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Abstract Trichothecenes constitute a large group of sesquiterpene metabolites.
They are classified into four different groups (types A, B, C, and D) according to
their characteristic functional groups. These structural differences result in distinct
biological activities. About 40 macrocyclic trichothecenes have been isolated so far
from three species of Baccharis (Baccharis megapotamica, Baccharis coridifolia,
and Baccharis artemisioides) and their chemical structures have been defined by
spectroscopic analyses, especially by using nuclear magnetic resonance (NMR) and
mass spectrometry (MS) data. It was initially supposed that trichothecenes found in
Baccharis species originated from fungi present in the soil, such as Myrothecium
species. Endophytic fungi synthesize exclusively simple trichothecenes, while some
macrocyclic trichothecenes have been isolated from B. coridifolia and B. megapo-
tamica, indicating that they are produced by the plants. The biosynthetic pathway
for the production of macrocyclic trichothecenes is not fully elucidated and to date,
only a few intermediates and final products have been isolated and characterized.
Macrocyclic trichothecenes have been reported to possess antifungal, antimalarial,
antitumor, and antiviral activities. The effects of trichothecenes on animal and plant
cells include inhibition of DNA and RNA syntheses, inhibition of mitochondrial
function, membrane destabilization, changes in cell division, and apoptosis.
Additional phytochemical and biological studies with Baccharis species are
demanded to better understand the chemical and medicinal properties of trichothe-
cenes, aiming at future exploitation.
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1 General Aspects of Trichothecenes

Trichothecenes comprise an important group of mycotoxins, usually responsible for
human and animal intoxications (for more information, see Chap. 11 “Livestock
intoxication by Baccharis’), which also plays a significant role in the pathogenicity
of some plants (Jarvis et al. 1991,1996).

The accumulation of trichothecenes in agricultural products, such as rice, oats,
rye, barley, and wheat, leads to great economic losses due to the destruction of crops
by plant intoxication (McCormick et al. 2011). Their ingestion by humans and ani-
mals causes clinical symptoms of acute intoxication, such as subcutaneous hemor-
rhaging, alimentary toxic aleukia (ALA), deterioration of throat tissue, exhaustion
of bone marrow, abortion of fetuses, and even death (Kumari et al. 2016).

Trichothecin (6) was the first isolated trichothecene, resulting from the screening
of antifungal metabolites in Trichothecium roseum culture. This compound is also
produced by several species of fungi from the genera Fusarium, Myrothecium,
Trichoderma, and Cephalosporium. Subsequently, other trichothecenes, designate
verrucarins and roridins, were isolated from Myrothecium verrucaria and
Myrothecium roridum, respectively (Ueno 1980).

These mycotoxins are divided into two groups: simple trichothecenes, such as
T-2 toxin (1), diacetoxiscirpenol (2), and deoxynivalenol (3), and macrocyclic
trichothecenes, like baccarinoids, roridins, and verrucarins. These compounds have
several biological activities, including antimicrobial, cytotoxic, and insecticidal
properties, besides being phytotoxic (Jarvis et al. 1991).

Before discovering the presence of macrocyclic trichothecenes in Baccharis
megapotamica Spreng, these compounds had been isolated from soil fungus spe-
cies. Thereafter, other trichothecenes isolated from Baccharis coridifolia, popularly
known as “mio-mio” or “romerillo,” have been reported (Jarvis et al. 1987c¢). Later,
Rizzo and collaborators (Rizzo et al. 1997) found roridins and verrucarin in
Baccharis artemisioides.

The genus Baccharis (Asteraceae) encompasses about 500 species, mainly dis-
tributed in Brazil, Argentina, Paraguay, and Uruguay (Verdi et al. 2005). In those
countries, B. coridifolia is considered to be one of the principal poisonous plants to
herbivorous mammals, causing severe losses among cattle (Habermehl et al. 1985).

Throughout this chapter, all macrocyclic trichothecenes isolated so far from
Baccharis species (B. megapotamica, B. coridifolia, and B. artemisioides) will be
reviewed. Also, the biosynthesis of these compounds will be discussed, as well as
their already investigated biological activities.
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2 Classification and Structure of Trichothecenes

Trichothecenes constitute a large group of sesquiterpene metabolites. They gener-
ally have a common nucleus, represented by a rigid tetracyclic ring, consisting of a
cyclohexene ring (ring A with a C9-C10 double bond) attached to a tetrahydropyran
ring (ring B) and a cyclopentyl ring (ring C), in addition to an epoxide at the C12-
C13 position (Shank et al. 2011). The rigidity of the system results in a distinct
stereochemistry, in which ring A adopts a half-chair conformation and ring B is
found in a chair conformation (Jarvis et al. 1990). These chemical structures are
represented in Fig. 14.1. The trichothecenes differ otherwise in the patterns of side-
chain oxygenation and esterification at carbons 3,4,7,8,15 and in the presence of a
keto group at C8 (represented by R in Fig. 14.1a) (Desjardins et al. 2007).

The trichothecenes are classified into different groups according to their charac-
teristic functional groups. Type A compounds have the simplest structures, the C8
position is esterified, hydroxylated, or unsubstituted, while type B trichothecenes
have a carbonyl at the C8 position. Type C derivatives have an additional epoxide
goup at C7-C8 or C8-C9 positions, while type D trichothecenes have a macrocyclic
ring between the C4 and C15 positions (Wu et al. 2013; Terciolo et al. 2018). These
structural differences result in distinct biological activities. Examples of chemical
structures representative of each group of trichothecenes can be seen in Fig. 14.2.

Typically, trichothecenes are resistant to degradation by environmental factors,
like air and light, but may be affected by the presence of bacteria or fungi. They are
nonvolatile compounds with a low molecular weight (between 250-550 Da), natu-
rally occurring as colorless, crystalline, and optically active solids. They are highly
soluble in acetone, ethyl acetate, chloroform, dimethyl sulfoxide (DMSO), ethanol,
methanol, and propylene glycol. Trichothecenes are not inactivated by autoclaving
but can be effectively deactivated under strong acid or alkaline conditions (Wu et al.
2013; Sudakin 2003).

Several methods can be used for the analysis and identification of these sub-
stances. When trichothecin (6) was first isolated in 1948, its structure could not be
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Fig. 14.1 (a) Chemical structure of the trichothecene core. (b) Three-dimensional stereochemis-
try of the trichothecene core. (Source: Shank, adapted (Shank et al. 2011))
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Fig. 14.2 Chemical structures of types A-D trichothecenes. (Source: Terciolo, adapted (Terciolo
et al. 2018))

determined by the available methods (Shank et al. 2011). The chemical structure of
trichothecin was reported only in 1959 by using chemical modifications, which
allowed the determination of the toxin nucleus and substituent groups (Freeman
et al. 1959).
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The number of isolated trichothecenes with identified chemical structures started
to increase after new structure elucidation techniques became available. A funda-
mental technique for structural elucidation and stereochemical assignment of
trichothecenes was nuclear magnetic resonance (NMR) (Shank et al. 2011).
Trichothecenes have some relevant structural features, easily identified by NMR
data. For example, the 'H methylene coupling of the epoxide ring is found between
2.7 to 3.4 ppm, with a scalar coupling constant of approximately 4 Hz. The methyl
hydrogens at C-14 appear as a sharp singlet, while the methyl hydrogens at C-16
appear as a broad singlet, because of the long-range coupling with H-10. In addi-
tion, the rigidity of the ring system can explain the long-range coupling observed
between H-7 and H-11 (Savard et al. 1987).

In the "H NMR spectra of macrocyclic trichothecenes, H-2" resonates at 5.2 ppm
in 2’-enes and at 3.4 ppm in 2’,3’-epoxides. In verrucarins, H-7" and H-10" appear as
doublets between 5.8 and 6.2 ppm, H-9" is found as a triplet between 6.5 and
6.6 ppm, and H-8" is seen as a double doublet at 8.1 ppm. In roridins, the configura-
tion at C-6" determines the value of Jg ,, which is 6 Hz in compounds where C-6
has S configuration and 2 Hz if C-6" has R configuration. Regarding *C NMR data,
the chemical shift values reported for carbons of the trichothecene nucleus are very
similar, whereas changes occur in the macrocyclic ring. For example, in (6’-R)-
roridins, C-13" resonates at higher frequencies (1-2 ppm) in 13’-R compounds in
comparison to diastereoisomers with 13’-S configuration, as found in baccharinoids
B13 (20) and B14 (21) (Grove 1993).

The 'H and *C NMR spectral data reported for baccharin (9), a macrocyclic
trichothecene, are depicted in Table 14.1.

Table 14.1 'H and "*C NMR spectral data reported for baccharin (8 in ppm)*

Position H C Position H C

2 78.1 1 167.4
3 2.48 34.0 2 3.37 56.0
4 5.80 73.8 3’ 64.4
5 48.5 4’ 75.3
6 423 5 72.1
7 16.7 6 86.5
8 25.7 7 5.98 138.2
9 57.7 8 7.48 125.1
10 3.11 56.9 9’ 6.60 142.6
11 66.6 10 5.82 1174
12 65.2 11 166.3
13 2.75/3.16 47.1 12 1.65 11.6
14 0.75 6.5 13’ 71.0
15 4.24/4.42 63.1 14 1.20 17.7
16 1.83 21.6

aSpectra measured in CDCl;. Source: Kupchan (Kupchan et al. 1976; Kupchan et al. 1977)
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Baccharin (9)

Rosen et al. (1986) converted some macrocyclic trichothecenes into their tri-
methylsilyl derivatives for their analysis by gas chromatography coupled to mass
spectrometry (GC/MS), since the presence of polar, labile ester bridges in the mol-
ecules difficult their direct analysis by this technique. Other methods of detection
and quantification were posteriorly introduced, with improved sensitivity, selectiv-
ity, and accuracy, by using direct chemical ionization tandem mass spectrometric
techniques with minimal amounts of samples (Krishnamurthy and Sarver 1989).

Roridins and baccharinoids were identified in Brazilian Baccharis species by a
direct chemical ionization tandem mass spectrometry (MS/MS) method. A mixture
of these compounds was subjected to chemical ionization in the presence of ammo-
nia followed by sequential collisionally activated dissociation of the specific adducts
using argon. The identification occurs by detection of specific daughter ions and
their associated parent ions (Krishnamurthy and Sarver 1989). Table 14.2 lists some
chemical ionization MS data reported for macrocyclic trichothecenes.

Later, high-performance liquid chromatography coupled to mass spectrometry
(HPLC-MS), employing a reversed-phase column and thermospray ionization,
allowed the unambiguous identification of isomeric baccharinoids (Krishnamurthy
and Sarver 1989). The ions observed in the mass spectra revealed that structurally
similar compounds undergo common fragmentation forms and neutral losses
(Krishnamurthy and Sarver 1989). Thus, Krishnamurthyt and Sarver (1989) identi-
fied several daughter ions of macrocyclic trichothecenes. Table 14.3 lists the mass
spectral data reported for the most significant daughter ions formed by thermospray
ionization, whereas their chemical structures are depicted in Fig. 14.3.

The identification of daughter ions structures and neutral losses made it possible
to propose fragmentation pathways for these compounds. Thus, it was observed that
most of the fragments are formed by the bond break between the ester group and
ether bonds in the exocyclic ring (Krishnamurthy and Sarver 1989).
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Table 14.2 Chemical ionization mass spectra data (M~ ions) reported for some macrocyclic
trichothecenes of Baccharis

Compound MW | m/z (% relative abundance)

Baccharinol 562 562 (3.8); 501 (10.1); 417 (100.0); 375 (2.4); 365 (29.9); 161 (1.4);
(1 153 (19.9); 143 (12.8); 141 (1.2); 135 (12.9); 125 (12.2)

Roridin A 532 402 (35.8); 401 (100.0); 153 (19.6); 145 (69.8)

(30)

Roridin D 530 | 530 (1.7); 417 (1.3); 401 (100.0); 359 (2.3); 349 (1.0); 193 (2.5); 175
3D (1.1); 153 (7.1); 151 (1.2); 149 (2.5); 145 (3.1); 135 (13.1); 127 (1.2)
Roridin E 514 | 514 (14.9); 484 (7.0); 470 (2.1); 403 (71.4); 386 (3.4); 385 (17.2);
(32) 359 (100.0); 154 (6.2); 153 (20.3); 136 (10.7); 134 (3.8); 111 (8.1)

Source: Krishnamurthy, adapted. (Krishnamurthy and Sarver 1989)

Table 14.3 Mass spectral data reported for the most significant daughter ions of some macrocyclic
trichothecenes

Compound MW m/z

Baccharinol (11) 562 137,247, 391
Roridin A (30) 532 249, 333, 403
Roridin D (31) 530 231, 249, 403
Roridin E (32) 514 137, 231, 361

Source: Krishnamurthy, adapted (Krishnamurthy and Sarver 1989)

Figure 14.4 shows the fragmentation pathway proposed for roridin A. Cleavage
of C4-0O and C6’-0 bonds originates the neutral fragment of 154 Da, whereas cleav-
ages between C3’-C4’ and C6’-O result in neutral losses of 46 Da (ethanol). In its
turn, cleavages at C1’-O and C6’-O bonds give neutral losses of 130 Da. The daugh-
ter ion at m/z 333 can be formed by neutral losses of 200 or 154 Da, followed by a
loss of 46 Da. The other neutral losses observed are due to cleavages of bonds con-
nected to C1°-O, C4-0, or C11°-0O atoms (Krishnamurthy and Sarver 1989).

3 Biosynthesis of Trichothecenes

Trichothecenes are secondary metabolites mainly produced by filamentous fungi of
the genera Fusarium, Trichothecium, Stachybotrys, Mycothecium, Cephalosporium,
Verticimonosporium, and Trichoderma (Rocha et al. 2005; Arunachalam and
Doohan 2013), being Fusarium spp. the principal producer (Kimura et al. 2007;
Kumari et al. 2016).

Fusarium species are very diversified and have a wide geographic distribution
(Smith 2007), commonly found as aerial parts colonizers of several vegetal spe-
cies. They can be also found in association with roots of plants or in the soil, being
part of the normal microflora or acting as pathogens (Nelson et al. 1994; Guarro
2013). Although fungi are the main producers of trichothecenes, some compounds
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Fig. 14.3 Chemical structures of the most common daughter ions resultant from macrocyclic
trichothecenes fragmentation by thermospray ionization. (Source: Krishnamurthy, adapted
(Krishnamurthy and Sarver 1989))

of this class have already been isolated from plants of the genus Baccharis. It is
important to mention that fungi exclusively produce simple trichothecenes, while
some macrocyclic trichothecenes, such as baccharinoids, verrucarins A (36) and J
(38), roridins A (30), D (31), and E (32), were isolated from B. coridifolia and
B. megapotamica (Jarvis et al. 1991; Grove 1993).
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Fig. 14.4 Fragmentation pathway for roridin A. (Source: Krishnamurthy, adapted (Krishnamurthy
and Sarver 1989))
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Fig. 14.5 Synthesis of farnesyl pyrophosphate. (Source: Dhar, adapted (Dhar et al. 2013))

The biosynthesis of trichothecenes in Fusarium and Trichothecium species was
extensively studied. Trichothecenes have a carbon skeleton derived from farnesyl
pyrophosphate (FPP), which is synthesized by the condensation reaction of dimeth-
ylallyl pyrophosphate with two units of isopentenyl pyrophosphate, having geranyl
pyrophosphate as intermediate compounds (Kimura et al. 2007; Dhar et al. 2013),
as shown in Fig. 14.5.

Figure 14.6 presents the biosynthetic pathway of trichothecenes proposed for
Fusarium species. In the biosynthetic sequence, the cyclization reaction of an acy-
clic FPP molecule produces the bicyclic trichodiene (TDN), a precursor of trichot-
hecenes (Kimura et al. 2007; Villafana et al. 2019). In its turn, TND is submitted to
sequential and nonrandom oxidation reactions catalyzed by specific enzymes, at
carbons 2, 12, and 13 (epoxidation reaction), along with C-11 and C-3, forming
isotrichodiol. Subsequently, trichodiol formation occurs in a nonenzymatic reac-
tion. The trichodiol molecule undergoes a second cyclization, giving rise to isotri-
chodermol, the first trichothecene of the biosynthetic pathway. Changes in the
carbon skeleton, catalyzed by enzymes, lead to the formation of calonectrin, an
important biosynthetic intermediate of different trichothecenes, such as deoxyniva-
lenol (3), T-2 toxin (1), and nivalenol (4) (Villafana et al. 2019).

The biosynthetic pathway for the production of macrocyclic trichothecenes
(Fig. 14.7) is not fully elucidated and to date, only a few intermediates and final
products have been isolated and characterized from fungal cultures of Myrothecium
species (Trapp et al. 1998). This pathway has isotrichodiol as a starting compound
that undergoes nonenzymatic isomerization and cyclization to form
12,13-epoxytrichothec-9-ene. Next, hydroxylation occurs at C-15 and esterification
takes place at C-4, with the introduction of a polyketide chain in this position. In the
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Fig. 14.7 Biosynthesis proposal for macrocyclic trichothecenes formation in Myrothecium spe-
cies. (Source: McCormick, adapted (McCormick et al. 2011))

sequence, the hydroxyl group is esterified forming a polyketide ester at C-15. The
condensation of the polyketide chains at C-4 and C-15 results in the formation of a
macrocyclic trichothecene (McCormick et al. 2011).

It was initially supposed that trichothecenes found in Baccharis species origi-
nated from fungi present in the soil, such as Myrothecium species, which produce
roridins. Thus, it was first accepted that in B. megapotamica, the roridins were
absorbed, translocated, and metabolized in baccharinoids, whereas in B. coridifolia,
they were only stored (Jarvis et al. 1981; Jarvis et al. 1987b, c).

However, in 1988, Jarvis et al. (1988b) refuted the original hypothesis of tricho-
thecenes production by fungi in Baccharis species and claimed that these metabo-
lites are synthesized by the plants themselves. The authors came to this conclusion
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after analyzing species of B. coridifolia, for which neither Myrothecium verrucaria
nor Myrothecium roridum could be detected. In addition, they could not isolate
endophytic fungi from the species. The authors also found high concentrations of
roridins A (30) and E (32) in B. coridifolia seeds.

In a later study of 1990, Kuti et al. (1990) sought to demonstrate the role of phy-
totoxins in seed maturation and germination of Baccharis species. The authors
observed that Baccharis species from Brazil (B. megapotamica and B. coridifolia),
which produce trichothecenes, had their germination completely inhibited when the
seed husks were removed in comparison to American Baccharis (B. halimifolia and
B. glutinosa), which presented better germination rates. Based on these results, the
authors suggested that macrocyclic trichothecenes play a regulatory role in the
reproduction and germination of B. megapotamica and B. coridifolia.

In relation to the distribution of these toxins between male and female individu-
als, it was observed that female B. coridifolia plants have a higher concentration of
trichothecenes than the male ones, whereas for B. megapotamica, no difference was
found. It is important to note that male individuals of B. coridifolia have miotoxin
C (41) as a major component, whereas in female individuals, there is a higher con-
centration of roridins A (30) and E (32) (Jarvis et al. 1991). According to Jarvis
et al. (1996), female plants of B. coridifolia are more toxic than male plants, since
they contain five to ten times more trichothecenes.

4 Macrocyclic Trichothecenes in Baccharis Species

In 1976, Kupchan et al. (1976) isolated the first macrocyclic trichothecene from a
plant species. In a screening of antitumor compounds from natural sources, the
researchers observed the inhibitory activity of B. megapotamica ethanolic extract
against KB cells (nasopharyngeal carcinoma) in vitro and in a model of P-388
murine leukemia in vivo. The phytochemical investigation resulted in the isolation
of baccharin (9), isobaccharin (10), baccharinol (11), and isobaccharinol (12), con-
sidered responsible for the antileukemic activity (Kupchan et al. 1977). After that,
other baccharinoids were isolated from the same species, including the bacchari-
noids B1 (13), B2 (14), B3 (15), B7 (16), B9 (17), B10 (18), B12 (19), B13 (20),
B14 (21),B16 (22), B17 (23), B20 (24), B21 (25), B23 (27), B24 (28), B25(26), and
B27 (29) (Jarvis et al. 1987a, b).

Due to the toxic effects caused by Baccharis coridifolia, associated with poison-
ing in animals, Habermehl et al. (1985) identified nine macrocyclic trichothecenes,
considered responsible for the toxic effect: roridins A (30) and E (32), miotoxins A
(39), B (40), C (41), D (47), and iso-D (48), along with miophytocens A (50) and B
(51). It is noteworthy that roridins had already been isolated as secondary metabo-
lites from fungal cultures, while miotoxins and miophytocens were unknown com-
pounds. Later, Jarvis et al. (1996) isolated and characterized new trichothecene
glycosides from the same species, including roridin A p-glucoside (33), roridin D
B-glucoside (34), roridin E p-glucoside (35), verrucarin A p-glucoside (37),
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miotoxin A B-glucoside (45), and miotoxin F p-glucoside (46), in addition to the
new miotoxins E (42), F (43) and G (44). According to Rizzo et al. (1997), speci-
mens of B. coridifolia collected in Argentina presented verrucarins A (36) and J
(38), in addition to the roridins.

The first report on macrocyclic trichothecenes in Baccharis artemisioides
occurred in 1977, when Rizzo et al. (1997) described the presence of roridins A
(30), D (31) and E (32), along with verrucarins A (36) and J (38) in an Argentina
specimen. Furthermore, the authors reported higher concentrations of toxins in
B. artemisioides than in B. coridifolia (Rizzo et al. 1997).

The chemical structures of the macrocyclic trichothecenes here described are
depicted in Fig. 14.8.

5 Biological Activities of Macrocyclic Trichothecenes

Antifungal, antimalarial, antitumor, and antiviral activities have been reported for
macrocyclic trichothecenes. The toxic effects on eukaryotic cells are complex and
varied; the toxicity and selectivity are dependent on the compound and cell type
tested (Arunachalam and Doohan 2013).

The effect of macrocyclic trichothecenes on the growth of wheat (Triticum aesti-
vum L.), bean (Phaseolus vulgaris L.), corn (Zea mays L.), and tobacco (Nicotiana
tabacum L.) was investigated. The authors observed that roridin A (30), verrucarins
A (36) and J (38) not only inhibited the growth but were also toxic to these species
(Cutler and Jarvist 1985). In addition, roridins E (32) and H (49), along with ver-
rucarins A (36) and J (38), presented phytotoxicity against cultures of duckweed
(Lemna pausicostata L.) and kudzu (Pueraria lobata L.) (Abbas et al. 2002). In
view of this phytotoxicity, the effects of roridins A (30) and E (32) on cell cultures
of Brazilian Baccharis (B. megapotamica and B. coridifolia) and North American
Baccharis (B. halimifolia and B. glutinosa) were compared, the last ones being
more sensitive to the cytotoxic effects (Jarvis et al. 1988a).

Regarding the antifungal effect, roridins A (30) and D (31) were active against
Saccharomyces cerevisiae, Magnaporthe grisea, and Sclerotinia sclerotiorum
strains, with minimum inhibitory concentrations lower than or equal to fluconazole,
used as positive control (Xie et al. 2008). Moreover, roridin A (30) and verrucarin A
(36) inhibited Candida albicans, Aspergillus niger, and Trichophyton rubrum
growth, at lower or equal concentrations of the positive control ketoconazole (Liu
et al. 2000).

Isaka et al. (1999) demonstrated the antimalarial activity of roridins A (30) and
E (32), and verrucarins A (36) and J (38); they all showed lower ECs, than the refer-
ence drug artemisinin. In the same study, the authors reported high cytotoxic activ-
ity of these compounds against human oral epidermoid carcinoma KB cells, human
breast cancer BC1 cells, and Vero cells. Zhang et al. (2002) described the inhibition
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growth of Plasmodium falciparum strains induced by roridin E (32), with ICs, val-
ues lower than 1 ng/mL.

Roridins A (30) and E (32), along with verrucarins A (36) and J (38), were
assayed against the Junin virus (JUNV), the etiologic agent of the Argentine hemor-
rhagic fever (AHF). All assayed trichothecenes inhibited virus replication at non-
toxic concentrations, being verrucarin J (38) the most active compound, with a
better selectivity index (Garcia et al. 2002).

B. megapotamica (Kupchan et al. 1976, 1977, Jarvis et al. 1987a, b)
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Fig. 14.8 Chemical structures of macrocyclic trichothecenes isolated from Baccharis species
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Miotoxin D (47) Iso - Miotoxin D (48)

Fig. 14.8 (continued)

The cytotoxic activity of several mycotoxins against NIH/3 T3 cells (Swiss
mouse embryonic fibroblast) and BE 12-6 cells (bovine embryonic cells) was evalu-
ated and disclosed verrucarin A (36) and roridin A (30) as the most cytotoxic com-
pounds (Terse et al. 1993). The cytotoxicity of roridins E (32) and H (49), along
with verrucarins A (36) and J (38), has been demonstrated in NIH3T3 cells (Swiss
mouse embryonic fibroblast), KA31T cells (oncogenically transformed 3 T3 mouse
fibroblasts), H4TG cells (rat hepatoma), and MDCK cells (Madin-Darby canine
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Fig. 14.8 (continued)

kidney) (Abbas et al. 2002). In addition, baccharin (9), baccharinol (11), roridins A
(30) and H (49), and verrucarins A (36) and J (38) were shown to be active in vivo
against P388 mouse leukemia (Jarvis et al. 1984).

Hughes et al. (1990) evaluated the effects of roridins A (30), D (31), and E (32);
baccharinoid B12 (19); and verrucarins A (36) and J (38) on the viability and
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mitogenesis of splenic lymphocytes of CD-1 mice. The trichothecenes showed
cytotoxic effects at the concentration range from 1076 to 10~* M. Regarding the cell
proliferation, roridin A (30) proved to be a good inhibitor, with concentrations lower
than the maximum lethal effect.

Roridin E (32) was administered alone and in combination with linoleic acid to
Sprague-Dawley rats. The combination produced more significant toxic effects,
such as decreased blood glucose and glutathione levels, reduction of superoxide
dismutase and glucose-6-phosphatase in the kidney, in addition to increased lipid
peroxidation in the liver (El-Din et al. 1997).

6 Structure—Activity Relationship
of Macrocyclic Trichothecenes

Most of the literature reporting structure-activity relationships is directed to simple
trichothecenes, found in fungi species. As for macrocyclic trichothecenes, most
studies were performed using two or more related compounds (de Carvalho et al.
2016). An example is the cytotoxic activity of roridin E (32) and its 12’-OH deriva-
tive against different leukemia lines (THP-1 cells — human monocytic leukemia and
HL-60 cells — human promyelocytic leukemia) and against V79 cells (Chinese ham-
ster lung fibroblast). Roridin E (32) showed higher cytotoxicity than the derivative,
suggesting that a hydroxyl group at C-12’ position is required for the activity (Oda
et al. 2010).

Amagata et al. (2003) studied the effect of some macrocyclic trichothecenes in
tumor cell lines and in healthy cell lines, in order to analyze their cytotoxicity and
selectivity. According to the authors, miophytocen C was the least potent compound
and its lower potency would be related to the absence of the C12-C13 epoxide ring.
On the other hand, trichothecenes like verrucarin A (36) and roridin A (30), which
have an epoxide ring, were selectively active against the tumor cells. It can be there-
fore concluded that an epoxide ring at C12-C13 positions is required for selective
cytotoxic effect. In addition, the authors concluded that the stereochemistry at
C-6’and C-13’positions showed a small effect on cell selectivity.

Nineteen mycotoxins, all possessing the C12-C13 epoxide ring, were tested for
their ability to inhibit protein synthesis in Vero cells and rat spleen lymphocytes.
Trichothecenes with a C4-C15 hydrocarbon chain ring, namely, roridin A (30) and
verrucarin A (36), showed higher potency than trichothecenes bearing open hydro-
carbon chains at those positions, suggesting that the macrocyclic part is relevant for
the cytotoxic effects (Thompson and Wannemacher 1986). Furthermore, 3D QSAR
studies (Quantitative Structure—Activity Relationship) revealed that the toxicity is
highly dependent on the conformation of the macrocyclic ring and that an additional
epoxide ring at C9-C10 positions, as found in baccharin (9), increases the antileu-
kemic activity (Steinmetz et al. 2009).
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Verrucarins A (36) and J (38), along with roridin E (32), showed potent cytotoxic
activity against Artemia salina. In this study, the verrucarins showed higher toxicity
than roridin, suggesting that the presence of an ester at the C6’position is essential
for the activity. In addition, since verrucarin A (36) was six times more active than
verrucarin J (38), it seems that the C2’-OH group is capable of improving toxicity
(Zhao et al. 2011).

The cytotoxicity of roridin H (49) and its 8a-OH and 8a-OAc derivatives was
assayed against L.929 cells (mouse fibroblast), MCF-7 cells (breast cancer), Hela
KB3.1 cells, and A431 cells (skin cancer). The obtained results indicated that
hydroxylation increased the cytotoxic activity against the tumor cells, whereas acet-
ylation had the opposite effect. In addition, a hydroxyl group at C-8 position seems
to be required for selectivity (de Carvalho et al. 2016).

7 Mode of Action of Macrocyclic Trichothecenes

Trichothecenes have several effects on animal and plant cells, including inhibition
of DNA and RNA syntheses, inhibition of mitochondrial function, membrane desta-
bilization, changes in cell division, and induction of apoptosis (Rocha et al. 2005).
They also present effects on the inhibition of protein synthesis through interaction
with ribosomes (Schindler et al. 1974; Cundliffe and Davies 1977).

In order to analyze the mode of action of some specific inhibitors of protein syn-
thesis, trichothecenes were tested in H-HeLa cells. Roridin A (30) and verrucarin A
(36) caused the accumulation of ribosomal structures, that were found to consist of
80S monosomes and 40S initiation complexes attached to the same mRNA strand,
not normally present in control lysates. For this reason, it was suggested that these
compounds can prevent the formation of 80S initiation complexes, in addition to
inhibiting the function of ribosomes already attached to mRNA (Cundliffe and
Davies 1977).

Loubresse et al. (2014) analyzed the interaction of verrucarin A (36) with the 80S
ribosome of Saccharomyces cerevisiae using X-ray crystallography. According to
the authors, the compound interacts with the A-site in the peptidyl transferase cen-
ter. Also, the large macrocycle extends further toward the macrolide-binding site,
thus confirming the relevance of stereochemistry on the biological effects of macro-
cyclic trichothecenes.

Trichothecenes are capable of inhibiting protein synthesis by binding to the ribo-
somal peptidyl transferase site. This inhibition results in cellular stress reactions,
leading to the activation of mitogen-activated protein kinases (MAPKSs), which are
part of the apoptotic pathway. Gel electrophoresis revealed DNA fragmentation
after the treatment of cells with some of these compounds, suggesting a role in
apoptosis (Shifrin and Anderson 1999). This was confirmed by treatment of HL-60
cells (human promyelotic leukemia) with roridin A (30), which induced DNA frag-
mentation, with a minimal effective concentration of 0.001 pg/mL (Ueno et al. 1995).
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Yang et al. (2000) investigated the relationship between the cytotoxic and apop-
totic capacities of trichothecenes and the activation of MAPK. For this purpose, two
myeloid models were employed: RAW 264.7 (murine macrophage) and U937
(human leukemic cells) cells. Upon evaluating the cytotoxic activity by the
3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyl tetrazolium bromide (MTT) assay, rori-
din A (30) and verrucarin A (36) have been shown to be highly toxic and, by using
DNA fragmentation and fluorescence microscopy assays, the results suggest that
cytotoxicity was mediated through an apoptotic process. In addition, the assessment
of MAPK activation using Western blot analysis revealed that these trichothecenes
activated some proteins of this group.

There are some studies evaluating the role of macrocyclic trichothecenes in
immunological functions. An example is the inhibitory effect of roridin A (30) and
verrucarin A (36) on human lymphocyte transformation, analyzed by the mitogen-
induced blastogenesis assay. Both compounds were able to inhibit B and T cell
subsets stimulation, after induction with leukoagglutinin, concanavalin A, and
pokeweed mitogen (Pestka and Forsell 1988).

In order to study the capacity of the mycotoxins to alter immune functions, the
effects of roridin A (30) and verrucarin A (36) on interleukin 2 (IL-2) production
and viability were evaluated in a murine T-cell model. It was observed that IL-2
levels were significantly increased in cultures incubated with low concentrations of
these compounds. However, in the presence of higher concentrations, IL-2 levels
were depressed. Besides, cell viability determined by the MTT method was signifi-
cantly decreased by 0.5 ng/mL of roridin A (30) and verrucarin A (36). The biphasic
behavior of these compounds in the deregulation of cytokine production, where low
concentrations superinduce IL-2 production and higher concentrations suppress,
complicates the interpretation of different effects in in vivo experiments (Lee
et al. 1999).

Kankkunen et al. (2009) demonstrated that roridin A (30) and verrucarin A (36)
can activate the inflammasome-associated caspase-1, required for the formation of
IL-1p and IL-18 in LPS-primed cells. Later, the same researchers showed that these
compounds trigger activation of NLRP3 inflammasome through P2X7R and Src
tyrosine kinase signaling—dependent pathway, using human primary macrophages
(Kankkunen et al. 2014). Moreover, verrucarin A (36) inhibited IL-8 and NF-xB
activation in HL-60 cells (human promyelocytic leukemia), at noncytotoxic concen-
trations (Oda et al. 2005).

Table 14.5 lists the biological activities reported for macrocyclic trichothecenes,
together with the 1Cs,, ECsy, MIC, and 50%PSI values, in different models and
cell lines.
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Table 14.5 Biological activities of macrocyclic trichothecenes from Baccharis species

1Cs0/ ECs /
Macrocyclic Biological Model / cell line / MIC/
trichothecenes | activities microorganism 50%PS1 Ref.
Baccharin Cytotoxic P-388 leukemia in mice | 5.0 mg/kg Jarvis et al.
(1984)
Baccharinol Cytotoxic P-388 leukemia in mice | 2.5 mg/kg Jarvis et al.
(1984)
Roridin A Antiviral Junin virus JUNV) 3.1 ng/mL Garcia et al.
(2002)
Antifungal Saccharomyces 31.25 pg/mL | Xie et al. (2008)
cerevisiae, Magnaporthe | 125 pg/mL
grisea, Sclerotinia 31.25 pg/mL
sclerotiorum
Candida albicans, 125 pg/mL Liu et al. (2006)
Aspergillus niger, 31.25 pg/mL
Trichophyton rubrum 62.5 pg/mL
Antimalarial | Plasmodium falciparum | 0.31 ng/mL Isaka et al. (1999)
Cytotoxic KB cells 1.0 ng/mL Isaka et al. (1999)
BCl1 cells 5.0 ng/mL
Vero cells 1.7 ng/mL
NIH/3 T3 0.00028 pg/ | Terse et al. (1993)
BE 12-6 mL
0.00096 pg/
mL
P-388 leukemia in mice | 0.06 mg/kg Jarvis et al.
(1984)
HL-60 0.0005 pg/mL | Ueno et al. (1995)
Protein Vero cells 12 nM Thompson and
synthesis Rat spleen lymphocytes | 5 nM Wannemacher
inhibition (1986)
Roridin E Antiviral Junin virus (JUNV) 3.1 ng/mL Matsumoto et al.
1977
Antimalarial | Plasmodim falciparum | 0.15 ng/mL (Isaka et al.
(1999)
P. falciparum clone W2 | 0.6 ng/mL Zhang et al.
P. falciparum clone D6 | 0.2 ng/mL (2002)
Cytotoxic THP-1 9.1 nM Oda et al. (2010)
HL-60 7.9 1M
V79 0.74 nM
Artemia salina 0.221 pg/mL | Zhao et al. (2011)
KB cells 0.5 ng/mL Isaka et al. (1999)
BCl cells 0.7 ng/mL
Vero cells 0.4 ng/mL
NIH/3 T3 2.30 nM Abbas et al.
KA3IT 7.68 nM (2002)
H4ATG 3.45nM
MDCK 1.74 nM

(continued)
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ICso/ ECs /
Macrocyclic Biological Model / cell line / MIC/
trichothecenes | activities microorganism 50%PSI Ref.
Roridin D Antifungal Saccharomyces 62.5 pg/mL Xie et al. (2008)
cerevisiae, Magnaporthe | 250 pg/mL
grisea, Sclerotinia 31.25 pg/mL
sclerotiorum
Roridin H Cytotoxic NIH/3 T3 9.84 nM Abbas et al.
KA3IT 8.64 nM (2002)
H4TG 10.8 nM
MDCK 3.98 nM
P-388 leukemia in mice | 12.5 mg/kg Jarvis et al.
(1984)
Verrucarin A Antiviral Junin virus (JUNV) 4.9 ng/mL Garcia et al.
(2002)
Antifungal Candida albicans, 31.25 pg/mL | Liu et al. (2006)
Aspergillus niger, 250 pg/mL
Trichophyton rubrum 125 pg/mL
Antimalarial | Plasmodim falciparum | 0.90 ng/mL Isaka et al. (1999)
Cytotoxic Artemia salina 0.001 pg/mL | Zhao et al. (2011)
KB cells 1.2 ng/mL Isaka et al. (1999)
BCI cells 4.2 ng/mL
Vero cells 1.1 ng/mL
NIH/3 T3 0.00033 pg/ | Terse et al. (1993)
BE 12-6 mL
0.00092 pg/
mL
NIH/3 T3 3.03nM Abbas et al.
KA3IT 1.94 nM (2002)
H4TG 2.50 nM
MDCK 0.96 nM
P-388 leukemia in mice |2 mg/kg Jarvis et al.
(1984)
Protein Vero cells 12 nM Thompson and
synthesis Rat spleen lymphocytes | 3 nM Wannemacher
inhibition (1986)

(continued)
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Table 14.5 (continued)

ICso/ ECs /
Macrocyclic Biological Model / cell line / MIC/
trichothecenes | activities microorganism 50%PSI Ref.
Verrucarin J Antiviral Junin virus (JUNV) 1.2 ng/mL Garcia et al.
(2002)
Antimalarial | Plasmodim falciparum | 0.20 ng/mL Isaka et al. (1999)
Cytotoxic Artemia salina 0.006 pg/mL | Zhao et al. (2011)
KB cells 3.9 ng/mL Isaka et al. (1999)
BC1 cells 14 ng/mL
Vero cells 1.2 ng/mL
NIH/3 T3 4.55 nM Abbas et al.
KA3IT 3.14 nM (2002)
H4TG 4.56 nM
MDCK 2.02 nM
P-388 leukemia in mice | 0.8 mg/kg Jarvis et al.
(1984)

8 Final Considerations

Phytochemical studies with Baccharis species were of great relevance to demon-
strate that plants, in addition to endophytic fungi, can produce trichothecenes.
Therefore, Baccharis spp. represent new sources of trichothecenes and suitable
models for studying the biosynthesis of this class of metabolites. Additionally, they
allow investigating evolutionary aspects and ecological relations between fungi and
plants (Rizzo et al. 1997).

The toxicity of trichothecenes is a matter of concern, being the main cause of
animal deaths in southern Brazil. The occurrence of intoxication with B. coridifolia
was reported in cattle, sheep, and horses, while B. megapotamica intoxication was
recorded in cattle and sheep (Rissi et al. 2005; Pedroso et al. 2010).

It is important to note that the number of studies performed with Baccharis
trichothecenes is still limited. Additional phytochemical and biological studies are
thus demanded to better understand their chemical and medicinal properties, aiming
at future exploitation.
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