [CrossRef]

118. Hol, W.H. The effect of nutrients on pyrrolizidine alkaloids in Senecio plants and their interactions with
herbivores and pathogens. Phytochem. Rev. 2011, 10, 119–126. [CrossRef]

119. Kirk, H.; Vrieling, K.; Van Der Meijden, E.; Klinkhamer, P.G. Species by environment interactions affect
pyrrolizidine alkaloid expression in Senecio jacobaea, Senecio aquaticus, and their hybrids. J. Chem. Ecol. 2010,
36, 378–387. [CrossRef]

120. Kostenko, O.; Mulder, P.P.; Bezemer, T.M. Effects of root herbivory on pyrrolizidine alkaloid content and
aboveground plant-herbivore-parasitoid interactions in Jacobaea vulgaris. J. Chem. Ecol. 2013, 39, 109–119.
[CrossRef]

121. Vrieling, K.; de Vos, H.; van Wijk, C.A. Genetic analysis of the concentrations of pyrrolizidine alkaloids in
Senecio jacobaea. Phytochemistry 1993, 32, 1141–1144. [CrossRef]

122. Van Dam, N.M.; Vrieling, K. Genetic variation in constitutive and inducible pyrrolizidine alkaloid levels in
Cynoglossum officinale L. Oecologia 1994, 99, 374–378. [CrossRef]

123. Macel, M.; Vrieling, K.; Klinkhamer, P.G. Variation in pyrrolizidine alkaloid patterns of Senecio jacobaea.
Phytochemistry 2004, 65, 865–873. [CrossRef] [PubMed]

124. Pelser, P.B.; de Vos, H.; Theuring, C.; Beuerle, T.; Vrieling, K.; Hartmann, T. Frequent gain and loss of
pyrrolizidine alkaloids in the evolution of Senecio section Jacobaea (Asteraceae). Phytochemistry 2005, 66,
1285–1295. [CrossRef] [PubMed]

125. Cheng, D.; Kirk, H.; Mulder, P.P.; Vrieling, K.; Klinkhamer, P.G. Pyrrolizidine alkaloid variation in shoots and
roots of segregating hybrids between Jacobaea vulgaris and Jacobaea aquatica. New Phytol. 2011, 192, 1010–1023.
[CrossRef]

126. Wei, X.; Vrieling, K.; Mulder, P.P.J.; Klinkhamer, P.G.L. Methyl Jasmonate Changes the Composition and
Distribution Rather than the Concentration of Defence Compounds: A Study on Pyrrolizidine Alkaloids.
J. Chem. Ecol. 2018. [CrossRef] [PubMed]

127. Sievert, C.; Beuerle, T.; Hollmann, J.; Ober, D. Single cell subtractive transcriptomics for identification of
cell-specifically expressed candidate genes of pyrrolizidine alkaloid biosynthesis. Phytochemistry 2015, 117,
17–24. [CrossRef] [PubMed]

128. Abd El-Mawla, A.M. Effect of certain elicitors on production of pyrrolizidine alkaloids in hairy root cultures
of Echium rauwolfii. Pharmazie 2010, 65, 224–226. [CrossRef] [PubMed]

129. Hartmann, T.; Ehmke, A.; Eilert, U.; von Borstel, K.; Theuring, C. Sites of synthesis, translocation and
accumulation of pyrrolizidine alkaloid N-oxides in Senecio vulgaris L. Planta 1989, 177, 98–107. [CrossRef]
[PubMed]

130. Hartmann, T.; Toppel, G. Senecionine N-oxide, the primary product of pyrrolizidine alkaloid biosynthesis in
root cultures of Senecio vulgaris. Phytochemistry 1987, 26, 1639–1643. [CrossRef]

131. Van Dam, N.M.; Vuister, L.W.; Bergshoeff, C.; de Vos, H.; van Der Meijden, E. The “Raison D’etre” of
pyrrolizidine alkaloids in Cynoglossum officinale: Deterrent effects against generalist herbivores. J. Chem. Ecol.
1995, 21, 507–523. [CrossRef]

132. Bennett, R.N.; Wallsgrove, R.M. Secondary Metabolites in Plant Defense-Mechanisms. New Phytol. 1994, 127,
617–633. [CrossRef]

133. Van der Meijden, E. Plant defence, an evolutionary dilemma: Contrasting effects of (specialist and
generalist) herbivores and natural enemies. In Proceedings of the 9th International Symposium on
Insect-Plant Relationships; Städler, E., Rowell-Rahier, M., Bauer, R., Eds.; Springer Netherlands: Dordrecht,
The Netherlands, 1996; pp. 307–310.

134. Hartmann, T. Chemical ecology of pyrrolizidine alkaloids. Planta 1999, 207, 483–495. [CrossRef]
135. Boppré, M. Insects pharmacophagously utilizing defensive plant chemicals (Pyrrolizidine alkaloids).

Naturwissenschaften 1986, 73, 17–26. [CrossRef]
136. Cheng, D.; van der Meijden, E.; Mulder, P.P.; Vrieling, K.; Klinkhamer, P.G. Pyrrolizidine alkaloid composition

influences cinnabar moth oviposition preferences in Jacobaea hybrids. J. Chem. Ecol. 2013, 39, 430–437.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s004250050420
http://dx.doi.org/10.1104/pp.17.00265
http://dx.doi.org/10.1007/s11101-010-9188-7
http://dx.doi.org/10.1007/s10886-010-9772-8
http://dx.doi.org/10.1007/s10886-012-0234-3
http://dx.doi.org/10.1016/S0031-9422(00)95079-9
http://dx.doi.org/10.1007/BF00627751
http://dx.doi.org/10.1016/j.phytochem.2004.02.009
http://www.ncbi.nlm.nih.gov/pubmed/15081286
http://dx.doi.org/10.1016/j.phytochem.2005.04.015
http://www.ncbi.nlm.nih.gov/pubmed/15904942
http://dx.doi.org/10.1111/j.1469-8137.2011.03841.x
http://dx.doi.org/10.1007/s10886-018-1020-7
http://www.ncbi.nlm.nih.gov/pubmed/30284188
http://dx.doi.org/10.1016/j.phytochem.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26057225
http://dx.doi.org/10.1691/ph.2010.9652
http://www.ncbi.nlm.nih.gov/pubmed/20383945
http://dx.doi.org/10.1007/BF00392159
http://www.ncbi.nlm.nih.gov/pubmed/24212277
http://dx.doi.org/10.1016/S0031-9422(00)82261-X
http://dx.doi.org/10.1007/BF02033698
http://dx.doi.org/10.1111/j.1469-8137.1994.tb02968.x
http://dx.doi.org/10.1007/s004250050508
http://dx.doi.org/10.1007/BF01168801
http://dx.doi.org/10.1007/s10886-013-0257-4
http://www.ncbi.nlm.nih.gov/pubmed/23435642


Molecules 2019, 24, 498 38 of 44

137. Wei, X.; Vrieling, K.; Mulder, P.P.; Klinkhamer, P.G. Testing the generalist-specialist dilemma: The role of
pyrrolizidine alkaloids in resistance to invertebrate herbivores in Jacobaea species. J. Chem. Ecol. 2015, 41,
159–167. [CrossRef] [PubMed]

138. Macel, M.; Bruinsma, M.; Dijkstra, S.M.; Ooijendijk, T.; Niemeyer, H.M.; Klinkhamer, P.G. Differences in
effects of pyrrolizidine alkaloids on five generalist insect herbivore species. J. Chem. Ecol. 2005, 31, 1493–1508.
[CrossRef]

139. Leiss, K.A.; Choi, Y.H.; Abdel-Farid, I.B.; Verpoorte, R.; Klinkhamer, P.G. NMR metabolomics of thrips
(Frankliniella occidentalis) resistance in Senecio hybrids. J. Chem. Ecol. 2009, 35, 219–229. [CrossRef]

140. Dreyer, D.L.; Jones, K.C.; Molyneux, R.J. Feeding deterrency of some pyrrolizidine, indolizidine, and
quinolizidine alkaloids towards pea aphid (Acyrthosiphon pisum) and evidence for phloem transport of
indolizidine alkaloid swainsonine. J. Chem. Ecol. 1985, 11, 1045–1051. [CrossRef]

141. Liu, X.; Klinkhamer, P.G.L.; Vrieling, K. The effect of structurally related metabolites on insect herbivores:
A case study on pyrrolizidine alkaloids and western flower thrips. Phytochemistry 2017, 138, 93–103.
[CrossRef]

142. Nuringtyas, T.R.; Verpoorte, R.; Klinkhamer, P.G.L.; van Oers, M.M.; Leiss, K.A. Toxicity of Pyrrolizidine
Alkaloids to Spodoptera exigua Using Insect Cell Lines and Injection Bioassays. J. Chem. Ecol. 2014, 40, 609–616.
[CrossRef]

143. Lindigkeit, R.; Biller, A.; Buch, M.; Schiebel, H.M.; Boppre, M.; Hartmann, T. The two facies of pyrrolizidine
alkaloids: The role of the tertiary amine and its N-oxide in chemical defense of insects with acquired plant
alkaloids. Eur. J. Biochem. 1997, 245, 626–636. [CrossRef]

144. Von Borstel, K.; Hartmann, T. Selective uptake of pyrrolizidine N-oxides by cell suspension cultures from
pyrrolizidine alkaloid producing plants. Plant Cell Rep. 1986, 5, 39–42. [CrossRef] [PubMed]

145. Liu, X.; Vrieling, K.; Klinkhamer, P.G.L. Interactions between Plant Metabolites Affect Herbivores: A Study
with Pyrrolizidine Alkaloids and Chlorogenic Acid. Front. Plant Sci. 2017, 8, 903. [CrossRef] [PubMed]

146. Liu, X.; Vrieling, K.; Klinkhamer, P.G.L. Phytochemical Background Mediates Effects of Pyrrolizidine
Alkaloids on Western Flower Thrips. J. Chem. Ecol. 2018. [CrossRef] [PubMed]

147. Eisner, T.; Meinwald, J. The chemistry of sexual selection. Proc. Natl. Acad. Sci. USA 1995, 92, 50–55. [CrossRef]
[PubMed]

148. Trigo, J. Effects of pyrrolizidine alkaloids through different trophic levels. Phytochem. Rev. 2011, 10, 83–98.
[CrossRef]

149. Martins, C.H.; Cunha, B.P.; Solferini, V.N.; Trigo, J.R. Feeding on Host Plants with Different Concentrations
and Structures of Pyrrolizidine Alkaloids Impacts the Chemical-Defense Effectiveness of a Specialist
Herbivore. PLoS ONE 2015, 10, e0141480. [CrossRef]

150. Masters, A.R. Pyrrolizidine Alkaloids in Artificial Nectar Protect Adult Ithomiine Butterflies from a Spider
Predator. Biotropica 1990, 22, 298–304. [CrossRef]

151. Silva, K.L.; Trigo, J.R. Structure-activity relationships of pyrrolizidine alkaloids in insect chemical defense
against the orb-weaving spider Nephila clavipes. J. Chem. Ecol. 2002, 28, 657–668. [CrossRef]

152. Brown, K.S. Chemistry at the Solanaceae/Ithomiinae Interface. Ann. Mo. Bot. Garden 1987, 74, 359–397.
[CrossRef]

153. Boppré, M. Lepidoptera and pyrrolizidine alkaloids Exemplification of complexity in chemical ecology.
J. Chem. Ecol. 1990, 16, 165–185. [CrossRef]

154. Ehmke, A.; Witte, L.; Biller, A.; Hartmann, T. Sequestration, N-Oxidation and Transformation of Plant
Pyrrolizidine Alkaloids by the Arctiid Moth Tyria jacobaeae L. Z. Naturforsch. C 1990, 45, 1185. [CrossRef]

155. Hartmann, T.; Biller, A.; Witte, L.; Ernst, L.; Boppré, M. Transformation of plant pyrrolizidine alkaloids into
novel insect alkaloids by Arctiid moths (Lepidoptera). Biochem. Syst. Ecol. 1990, 18, 549–554. [CrossRef]

156. Kubitza, C.; Faust, A.; Gutt, M.; Gath, L.; Ober, D.; Scheidig, A.J. Crystal structure of pyrrolizidine alkaloid
N-oxygenase from the grasshopper Zonocerus variegatus. Acta Crystallogr. D Struct. Biol. 2018, 74, 422–432.
[CrossRef] [PubMed]

157. Macel, M.; Klinkhamer, P.G.L. Chemotype of Senecio jacobaea affects damage by pathogens and insect
herbivores in the field. Evol. Ecol. 2010, 24, 237–250. [CrossRef]

158. Joshi, J.; Vrieling, K. The Enemy Release and EICA hypothesis revisited: Incorporating the fundamental
difference between specialist and generalist herbivores. Ecol. Lett. 2005, 8, 704–714. [CrossRef]

http://dx.doi.org/10.1007/s10886-015-0551-4
http://www.ncbi.nlm.nih.gov/pubmed/25666592
http://dx.doi.org/10.1007/s10886-005-5793-0
http://dx.doi.org/10.1007/s10886-008-9586-0
http://dx.doi.org/10.1007/BF01020674
http://dx.doi.org/10.1016/j.phytochem.2017.02.027
http://dx.doi.org/10.1007/s10886-014-0459-4
http://dx.doi.org/10.1111/j.1432-1033.1997.00626.x
http://dx.doi.org/10.1007/BF00269714
http://www.ncbi.nlm.nih.gov/pubmed/24247963
http://dx.doi.org/10.3389/fpls.2017.00903
http://www.ncbi.nlm.nih.gov/pubmed/28611815
http://dx.doi.org/10.1007/s10886-018-1009-2
http://www.ncbi.nlm.nih.gov/pubmed/30221331
http://dx.doi.org/10.1073/pnas.92.1.50
http://www.ncbi.nlm.nih.gov/pubmed/7816847
http://dx.doi.org/10.1007/s11101-010-9191-z
http://dx.doi.org/10.1371/journal.pone.0141480
http://dx.doi.org/10.2307/2388541
http://dx.doi.org/10.1023/A:1015214422971
http://dx.doi.org/10.2307/2399406
http://dx.doi.org/10.1007/BF01021277
http://dx.doi.org/10.1515/znc-1990-11-1217
http://dx.doi.org/10.1016/0305-1978(90)90127-2
http://dx.doi.org/10.1107/S2059798318003510
http://www.ncbi.nlm.nih.gov/pubmed/29717713
http://dx.doi.org/10.1007/s10682-009-9303-7
http://dx.doi.org/10.1111/j.1461-0248.2005.00769.x


Molecules 2019, 24, 498 39 of 44

159. Hol, W.H.; Van Veen, A. Pyrrolizidine alkaloids from Senecio jacobaea affect fungal growth. J. Chem. Ecol.
2002, 28, 1763–1772. [CrossRef] [PubMed]

160. Hill, E.M.; Robinson, L.A.; Abdul-Sada, A.; Vanbergen, A.J.; Hodge, A.; Hartley, S.E. Arbuscular Mycorrhizal
Fungi and Plant Chemical Defence: Effects of Colonisation on Aboveground and Belowground Metabolomes.
J. Chem. Ecol. 2018, 44, 198–208. [CrossRef] [PubMed]

161. Reidinger, S.; Eschen, R.; Gange, A.C.; Finch, P.; Bezemer, T.M. Arbuscular mycorrhizal colonization, plant
chemistry, and aboveground herbivory on Senecio jacobaea. Acta Oecol. 2012, 38, 8–16. [CrossRef]

162. Irmer, S.; Podzun, N.; Langel, D.; Heidemann, F.; Kaltenegger, E.; Schemmerling, B.; Geilfus, C.M.; Zorb, C.;
Ober, D. New aspect of plant-rhizobia interaction: Alkaloid biosynthesis in Crotalaria depends on nodulation.
Proc. Natl. Acad. Sci. USA 2015, 112, 4164–4169. [CrossRef] [PubMed]

163. Nowak, M.; Wittke, C.; Lederer, I.; Klier, B.; Kleinwachter, M.; Selmar, D. Interspecific transfer of
pyrrolizidine alkaloids: An unconsidered source of contaminations of phytopharmaceuticals and plant
derived commodities. Food Chem. 2016, 213, 163–168. [CrossRef] [PubMed]

164. Mathon, C.; Edder, P.; Bieri, S.; Christen, P. Survey of pyrrolizidine alkaloids in teas and herbal teas on the
Swiss market using HPLC-MS/MS. Anal. Bioanal. Chem. 2014, 406, 7345–7354. [CrossRef] [PubMed]

165. Kokalj, M.; Prikerznik, M.; Kreft, S. FTIR spectroscopy as a tool to detect contamination of rocket (Eruca
sativa and Diplotaxis tenuifolia) salad with common groundsel (Senecio vulgaris) leaves. J. Sci. Food Agric. 2017,
97, 2238–2244. [CrossRef] [PubMed]

166. Dubecke, A.; Beckh, G.; Lullmann, C. Pyrrolizidine alkaloids in honey and bee pollen. Food Addit. Contam.
Part A Chem. Anal. Control Expo. Risk Assess. 2011, 28, 348–358. [CrossRef] [PubMed]

167. Kempf, M.; Beuerle, T.; Buhringer, M.; Denner, M.; Trost, D.; von der Ohe, K.; Bhavanam, V.B.; Schreier, P.
Pyrrolizidine alkaloids in honey: Risk analysis by gas chromatography-mass spectrometry. Mol. Nutr.
Food Res. 2008, 52, 1193–1200. [CrossRef] [PubMed]

168. Kempf, M.; Wittig, M.; Reinhard, A.; von der Ohe, K.; Blacquiere, T.; Raezke, K.P.; Michel, R.; Schreier, P.;
Beuerle, T. Pyrrolizidine alkaloids in honey: Comparison of analytical methods. Food Addit. Contam. Part A
Chem. Anal. Control Expo. Risk Assess. 2011, 28, 332–347. [CrossRef] [PubMed]

169. Betz, J.M.; Eppley, R.M.; Taylor, W.C.; Andrzejewski, D. Determination of pyrrolizidine alkaloids in
commercial comfrey products (Symphytum sp.). J. Pharm. Sci. 1994, 83, 649–653. [CrossRef] [PubMed]

170. Edgar, J.A.; Colegate, S.M.; Boppre, M.; Molyneux, R.J. Pyrrolizidine alkaloids in food: A spectrum of
potential health consequences. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2011, 28,
308–324. [CrossRef] [PubMed]

171. Prakash, A.S.; Pereira, T.N.; Reilly, P.E.; Seawright, A.A. Pyrrolizidine alkaloids in human diet. Mutat. Res.
1999, 443, 53–67. [CrossRef]

172. Xia, Q.; Ma, L.; He, X.; Cai, L.; Fu, P.P. 7-Glutathione pyrrole adduct: A potential DNA reactive metabolite of
pyrrolizidine alkaloids. Chem. Res. Toxicol. 2015, 28, 615–620. [CrossRef] [PubMed]

173. Fu, P.P.; Xia, Q.; Lin, G.; Chou, M.W. Pyrrolizidine alkaloids—Genotoxicity, metabolism enzymes, metabolic
activation, and mechanisms. Drug Metab. Rev. 2004, 36, 1–55. [CrossRef]

174. Kim, H.Y.; Stermitz, F.R.; Coulombe, R.A., Jr. Pyrrolizidine alkaloid-induced DNA-protein cross-links.
Carcinogenesis 1995, 16, 2691–2697. [CrossRef] [PubMed]

175. Xia, Q.; Zhao, Y.; Von Tungeln, L.S.; Doerge, D.R.; Lin, G.; Cai, L.; Fu, P.P. Pyrrolizidine alkaloid-derived DNA
adducts as a common biological biomarker of pyrrolizidine alkaloid-induced tumorigenicity. Chem. Res.
Toxicol. 2013, 26, 1384–1396. [CrossRef] [PubMed]

176. Huxtable, R.J.; Yan, C.C.; Wild, S.; Maxwell, S.; Cooper, R. Physicochemical and metabolic basis for the
differing neurotoxicity of the pyrrolizidine alkaloids, trichodesmine and monocrotaline. Neurochem. Res.
1996, 21, 141–146. [CrossRef] [PubMed]

177. Fu, P.P.; Yang, Y.C.; Xia, Q.; Chou, M.W.; Cui, Y.Y.; Lin, G. Pyrrolizidine Alkaloids -Tumorigenic Components
in Chinese Herbal Medicines and Dietary Supplements. J. Food Drug Anal. 2002, 10, 198–211.

178. FAO/WHO. Discussion paper on pyrrolizidine alkaloids, Joint FAO/WHO food standards programme.
In CODEX Committee on Contaminants in Foods, 5th ed.; FAO: The Hague, The Netherlands, 2011.

179. Xia, Q.; Chou, M.W.; Kadlubar, F.F.; Chan, P.C.; Fu, P.P. Human liver microsomal metabolism and DNA
adduct formation of the tumorigenic pyrrolizidine alkaloid, riddelliine. Chem. Res. Toxicol. 2003, 16, 66–73.
[CrossRef] [PubMed]

180. Mattocks, A.R. Toxicity of pyrrolizidine alkaloids. Nature 1968, 217, 723–728. [CrossRef] [PubMed]

http://dx.doi.org/10.1023/A:1020557000707
http://www.ncbi.nlm.nih.gov/pubmed/12449504
http://dx.doi.org/10.1007/s10886-017-0921-1
http://www.ncbi.nlm.nih.gov/pubmed/29392532
http://dx.doi.org/10.1016/j.actao.2011.08.003
http://dx.doi.org/10.1073/pnas.1423457112
http://www.ncbi.nlm.nih.gov/pubmed/25775562
http://dx.doi.org/10.1016/j.foodchem.2016.06.069
http://www.ncbi.nlm.nih.gov/pubmed/27451168
http://dx.doi.org/10.1007/s00216-014-8142-8
http://www.ncbi.nlm.nih.gov/pubmed/25286874
http://dx.doi.org/10.1002/jsfa.8034
http://www.ncbi.nlm.nih.gov/pubmed/27620169
http://dx.doi.org/10.1080/19440049.2010.541594
http://www.ncbi.nlm.nih.gov/pubmed/21360377
http://dx.doi.org/10.1002/mnfr.200800051
http://www.ncbi.nlm.nih.gov/pubmed/18792927
http://dx.doi.org/10.1080/19440049.2010.521772
http://www.ncbi.nlm.nih.gov/pubmed/21082464
http://dx.doi.org/10.1002/jps.2600830511
http://www.ncbi.nlm.nih.gov/pubmed/8071814
http://dx.doi.org/10.1080/19440049.2010.547520
http://www.ncbi.nlm.nih.gov/pubmed/21360376
http://dx.doi.org/10.1016/S1383-5742(99)00010-1
http://dx.doi.org/10.1021/tx500417q
http://www.ncbi.nlm.nih.gov/pubmed/25768656
http://dx.doi.org/10.1081/DMR-120028426
http://dx.doi.org/10.1093/carcin/16.11.2691
http://www.ncbi.nlm.nih.gov/pubmed/7586188
http://dx.doi.org/10.1021/tx400241c
http://www.ncbi.nlm.nih.gov/pubmed/23937665
http://dx.doi.org/10.1007/BF02529131
http://www.ncbi.nlm.nih.gov/pubmed/9182239
http://dx.doi.org/10.1021/tx025605i
http://www.ncbi.nlm.nih.gov/pubmed/12693032
http://dx.doi.org/10.1038/217723a0
http://www.ncbi.nlm.nih.gov/pubmed/5641123


Molecules 2019, 24, 498 40 of 44

181. Mattocks, A.R. Hepatotoxic effects due to pyrrolizidine alkaloid N-oxides. Xenobiotica 1971, 1, 563–565.
[CrossRef]

182. White, I.N.; Mattocks, A.R. Some factors affecting the conversion of pyrrolizidine alkaloids to N-oxides and
to pyrrolic derivatives in vitro. Xenobiotica 1971, 1, 503–505. [CrossRef]

183. Lin, G.; Cui, Y.Y.; Hawes, E.M. Microsomal formation of a pyrrolic alcohol glutathione conjugate of
clivorine. Firm evidence for the formation of a pyrrolic metabolite of an otonecine-type pyrrolizidine
alkaloid. Drug Metab. Dispos. 1998, 26, 181–184.

184. Mattocks, A.R.; White, I.N. The conversion of pyrrolizidine alkaloids to N-oxides and to dihydropyrrolizine
derivatives by rat-liver microsomes in vitro. Chem. Biol. Interact. 1971, 3, 383–396. [CrossRef]

185. Edgar, J.A.; Molyneux, R.J.; Colegate, S.M. Pyrrolizidine Alkaloids: Potential Role in the Etiology of Cancers,
Pulmonary Hypertension, Congenital Anomalies, and Liver Disease. Chem. Res. Toxicol. 2015, 28, 4–20.
[CrossRef] [PubMed]

186. Fu, P.P. Pyrrolizidine Alkaloids: Metabolic Activation Pathways Leading to Liver Tumor Initiation. Chem. Res.
Toxicol. 2017, 30, 81–93. [CrossRef] [PubMed]

187. Li, N.; Xia, Q.; Ruan, J.; Fu, P.P.; Lin, G. Hepatotoxicity and tumorigenicity induced by metabolic activation
of pyrrolizidine alkaloids in herbs. Curr. Drug Metab. 2011, 12, 823–834. [CrossRef] [PubMed]

188. Nigra, L.; Huxtable, R.J. Hepatic glutathione concentrations and the release of pyrrolic metabolites of
the pyrrolizidine alkaloid, monocrotaline, from the isolated perfused liver. Toxicon 1992, 30, 1195–1202.
[CrossRef]

189. Pereira, T.N.; Webb, R.I.; Reilly, P.E.; Seawright, A.A.; Prakash, A.S. Dehydromonocrotaline generates
sequence-selective N-7 guanine alkylation and heat and alkali stable multiple fragment DNA crosslinks.
Nucleic Acids Res. 1998, 26, 5441–5447. [CrossRef] [PubMed]

190. Chen, M.; Li, L.; Zhong, D.; Shen, S.; Zheng, J.; Chen, X. 9-Glutathionyl-6,7-dihydro-1-hydroxymethyl-
5H-pyrrolizine Is the Major Pyrrolic Glutathione Conjugate of Retronecine-Type Pyrrolizidine Alkaloids in
Liver Microsomes and in Rats. Chem. Res. Toxicol. 2016, 29, 180–189. [CrossRef] [PubMed]

191. Robertson, K.A.; Seymour, J.L.; Hsia, M.T.; Allen, J.R. Covalent interaction of dehydroretronecine,
a carcinogenic metabolite of the pyrrolizidine alkaloid monocrotaline, with cysteine and glutathione.
Cancer Res. 1977, 37, 3141–3144. [PubMed]

192. Dueker, S.R.; Lame, M.W.; Jones, A.D.; Morin, D.; Segall, H.J. Glutathione conjugation with the pyrrolizidine
alkaloid, jacobine. Biochem. Biophys. Res. Commun. 1994, 198, 516–522. [CrossRef] [PubMed]

193. Ji, L.; Liu, T.; Wang, Z. Pyrrolizidine alkaloid clivorine induced oxidative injury on primary cultured rat
hepatocytes. Hum. Exp. Toxicol. 2010, 29, 303–309. [CrossRef] [PubMed]

194. Liang, Q.; Sheng, Y.; Jiang, P.; Ji, L.; Xia, Y.; Min, Y.; Wang, Z. The gender-dependent difference of liver GSH
antioxidant system in mice and its influence on isoline-induced liver injury. Toxicology 2011, 280, 61–69.
[CrossRef] [PubMed]

195. Liu, T.Y.; Chen, Y.; Wang, Z.Y.; Ji, L.L.; Wang, Z.T. Pyrrolizidine alkaloid isoline-induced oxidative injury in
various mouse tissues. Exp. Toxicol. Pathol. 2010, 62, 251–257. [CrossRef] [PubMed]

196. Hsu, I.C.; Allen, J.R.; Chesney, C.F. Identification and toxicological effects of dehydroretronecine, a metabolite
of monocrotaline. Proc. Soc. Exp. Biol. Med. 1973, 144, 834–838. [CrossRef] [PubMed]

197. Jago, M.V.; Edgar, J.A.; Smith, L.W.; Culvenor, C.C. Metabolic conversion of heliotridine-based pyrrolizidine
alkaloids to dehydroheliotridine. Mol. Pharmacol. 1970, 6, 402–406. [PubMed]

198. Fashe, M.M.; Juvonen, R.O.; Petsalo, A.; Rahnasto-Rilla, M.; Auriola, S.; Soininen, P.; Vepsalainen, J.; Pasanen, M.
Identification of a new reactive metabolite of pyrrolizidine alkaloid retrorsine: (3H-pyrrolizin-7-yl)methanol.
Chem. Res. Toxicol. 2014, 27, 1950–1957. [CrossRef] [PubMed]

199. Chen, T.; Mei, N.; Fu, P.P. Genotoxicity of pyrrolizidine alkaloids. J. Appl. Toxicol. 2010, 30, 183–196. [CrossRef]
200. Yang, Y.C.; Yan, J.; Doerge, D.R.; Chan, P.C.; Fu, P.P.; Chou, M.W. Metabolic activation of the tumorigenic

pyrrolizidine alkaloid, riddelliine, leading to DNA adduct formation in vivo. Chem. Res. Toxicol. 2001, 14,
101–109. [CrossRef]

201. Fashe, M.M.; Juvonen, R.O.; Petsalo, A.; Rasanen, J.; Pasanen, M. Species-Specific Differences in the in Vitro
Metabolism of Lasiocarpine. Chem. Res. Toxicol. 2015, 28, 2034–2044. [CrossRef]

202. Lin, G.; Cui, Y.Y.; Liu, X.Q. Gender differences in microsomal metabolic activation of hepatotoxic clivorine in
rat. Chem. Res. Toxicol. 2003, 16, 768–774. [CrossRef]

http://dx.doi.org/10.3109/00498257109041530
http://dx.doi.org/10.3109/00498257109041518
http://dx.doi.org/10.1016/0009-2797(71)90018-4
http://dx.doi.org/10.1021/tx500403t
http://www.ncbi.nlm.nih.gov/pubmed/25483859
http://dx.doi.org/10.1021/acs.chemrestox.6b00297
http://www.ncbi.nlm.nih.gov/pubmed/28092947
http://dx.doi.org/10.2174/138920011797470119
http://www.ncbi.nlm.nih.gov/pubmed/21619520
http://dx.doi.org/10.1016/0041-0101(92)90435-8
http://dx.doi.org/10.1093/nar/26.23.5441
http://www.ncbi.nlm.nih.gov/pubmed/9826770
http://dx.doi.org/10.1021/acs.chemrestox.5b00427
http://www.ncbi.nlm.nih.gov/pubmed/26761523
http://www.ncbi.nlm.nih.gov/pubmed/884667
http://dx.doi.org/10.1006/bbrc.1994.1076
http://www.ncbi.nlm.nih.gov/pubmed/8297362
http://dx.doi.org/10.1177/0960327110361757
http://www.ncbi.nlm.nih.gov/pubmed/20144959
http://dx.doi.org/10.1016/j.tox.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21126554
http://dx.doi.org/10.1016/j.etp.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19540740
http://dx.doi.org/10.3181/00379727-144-37693
http://www.ncbi.nlm.nih.gov/pubmed/4543621
http://www.ncbi.nlm.nih.gov/pubmed/5429283
http://dx.doi.org/10.1021/tx5002964
http://www.ncbi.nlm.nih.gov/pubmed/25295702
http://dx.doi.org/10.1002/jat.1504
http://dx.doi.org/10.1021/tx000150n
http://dx.doi.org/10.1021/acs.chemrestox.5b00253
http://dx.doi.org/10.1021/tx0340302


Molecules 2019, 24, 498 41 of 44

203. Lin, G.; Tang, J.; Liu, X.Q.; Jiang, Y.; Zheng, J. Deacetylclivorine: A gender-selective metabolite of clivorine
formed in female Sprague-Dawley rat liver microsomes. Drug Metab. Dispos. 2007, 35, 607–613. [CrossRef]

204. Yang, X.; Li, W.; Li, H.; Wang, X.; Chen, Y.; Guo, X.; Peng, Y.; Zheng, J. A Difference in Internal Exposure
Makes Newly Weaned Mice More Susceptible to the Hepatotoxicity of Retrorsine Than Adult Mice. Chem. Res.
Toxicol. 2018. [CrossRef]

205. Williams, D.E.; Reed, R.L.; Kedzierski, B.; Dannan, G.A.; Guengerich, F.P.; Buhler, D.R. Bioactivation and
detoxication of the pyrrolizidine alkaloid senecionine by cytochrome P-450 enzymes in rat liver. Drug Metab.
Dispos. 1989, 17, 387–392. [PubMed]

206. Williams, D.E.; Reed, R.L.; Kedzierski, B.; Ziegler, D.M.; Buhler, D.R. The role of flavin-containing
monooxygenase in the N-oxidation of the pyrrolizidine alkaloid senecionine. Drug Metab. Dispos. 1989, 17,
380–386. [PubMed]

207. Chou, M.W.; Wang, Y.P.; Yan, J.; Yang, Y.C.; Beger, R.D.; Williams, L.D.; Doerge, D.R.; Fu, P.P. Riddelliine
N-oxide is a phytochemical and mammalian metabolite with genotoxic activity that is comparable to the
parent pyrrolizidine alkaloid riddelliine. Toxicol. Lett. 2003, 145, 239–247. [CrossRef]

208. Wang, Y.P.; Yan, J.; Fu, P.P.; Chou, M.W. Human liver microsomal reduction of pyrrolizidine alkaloid
N-oxides to form the corresponding carcinogenic parent alkaloid. Toxicol. Lett. 2005, 155, 411–420. [CrossRef]
[PubMed]

209. Yan, J.; Xia, Q.; Chou, M.W.; Fu, P.P. Metabolic activation of retronecine and retronecine N-oxide - formation
of DHP-derived DNA adducts. Toxicol. Ind. Health 2008, 24, 181–188. [CrossRef] [PubMed]

210. Huan, J.Y.; Miranda, C.L.; Buhler, D.R.; Cheeke, P.R. Species differences in the hepatic microsomal enzyme
metabolism of the pyrrolizidine alkaloids. Toxicol. Lett. 1998, 99, 127–137. [CrossRef]

211. Chung, W.G.; Buhler, D.R. Major factors for the susceptibility of guinea pig to the pyrrolizidine alkaloid
jacobine. Drug Metab. Dispos. 1995, 23, 1263–1267. [PubMed]

212. Dueker, S.R.; Lame, M.W.; Morin, D.; Wilson, D.W.; Segall, H.J. Guinea pig and rat hepatic microsomal
metabolism of monocrotaline. Drug Metab. Dispos. 1992, 20, 275–280.

213. Dueker, S.R.; Lame, M.W.; Segall, H.J. Hydrolysis of pyrrolizidine alkaloids by guinea pig hepatic
carboxylesterases. Toxicol. Appl. Pharmacol. 1992, 117, 116–121. [CrossRef]

214. Tang, J.; Akao, T.; Nakamura, N.; Wang, Z.T.; Takagawa, K.; Sasahara, M.; Hattori, M. In vitro metabolism of
isoline, a pyrrolizidine alkaloid from Ligularia duciformis, by rodent liver microsomal esterase and enhanced
hepatotoxicity by esterase inhibitors. Drug Metab. Dispos. 2007, 35, 1832–1839. [CrossRef]

215. He, Y.Q.; Yang, L.; Liu, H.X.; Zhang, J.W.; Liu, Y.; Fong, A.; Xiong, A.Z.; Lu, Y.L.; Yang, L.; Wang, C.H.; et al.
Glucuronidation, a new metabolic pathway for pyrrolizidine alkaloids. Chem. Res. Toxicol. 2010, 23, 591–599.
[CrossRef] [PubMed]

216. Ruan, J.; Liao, C.; Ye, Y.; Lin, G. Lack of metabolic activation and predominant formation of an excreted
metabolite of nontoxic platynecine-type pyrrolizidine alkaloids. Chem. Res. Toxicol. 2014, 27, 7–16. [CrossRef]
[PubMed]

217. Lahiri, R.; Ansari, A.A.; Vankar, Y.D. Recent developments in design and synthesis of bicyclic azasugars,
carbasugars and related molecules as glycosidase inhibitors. Chem. Soc. Rev. 2013, 42, 5102–5118. [CrossRef]
[PubMed]

218. Winchester, B.; Fleet, G.W.J. Amino-sugar glycosidase inhibitors: Versatile tools for glycobiologists.
Glycobiology 1992, 2, 199–210. [CrossRef] [PubMed]

219. Asano, N.; Nash, R.J.; Molyneux, R.J.; Fleet, G.W.J. Sugar-mimic glycosidase inhibitors: Natural occurrence,
biological activity and prospects for therapeutic application. Tetrahedron 2000, 11, 1645–1680. [CrossRef]

220. Wong, C.-H.; Halcomb, R.L.; Ichikawa, Y.; Kajimoto, T. Enzymes in Organic Synthesis: Application to the
Problems of Carbohydrate Recognition (Part 2). Angew. Chem. Int. Ed. 1995, 34, 521–546. [CrossRef]

221. Davies, G.J.; Gloster, T.M.; Henrissat, B. Recent structural insights into the expanding world of
carbohydrate-active enzymes. Curr. Opin. Struct. Biol. 2005, 15, 637–645. [CrossRef] [PubMed]

222. Compain, P.; Bodlenner, A. The multivalent effect in glycosidase inhibition: A new, rapidly emerging topic
in glycoscience. ChemBioChem 2014, 15, 1239–1251. [CrossRef] [PubMed]

223. Asano, N. Sugar-mimicking glycosidase inhibitors: Bioactivity and application. Cell. Mol. Life Sci. 2009, 66,
1479–1492. [CrossRef] [PubMed]

224. Wrodnigg, T.M.; Steiner, A.J.; Ueberbacher, B.J. Natural and synthetic iminosugars as carbohydrate processing
enzyme inhibitors for cancer therapy. Anticancer Agents Med. Chem. 2008, 8, 77–85. [CrossRef] [PubMed]

http://dx.doi.org/10.1124/dmd.106.014100
http://dx.doi.org/10.1021/acs.chemrestox.8b00220
http://www.ncbi.nlm.nih.gov/pubmed/2571477
http://www.ncbi.nlm.nih.gov/pubmed/2571476
http://dx.doi.org/10.1016/S0378-4274(03)00293-5
http://dx.doi.org/10.1016/j.toxlet.2004.11.010
http://www.ncbi.nlm.nih.gov/pubmed/15649625
http://dx.doi.org/10.1177/0748233708093727
http://www.ncbi.nlm.nih.gov/pubmed/18842697
http://dx.doi.org/10.1016/S0378-4274(98)00152-0
http://www.ncbi.nlm.nih.gov/pubmed/8591728
http://dx.doi.org/10.1016/0041-008X(92)90225-H
http://dx.doi.org/10.1124/dmd.107.016311
http://dx.doi.org/10.1021/tx900328f
http://www.ncbi.nlm.nih.gov/pubmed/20092275
http://dx.doi.org/10.1021/tx4004159
http://www.ncbi.nlm.nih.gov/pubmed/24308637
http://dx.doi.org/10.1039/c3cs35525j
http://www.ncbi.nlm.nih.gov/pubmed/23535828
http://dx.doi.org/10.1093/glycob/2.3.199
http://www.ncbi.nlm.nih.gov/pubmed/1498417
http://dx.doi.org/10.1016/S0957-4166(00)00113-0
http://dx.doi.org/10.1002/anie.199505211
http://dx.doi.org/10.1016/j.sbi.2005.10.008
http://www.ncbi.nlm.nih.gov/pubmed/16263268
http://dx.doi.org/10.1002/cbic.201402026
http://www.ncbi.nlm.nih.gov/pubmed/24807298
http://dx.doi.org/10.1007/s00018-008-8522-3
http://www.ncbi.nlm.nih.gov/pubmed/19132292
http://dx.doi.org/10.2174/187152008783330851
http://www.ncbi.nlm.nih.gov/pubmed/18220507


Molecules 2019, 24, 498 42 of 44

225. Rempel, B.P.; Withers, S.G. Covalent inhibitors of glycosidases and their applications in biochemistry and
biology. Glycobiology 2008, 18, 570–586. [CrossRef] [PubMed]

226. Watson, A.A.; Fleet, G.W.; Asano, N.; Molyneux, R.J.; Nash, R.J. Polyhydroxylated alkaloids - natural
occurrence and therapeutic applications. Phytochemistry 2001, 56, 265–295. [CrossRef]

227. Vlietinck, A.J.; De Bruyne, T.; Apers, S.; Pieters, L.A. Plant-derived leading compounds for chemotherapy of
human immunodeficiency virus (HIV) infection. Planta Med. 1998, 64, 97–109. [CrossRef] [PubMed]

228. Tropea, J.E.; Molyneux, R.J.; Kaushal, G.P.; Pan, Y.T.; Mitchell, M.; Elbein, A.D. Australine, a pyrrolizidine
alkaloid that inhibits amyloglucosidase and glycoprotein processing. Biochemistry 1989, 28, 2027–2034.
[CrossRef] [PubMed]

229. Kato, A.; Kano, E.; Adachi, I.; Molyneux, R.J.; Watson, A.A.; Nash, R.J.; Fleet, G.W.J.; Wormald, M.R.; Kizu, H.;
Ikeda, K.; et al. Australine and related alkaloids: Easy structural confirmation by 13C NMR spectral data and
biological activities. Tetrahedron 2003, 14, 325–331. [CrossRef]

230. Nash, R.J.; Fellows, L.E.; Dring, J.V.; Fleet, G.W.J.; Derome, A.E.; Hamor, T.A.; Scofield, A.M.; Watkin, D.J.
Isolation from alexaleiopetala and X-ray crystal structure of alexine, (1r,2r,3r,7s,8s)-3-hydroxymethyl-
1,2,7-trihydroxypyrrolizidine [(2r,3r,4r,5s,6s)-2-hydroxymethyl-1-azabicyclo 3.3.0 octan-3,4,6-triol], a unique
pyrrolizidine alkaloid. Tetrahedron Lett. 1988, 29, 2487–2490. [CrossRef]

231. Nash, R.J.; Fellows, L.E.; Dring, J.V.; Fleet, G.W.J.; Girdhar, A.; Ramsden, N.G.; Peach, J.M.; Hegarty, M.P.;
Scofield, A.M. Two alexines 3-hydroxymethyl-1,2,7-trihydroxypyrrolizidines from Castanospermum australe.
Phytochemistry 1990, 29, 111–114. [CrossRef]

232. Horiuchi, Y.; Kondo, S.; Ikeda, T.; Ikeda, D.; Miura, K.; Hamada, M.; Takeuchi, T.; Umezawa, H.
New antibiotics clazamycins A and B. J. Antibiot. 1979, 32, 762–764. [CrossRef]

233. Dolak, L.A.; DeBoer, C. Clazamycin B is antibiotic 354. J. Antibiot. 1980, 33, 83–84. [CrossRef]
234. Sugie, Y.; Hirai, H.; Kachi-Tonai, H.; Kim, Y.J.; Kojima, Y.; Shiomi, Y.; Sugiura, A.; Sugiura, A.; Suzuki, Y.;

Yoshikawa, N.; et al. New pyrrolizidinone antibiotics CJ-16,264 and CJ-16,367. J. Antibiot. 2001, 54, 917–925.
[CrossRef]

235. Nakai, R.; Ogawa, H.; Asai, A.; Ando, K.; Agatsuma, T.; Matsumiya, S.; Akinaga, S.; Yamashita, Y.;
Mizukami, T. UCS1025A, a novel antibiotic produced by Acremonium sp. J. Antibiot. 2000, 53, 294–296.
[CrossRef] [PubMed]

236. Roeder, E. Medicinal plants in China containing pyrrolizidine alkaloids. Pharmazie 2000, 55, 711–726.
[PubMed]

237. Roeder, E.; Wiedenfeld, H. Plants containing pyrrolizidine alkaloids used in the Traditional Indian
medicine—Including Ayurveda. Pharmazie 2013, 68, 83–92. [CrossRef] [PubMed]

238. Roeder, E.; Wiedenfeld, H. Pyrrolizidine alkaloids in plants used in the traditional medicine of Madagascar
and the Mascarene islands. Pharmazie 2011, 66, 637–647. [CrossRef] [PubMed]

239. Roeder, E.; Wiedenfeld, H.; Edgar, J.A. Pyrrolizidine alkaloids in medicinal plants from North America.
Pharmazie 2015, 70, 357–367. [CrossRef] [PubMed]

240. Larson, K.M.; Roby, M.R.; Stermitz, F.R. Unsaturated Pyrrolizidines from Borage (Borago officinalis),
a Common Garden Herb. J. Nat. Prod. 1984, 47, 747–748. [CrossRef]

241. Luthy, J.; Brauchli, J.; Zweifel, U.; Schmid, P.; Schlatter, C. Pyrrolizidine alkaloids in medicinal plants of
Boraginaceal: Borago officinalis L. and Pulmonaria officinalis L. Pharm. Acta Helv. 1984, 59, 242–246. [PubMed]

242. Wretensjö, I.; Karlberg, B. Pyrrolizidine alkaloid content in crude and processed borage oil from different
processing stages. J. Am. Oil Chem. Soc. 2003, 80, 963–970. [CrossRef]

243. Vacillotto, G.; Favretto, D.; Seraglia, R.; Pagiotti, R.; Traldi, P.; Mattoli, L. A rapid and highly specific method
to evaluate the presence of pyrrolizidine alkaloids in Borago officinalis seed oil. J. Mass Spectrom. 2013, 48,
1078–1082. [CrossRef] [PubMed]

244. Pelser, P.B.; Nordenstam, B.; Kadereit, J.W.; Watson, L.E. An ITS Phylogeny of Tribe Senecioneae (Asteraceae)
and a New Delimitation of Senecio L. Taxon 2007, 56, 1077–1104. [CrossRef]

245. Denton, O.A. Crassocephalum crepidioides (Benth.) S. Moore. In Plant Resources of Tropical Africa 2. Vegetables;
Grubben, G.J.H., Denton, O.A., Eds.; PROTA Foundation: Wageningen, The Netherlands, 2004; pp. 226–228.

246. Joshi, R.K. Study on essential oil composition of the roots of Crassocephalum crepidioides (benth.) S. Moore.
J. Chin. Chem. Soc. 2014, 59, 2363–2365. [CrossRef]

247. Bosch, C.H. Crassocephalum rubens (Juss. ex Jacq.) S.Moore. In Plant Resources of Tropical Africa 2. Vegetables;
Grubben, G.J.H., Denton, O.A., Eds.; PROTA Foundation: Wageningen, The Netherlands, 2004; pp. 228–229.

http://dx.doi.org/10.1093/glycob/cwn041
http://www.ncbi.nlm.nih.gov/pubmed/18499865
http://dx.doi.org/10.1016/S0031-9422(00)00451-9
http://dx.doi.org/10.1055/s-2006-957384
http://www.ncbi.nlm.nih.gov/pubmed/9525100
http://dx.doi.org/10.1021/bi00431a010
http://www.ncbi.nlm.nih.gov/pubmed/2497772
http://dx.doi.org/10.1016/S0957-4166(02)00799-1
http://dx.doi.org/10.1016/S0040-4039(00)87914-9
http://dx.doi.org/10.1016/0031-9422(90)89022-2
http://dx.doi.org/10.7164/antibiotics.32.762
http://dx.doi.org/10.7164/antibiotics.33.83
http://dx.doi.org/10.7164/antibiotics.54.917
http://dx.doi.org/10.7164/antibiotics.53.294
http://www.ncbi.nlm.nih.gov/pubmed/10819301
http://www.ncbi.nlm.nih.gov/pubmed/11082830
http://dx.doi.org/10.1691/ph.2013.7208
http://www.ncbi.nlm.nih.gov/pubmed/23469679
http://dx.doi.org/10.1691/ph.2011.1572
http://www.ncbi.nlm.nih.gov/pubmed/22026117
http://dx.doi.org/10.1691/ph.2015.4873
http://www.ncbi.nlm.nih.gov/pubmed/26189295
http://dx.doi.org/10.1021/np50034a045
http://www.ncbi.nlm.nih.gov/pubmed/6483923
http://dx.doi.org/10.1007/s11746-003-0804-z
http://dx.doi.org/10.1002/jms.3251
http://www.ncbi.nlm.nih.gov/pubmed/24130010
http://dx.doi.org/10.2307/25065905
http://dx.doi.org/10.4067/S0717-97072014000100025


Molecules 2019, 24, 498 43 of 44

248. Dairo, F.; Adanlawo, I. Nutritional Quality of Crassocephalum crepidioides and Senecio biafrae. Pak. J. Nutr.
2007, 6, 35–39. [CrossRef]

249. Nakamura, I.; Hossain, M.A. Factors affecting seed gemination and seedling emergence of redflower ragleaf
(Crassocephalum crepidioides). Weed Biol. Manag. 2009, 9, 315–322. [CrossRef]

250. Adedayo, B.C.; Oboh, G.; Oyeleye, S.I.; Ejakpovi, I.I.; Boligon, A.A.; Athayde, M.L. Blanching alters the
phenolic constituents and in vitro antioxidant and anticholinesterases properties of fireweed (Crassocephalum
crepidioides). J. Taibah Univ. Med. Sci. 2015, 10, 419–426. [CrossRef]

251. Adjatin, A.; Dansi, A.; Badoussi, M.E.; Sanoussi, F.; Dansi, M.; Azokpota, P.; Ahissou, H.; Akouegninou, A.;
Koffi, A.; Sanni, A. Proximate, mineral and vitamin C composition of vegetable Gbolo [Crassocephalum rubens
(Juss. ex Jacq.) S. Moore and C. crepidioides (Benth.) S. Moore] in Benin. Int. J. Biol. Chem. Sci. 2013, 7, 319–331.
[CrossRef]

252. Adjatin, A.; Dansi, A.; Eze, S.; Assogba, P.; Dossou-Aminon, I.; Koffi, A.; Akoègninou, A.; Sanni, A.
Ethnobotanical investigation and diversity of Gbolo (Crassocephalum rubens (Juss. ex Jacq.) S. Moore
and Crassocephalum crepidioides (Benth.) S. Moore), a traditional leafy vegetable under domestication in Benin.
Genet. Resour. Crop. Evol. 2012, 59, 1867–1881. [CrossRef]

253. Dansi, A.; Adjatin, A.; Adoukonou-Sagbadja, H.; Faladé, V.; Yedomonhan, H.; Odou, D.; Dossou, B.
Traditional leafy vegetables and their use in the Benin Republic. Genet. Resour. Crop. Evol. 2008, 55,
1239–1256. [CrossRef]

254. Adjatin, A.; Dansi, A.; Badoussi, M.E.; Loko, L.; Dansi, M.; Azokpota, P.; Gbaguidi, F.; Ahissou, H.;
Akoègninou, A.; Koffi, A.; et al. Phytochemical screening and toxicity studies of Crassocephalum rubens
(Juss. ex Jacq.) S. Moore and Crassocephalum crepidioides (Benth.) S. Moore consumed as vegetable in Benin.
J. Chem. Pharm. Res. 2013, 2, 1–13.

255. Asada, Y.; Shiraishi, M.; Takeuchi, T.; Osawa, Y.; Furuya, T. Pyrrolizidine Alkaloids from Crassocephalum
crepidioides. Planta Med. 1985, 51, 539–540. [CrossRef]

256. Adegoke, E.A.; Akinsaya, A.; Naqvi, H.Z. Studies of Nigerian medicinal plants: A preliminary survey of
plant alkaloid. J. West Afr. Sci. Assoc. 1968, 13, 13–33.

257. Chao, C.Y.; Liu, W.H.; Wu, J.J.; Yin, M.C. Phytochemical profile, antioxidative and anti-inflammatory
potentials of Gynura bicolor DC. J. Sci. Food Agric. 2015, 95, 1088–1093. [CrossRef] [PubMed]

258. Li, W.L.; Ren, B.R.; Min, Z.; Hu, Y.; Lu, C.G.; Wu, J.L.; Chen, J.; Sun, S. The anti-hyperglycemic effect of plants
in genus Gynura Cass. Am. J. Chin. Med. 2009, 37, 961–966. [CrossRef] [PubMed]

259. Teoh, W.Y.; Sim, K.S.; Moses Richardson, J.S.; Abdul Wahab, N.; Hoe, S.Z. Antioxidant Capacity, Cytotoxicity,
and Acute Oral Toxicity of Gynura bicolor. Evid. Based Complement. Altern. Med. 2013, 2013, 958407. [CrossRef]
[PubMed]

260. Teoh, W.Y.; Tan, H.P.; Ling, S.K.; Abdul Wahab, N.; Sim, K.S. Phytochemical investigation of Gynura bicolor
leaves and cytotoxicity evaluation of the chemical constituents against HCT 116 cells. Nat. Prod. Res. 2016,
30, 448–451. [CrossRef] [PubMed]

261. Roeder, E.; Eckert, A.; Wiedenfeld, H. Pyrrolizidine alkaloids from Gynura divaricata. Planta Med. 1996,
62, 386. [CrossRef] [PubMed]

262. Chen, J.; Lu, H.; Fang, L.X.; Li, W.L.; Verschaeve, L.; Wang, Z.T.; De Kimpe, N.; Mangelinckx, S. Detection
and Toxicity Evaluation of Pyrrolizidine Alkaloids in Medicinal Plants Gynura bicolor and Gynura divaricata
Collected from Different Chinese Locations. Chem. Biodivers. 2017, 14. [CrossRef] [PubMed]

263. Seow, L.J.; Beh, H.K.; Majid, A.M.; Murugaiyah, V.; Ismail, N.; Asmawi, M.Z. Anti-angiogenic activity of
Gynura segetum leaf extracts and its fractions. J. Ethnopharmacol. 2011, 134, 221–227. [CrossRef] [PubMed]

264. Seow, L.J.; Beh, H.K.; Umar, M.I.; Sadikun, A.; Asmawi, M.Z. Anti-inflammatory and antioxidant activities of
the methanol extract of Gynura segetum leaf. Int. Immunopharmacol. 2014, 23, 186–191. [CrossRef] [PubMed]

265. Dai, N.; Yu, Y.C.; Ren, T.H.; Wu, J.G.; Jiang, Y.; Shen, L.G.; Zhang, J. Gynura root induces hepatic veno-occlusive
disease: A case report and review of the literature. World J. Gastroenterol. 2007, 13, 1628–1631. [CrossRef]
[PubMed]

266. Fang, J.; Zhang, G.; Teng, X.; Zhang, Z.; Pan, J.; Shou, Q.; Chen, M. Hematologic toxicity of Gynura segetum
and effects on vascular endothelium in a rat model of hepatic veno-occlusive disease. Zhonghua Gan Zang
Bing Za Zhi 2015, 23, 59–63. [CrossRef]

http://dx.doi.org/10.3923/pjn.2007.35.39
http://dx.doi.org/10.1111/j.1445-6664.2009.00356.x
http://dx.doi.org/10.1016/j.jtumed.2015.09.003
http://dx.doi.org/10.4314/ijbcs.v7i1.27
http://dx.doi.org/10.1007/s10722-012-9901-z
http://dx.doi.org/10.1007/s10722-008-9324-z
http://dx.doi.org/10.1055/s-2007-969597
http://dx.doi.org/10.1002/jsfa.6902
http://www.ncbi.nlm.nih.gov/pubmed/25200026
http://dx.doi.org/10.1142/S0192415X09007430
http://www.ncbi.nlm.nih.gov/pubmed/19885955
http://dx.doi.org/10.1155/2013/958407
http://www.ncbi.nlm.nih.gov/pubmed/24369485
http://dx.doi.org/10.1080/14786419.2015.1017726
http://www.ncbi.nlm.nih.gov/pubmed/25738869
http://dx.doi.org/10.1055/s-2006-957921
http://www.ncbi.nlm.nih.gov/pubmed/8792680
http://dx.doi.org/10.1002/cbdv.201600221
http://www.ncbi.nlm.nih.gov/pubmed/27623358
http://dx.doi.org/10.1016/j.jep.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21167271
http://dx.doi.org/10.1016/j.intimp.2014.08.020
http://www.ncbi.nlm.nih.gov/pubmed/25194675
http://dx.doi.org/10.3748/wjg.v13.i10.1628
http://www.ncbi.nlm.nih.gov/pubmed/17461462
http://dx.doi.org/10.3760/cma.j.issn.1007-3418.2015.01.014


Molecules 2019, 24, 498 44 of 44

267. Lin, G.; Wang, J.Y.; Li, N.; Li, M.; Gao, H.; Ji, Y.; Zhang, F.; Wang, H.; Zhou, Y.; Ye, Y.; et al. Hepatic sinusoidal
obstruction syndrome associated with consumption of Gynura segetum. J. Hepatol. 2011, 54, 666–673. [CrossRef]
[PubMed]

268. Yu, X.Z.; Ji, T.; Bai, X.L.; Liang, L.; Wang, L.Y.; Chen, W.; Liang, T.B. Expression of MMP-9 in hepatic
sinusoidal obstruction syndrome induced by Gynura segetum. J. Zhejiang Univ. Sci. B 2013, 14, 68–75.
[CrossRef] [PubMed]

269. Liang, X.T.; Roeder, E. Senecionine from Gynura segetum. Planta Med. 1984, 50, 362. [CrossRef] [PubMed]
270. Yuan, S.Q.; Gu, G.M.; Wei, T.T. Studies on the alkaloids of Gynura segetum (Lour.) Merr. Yao Xue Xue Bao

1990, 25, 191–197. [PubMed]
271. Qi, X.; Wu, B.; Cheng, Y.; Qu, H. Simultaneous characterization of pyrrolizidine alkaloids and N-oxides in

Gynura segetum by liquid chromatography/ion trap mass spectrometry. Rapid Commun. Mass Spectrom. 2009,
23, 291–302. [CrossRef] [PubMed]

272. Gallagher, R.T.; White, E.P.; Mortimer, P.H. Ryegrass staggers: Isolation of potent neurotoxins lolitrem A and
lolitrem B from staggers-producing pastures. N. Z. Vet. J. 1981, 29, 189–190. [CrossRef]

273. Lyons, P.C.; Plattner, R.D.; Bacon, C.W. Occurrence of peptide and clavine ergot alkaloids in tall fescue grass.
Science 1986, 232, 487–489. [CrossRef]

274. Luo, H.; Xie, L.; Zeng, J.; Xie, J. Biosynthesis and Regulation of Bioprotective Alkaloids in the Gramineae
Endophytic Fungi with Implications for Herbivores Deterrents. Curr. Microbiol. 2015, 71, 719–724. [CrossRef]

275. Guerre, P. Ergot alkaloids produced by endophytic fungi of the genus Epichloe. Toxins 2015, 7, 773–790.
[CrossRef]

276. Wachenheim, D.E.; Blythe, L.L.; Craig, A.M. Characterization of rumen bacterial pyrrolizidine alkaloid
biotransformation in ruminants of various species. Vet. Hum. Toxicol. 1992, 34, 513–517.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jhep.2010.07.031
http://www.ncbi.nlm.nih.gov/pubmed/21146894
http://dx.doi.org/10.1631/jzus.B1200112
http://www.ncbi.nlm.nih.gov/pubmed/23303633
http://dx.doi.org/10.1055/s-2007-969737
http://www.ncbi.nlm.nih.gov/pubmed/17340331
http://www.ncbi.nlm.nih.gov/pubmed/2239333
http://dx.doi.org/10.1002/rcm.3862
http://www.ncbi.nlm.nih.gov/pubmed/19072862
http://dx.doi.org/10.1080/00480169.1981.34843
http://dx.doi.org/10.1126/science.3008328
http://dx.doi.org/10.1007/s00284-015-0906-7
http://dx.doi.org/10.3390/toxins7030773
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structural Diversity of Pyrrolizidine Alkaloids 
	Diversity of Necine Bases 
	Diversity of Necic Acids 
	Linkage Patterns of Necine Bases with Necic Acids 
	Modification and Conjugation of Pyrrolizidine Alkaloids 

	Biosynthesis of Pyrrolizidine Alkaloids 
	Biosynthesis of Necine Bases 
	Homospermidine Synthase 
	Copper-Dependent Diamine Oxidases and Cyclization of the Dialdehyde 
	Further Downstream Reactions 

	Biosynthesis of Necic Acids 
	Tiglic Acid and Related C5 Necic Acids 
	C7 Necic Acids 
	Monocrotalic Acid and Related Compounds 
	Senecic Acid and Senecic Acid-Derived Compounds 


	Regulation of Pyrrolizidine Alkaloid Levels and Biosynthesis 
	Biological Activity 
	Role in Plant Ecology 
	Toxicity of Pyrrolizidine Alkaloids and Mechanisms for their Detoxification 
	Beneficial Properties of Certain PAs 

	Occurrence of Pyrrolizidine Alkaloids in Crop Plants 
	Borago officinalis 
	Crassocephalum crepidioides 
	Gynura 
	Lolium 

	References

