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A B S T R A C T

Sesquiterpenes are bitter secondary metabolites characteristic to the genus Ambrosia (Asteraceae) and constitute
one of the most diverse classes of terpenoids. These compounds exhibit broad-spectrum bioactivities, such as
antiproliferative, cytotoxic, antimicrobial, anti-inflammatory, molluscicidal, schistomicidal, larvicidal, and anti-
protozoal activities. This review compiles and discusses the chemistry and pharmacology of sesquiterpenes of the
Ambrosia species covering the period between 1950 and 2021. The review identified 158 sesquiterpenes previ-
ously isolated from 23 different Ambrosia species collected from across the American, African, and Asian conti-
nents. These compounds have guaiane, pseudoguaiane, seco-pseudoguaiane, daucane, germacrane, eudesmane,
oplopane, clavane, and aromadendrane carbon skeletons. Most sesquiterpene compounds predominantly harbor
the pseudoguaiane skeleton, whereas the eudesmanes have the most varied substituents. Antiproliferative and
antiprotozoal activities are the most promising bioactivities of sesquiterpenes in Ambrosia and could lead to new
pathways toward drug discovery.
1. Introduction

The genus Ambrosia is part of the Ambrosiinae subtribe and Heli-
antheae tribe in the Asteraceae family. It contains approximately 50
species, with ragweed or bursage as the commonly known member.
Ambrosia is a naturally occurring species in the new world, mainly in
North America (Le�on de la Luz and Rebman, 2019). It is distributed
mostly in the southwestern United States and the nearby North Mexico
with an apparent center of origin and diversity in the Sonoran Desert, but
a few species can be found in Central America and South America (Payne,
1966).

SLs are major biochemical compounds characteristic of the Aster-
aceae family (Frederick, 1982) and have been detected in several
angiosperm families, including Amaranthaceae, Acanthacea, Apiaceae,
Magnoliaceae, Lamiaceae, Euphorbiaceae, Lauraceae, Orchidaceae, and
Polygonaceae (Picman, 1986). Notably, SLs have also been reported in
liverworts (Marchantiophyta) (Knoche et al., 1969). They are colorless,
bitter, relatively stable, lipophilic secondary metabolites of the terpe-
noids with 15-carbon atom skeleton and a lactone ring (Fischer et al.,
1979). To date, the presence of sesquiterpenes has been reported in 23
species from the Ambrosia genus. The predominant sesquiterpenes
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isolated are of pseudoguaiane type, the second most common carbon
skeleton type in eudesmane compounds. Some species or collections of a
single species from different geographical locations can produce more
than one sesquiterpene type. The concurrent presence of all the nine
sesquiterpene skeletons in a single species has not yet been reported.

SLs exert various bioactivities. The most prominent representative of
this group is artemisinin, a compound isolated from Artemisia annua, that
has been used in the treatment of malaria (Klayman, 1985). SLs of the
genus Ambrosia species have mainly been studied in vitro for their anti-
proliferative, cytotoxic, antimicrobial and anti-inflammatory activities.

2. Botany and taxonomy

Several Ambrosia species have accidentally been introduced to Eura-
sia. Of these, A. artemisiifolia, commonly known as ragweed, is the most
successful and widespread and has been recorded almost throughout
Europe (Gerber et al., 2011). Aside from A. artemisiifolia, A. trifida also
radiated to Europe; however, the two species no longer occur in the
Sonoran Desert to date (Payne, 1964; Iamonico, 2016). Eleven species,
namely, A. microcephala, A. tenuifolia, A. peruviana, A. arborescens,
A. artemisioides, A. pannosa, A. parviflora, A. plystachya, A. camphorata,
022
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:csupor.dezso@szte.hu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e09884&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2022.e09884
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2022.e09884


B. Kov�acs et al. Heliyon 8 (2022) e09884
A. psilostachya, and A. humi, are endemic to South America or only rarely
occur elsewhere. Contrarily, A. velutina and A. hispida occur mostly in the
Caribbean, whereas the five cosmopolitan species, namely,
A. artemisiifolia, A. confertiflora, A. tenuifolia, A. tomentosa, and A. trifida,
are present in all continents, except Antarctica.

A rapid and significant diversification of ragweeds may be facilitated
by their predisposition to polyploidization and human-mediated disper-
sion. The interspecific hybridization and intraspecific morphological
diversity caused by the rapid diversification led to systematic contro-
versies in the genus (Payne et al., 1972). The complication due to species
variability in this genus is augmented by a combination of the following
factors: growing as habitat pioneers, migration and mixing of seed stocks
by agriculture and other human activities, seed dispersal by glacial
fronts, seed longevity beyond 50 years (Payne, 1976), polyploidy and
disploidy (Payne, 1964; Raven et al., 1968), hybridization (Wagner and
Beals, 1958), and inbreeding due to self-pollination and self-fertilization
incompatibilities (Payne, 1963).

Numerous Ambrosia species are dioecious desert shrubs, such as
A. ambrosioides and A. bryantii, or shrubs in arid areas, including
Figure 1. The proposed biosynthetic pathways of the major structur
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A. arborescens, A. camphorata, and A. dumosa, with annual occurrence in
A. acanthicarpa and perennial occurrence in A. canescens, A. confertiflora,
and A. grayi. Contrarily, more specialized and derived species are herbs
that often occur as secondary plants in ruderal habitats (e.g.,
A. chamissonis) or disturbed habitats (Payne, 1964).

3. Sesquiterpenes and sesquiterpene lactones of the genus
Ambrosia

SLs are structurally diverse; the genus Ambrosia is overrepresented by
pseudoguaianolides, eudesmanolides, and seco-pseudoguaianolides
based on their skeletal structures (Jakupovic et al., 1988; Silva et al.,
1992; An et al., 2019). Most SLs harbors a γ-lactone ring (the suffix
“olide” refers to the lactone group) containing an exocyclic methylene
group conjugated with a carbonyl group, and their biological activities
have been attributed to this moiety. The exomethylene group on lactone
ring can be substituted either with a methyl group, or a functionalized
methylene group. In some cases, the exocyclic methylene is reduced, and
al classes of sesquiterpene lactones found in the genus Ambrosia.
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the double bond is endocyclic, as observed in ambromaritolide (41) and
11-hydroxyambromaritolide (42) (Jakupovic et al., 1987).

In Asteraceae, sesquiterpenes are mainly synthesized in the smooth
endoplasmic reticula of CGTs and then secreted into the extracellular
and subcuticular space (Amrehn et al., 2014). The evolutionary and
ecological significance of sesquiterpene lactones may be to deter her-
bivory, pathogenic bacteria, and fungi, as well as other competitors
owing to their allelopathic effects (Picman, 1986a; Vidotto et al., 2013).
Biosynthetically, sesquiterpene lactones are a type of naturally occur-
ring terpenoids and are formed from a common C5 precursor, IPP, and
its isomer, DMAPP, which is derived from the plastid MEP and the
cytoplasmic MVA-independent pathways (Bick and Lange, 2003). Py-
rophosphate esters of trans,trans-farnesol, cis,trans-farnesol, and ner-
olidol are formed from three isoprene units via modification and/or
cyclization processes (Herz, 1986). γ-lactone can be biosynthesized via
lactonization at either the C-6 or C-8 position; its configuration could be
cis or trans, and the proton in its C-7 position is usually α (alpha)
(Figure 1) (Koji et al., 1974; Zhang et al., 2016; Adekenov, 2017; Li
et al., 2020). Numerous secondary structural modifications that affect
the methyl groups are often caused by the functional groups of alcohols,
carboxylic acids, and unsaturation level, which might be reduced and
oxidized (epoxides, hydroxyl moieties). In addition, the hydroxyl
groups are frequently esterified (Jean, 1999).
Figure 2. Sesquiterpene car
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An extensive literature review identified 158 sesquiterpenes of
different types, including germacranes, oplopane, eudesmanes, guaianes,
pseudoguaianes, seco-pseudoguaianes, daucanes (carotanes), aroma-
dendrane, and clovane from 23 Ambrosia species (Figure 2). Sesquiter-
penes are characterized by the presence of a β-oxygenated functional
group at the C-6 terminal that might be present as a free hydroxyl group
or involved in the formation of the C-6 or C-12 γ-lactones. Ambrosia is the
only genus in the Asteraceae family that harbors an oxygen functional
group at the C-8 position predominantly in an α-oriented manner, and if
present, the ester functional groups are usually linked to other positions.
The sesquiterpenes identified from our extensive literature search are
listed alphabetically using their minor or semi-systematic names and the
species in which the compounds were detected. Psilostachyin C (62) is
the most common compound in the Ambrosia and was detected in 11
taxa, followed by pseudoguaianolide damsin (8) in nine taxa.

3.1. Guaianes

Only four guaiane-type compounds were isolated from the genus
Ambrosia (Table 1). The isolated guaianes had a 1,5-trans junction with
the exception of 4β-hydroxy-1α,5α,7α,9αH-guaia-10(14),11(13)-dien-
12-acid 9-O-β-D-glucoside (4), which was isolated from A. artemisiifolia
(Ding et al., 2015). In addition, all isolated guaiane compounds were
bon skeletal structures.



Table 1. Guaianes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

cumambrin A (1)
R ¼ Ac

A. peruviana (Romo
et al., 1968)

cumambrin B (2)
R ¼ H

A. acanthicarpa (Geissman
et al., 1969)

A. artemisiifolia (An et al.,
2019)

A. peruviana (Romo
et al., 1968)

1β,7β,9β,10β,13αH-
guaia-4(5)-en-12,6β-
olide-9-O-β-D-glucoside
(3)
R ¼ Glc

A. artemisiifolia (Ding et al.,
2015)

4β-hydroxy-
1α,5α,7α,9αH-guaia-
10(14),11(13)-dien-12-
acid 9-O-β-D-glucoside
(4)
R ¼ Glc

A. artemisiifolia (Ding et al.,
2015)
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trans-6,12 lactones, with two having a C-8 oxygen functional group, an
ester in cumambrin A (1) and a β-alcohol in cumambrin B (2) (Romo
et al., 1968). The other two glycosides (3, 4) have both been reported to
have a β-D-glucopyranose moiety at the C-9 position (Ding et al., 2015).
The 4β-hydroxy-1α,5α,7α,9αH-guaia-10(14),11(13)-dien-12-acid 9-O-β
-D-glucoside (4) has an open-ring system, instead of a lactone ring, which
contains a carboxyl group at the C-12 terminal. Moreover, the occurrence
of a C-3 or C-4 (1, 2) and C-4 or 5 1β,7β,9β,10β,13αH-guaia-4(5)-en-12,
6β-olide-9-O-β-D-glucoside (3) double bonds on the cyclopentane ring is
a common feature; however, only compound 4 has a different structural
moiety.

3.2. Pseudoguaianes

Pseudoguaianes have the highest number of derivatives, with 57
compounds (Table 2). Their main difference from guaianes is that they
have amethyl group at theC-5 insteadof theC-4 position. Pseudoguaianes
are typically C-6 or C-12-olides with a C-11 or C-13 dihydro moiety or
exocyclic C-11 and C-13 double. In this review, the lactone ring was only
absent in compounds 16, 19, 30, and 31, whereas compounds 10, 17, 18,
22–24, 27, 32, 36, 60, and 61 containedc the C-8/C-12 olide ring. The
following pseudoguaiane chemical features have been reported: C13-nor
in 41 (Jakupovic et al., 1987); C15-nor in 30 (Taglialatela-Scafati et al.,
2012); double bond at C-7/C-11 in 41–49; diol in 17, 27, 29, 33, 34, 37,
43, 45, and 52;epoxide in 19, 31, and 39; C-4 ketone in 5–11, 13–16,
18–21, 25, 26, 28, 30–32, 35–50, 55, 56, and 59; C-3/C-4 esters in
22–24, 26, 28, 60, and 61. The others contain the ester group at C-13 as
observed in 50 (Abdel Salam et al., 1984) or at C-2 as detected in 54
(Jimenez-Usuga et al., 2016) and also chlorohydrin as observed in com-
pound37 (Mahmoud et al., 1999). Dimers are present only in this group of
Ambrosia SLs and were observed in compounds 46, 47, 57, and 58.

3.3. Seco-pseudoguaianes

A total of 18 seco-pseudoguaianes (seco-ambrosanolides) have been
reported in the genus Ambrosia (Table 3). These compounds exhibit
4

similarity to the pseudoguaiane groupfor example, they are almost
exclusively C-6 or C-12 olides, with only tomentosin (74) having a C-8 or
C-12 lactone ring, and show a methyl group at the C-5 instead of the C-4
terminal (Seaman and Mabry, 1979a). Aside from the C-5 methyl group
terminal, seco-pseudoguaianes possess an α- or β-hydroxyl group, for
example, in metabolites 63, 64, 70, 71–73, 76, and 79, except in
10α-hydroxypsilostachyin C compound (75), where it is located at the
C-10 position (Borges-del-Castillo et al., 1983). Notably, the lactone ring
between the C-4 and C-1 positions or between the C-4 and C-5 positions
was absent in six seco-pseudoguaiane compounds (i.e., 65, 69, 71, 74,
76, and 79). The ring A opening was at the C-3 or C-4 position in 4-oxo-3,
4-seco-ambrosan-6,12-olide-3-oic acid (65), resulting in an unusual
structure (Stefanovi�c et al., 1987). The remaining seco-ambrosanolides
are dilactone compounds that are more oxygenated than the other skel-
etal types. The complete lack of oxygen functional or hydroxyl groups at
the C-8 position is a common feature of seco-pseudoguaianes, unlike the
other type of sesquiterpenes isolated from this genus.

3.4. Daucanes (carotanes)

The four daucane compounds detected in the genus Ambrosia are
listed in Table 4. These compounds contain at least two oxygenation sites
that include an esterified hydroxyl group at the C-1 position. The C-1
position in lasidiol anisate (82) and 2,3-dihydro-2,3-dihydroxylasidiol 1-
anisate (83) are substituted with aromatic acid 1α-anisoyloxy derivatives
(Taglialatela-Scafati et al., 2012), whereas the position is occupied by
simple aliphatic acids (angeloyl and 2-methylbutyric acids) in 1α-ange-
loyloxycarotol (80) and 1α-(20-methylbutyroyloxy)-carotol (81) (Tian-
sheng et al., 1993). An alternative oxygen functional group, β-alcohol, is
a common feature at the C-6 position of daucanes. These compounds
contain a double bond at the C-2 or C-3 position, except in 2,3-dihydro-2,
3-dihydroxylasidiol 1-anisate (83), which is a diol bearing two α-oriented
hydroxyl groups.

3.5. Germacranes

The 18 germacrane compounds detected in the genus Ambrosia are
listed in Table 5. The olefinic group at the C-1 or C-10, C-3 or C-4, and C-4
or C-5 positions is always trans. The olefinic group in isoartemisiifolinic
acid (99) and diacetyl isoartemisiifolinic acid (100) compounds from A.
artemisiifolia was located at the C-4 or C-15 positions, whereas the exo-
methylene groups were observed at the C-10 or C-14 and C-4 or C-15
positions in 5-oxo-8α-hydroxy-1-epiartemorin (96) (Taglialatela-Scafati
et al., 2012). Germacranes of Ambrosia species are almost exclusively C-6
or C-12 and C-8 or C-12 olides, with a typical exocyclic C-11 or C-13
double bond, except for dihydroparthenolide (87), which has a C-11 or
C-13 dihydro moiety (Bianchi et al., 1968). The artemisiifolin de-
rivatives, including 84–86, 91, 92, and 97–100, harbors a C-8 or C-12
olide ring and an oxygen functional group at the C-6 position. A primary
alcohol functional group was only detected in compounds 85 and 97,
whereas an acetoxy at the C-15 site is exclusively present in
diacetyl-artemisiifolinic acid (98) (Taglialatela-Scafati et al., 2012).
Almost all germacranolides have a C-15 methyl group, with only three
members having an α-oxygen functional group at the C-8 position,
whereas isabelin (86) is a dilactone derivative (Yoshioka and Mabry,
1969).

3.6. Eudesmanes

A total of 46 eudesmane compounds identified are listed in Table 6.
Eudesmanes are characterized by the presence of a trans fused decalin
(decahydronaphthalene) moiety. This group of SLs is the most diverse in
terms of their substituents, which are predominantly non-lactonized
compounds. Several representatives of this group contain a free α- or
β-oriented hydroxyl group, with only 12-hydroxy-4(5),11(13)-eudesma-
dien-15-al (125) harboring an aldehyde functional group at the C-4



Table 2. Pseudoguaianes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

helenalin (5) A. tenuifolia (Beer et al., 2019)

confertiflorin (6)
R ¼ H

A. acanthicarpa (Geissman et al., 1969)

A. confertiflora (Fischer and Mabry, 1967)

(Vargas et al., 1986)

deacetylconfertiflorin (7)
R ¼ Ac

A. acanthicarpa (Geissman et al., 1969)

A. confertiflora (Romo et al., 1968)

(Fischer and Mabry, 1967)

(Vargas et al., 1986)

(Delgado et al., 1988)

damsin (8) A. peruviana (Goldsby and Burke, 1987)

(Aponte et al., 2010)

(Jimenez-Usuga et al., 2016)

A. maritima (Abu-Shady and Soine, 1953)

(Picman, 1986)

(Jakupovic et al., 1987)

(Iskander et al., 1988)

? (Slacanin et al., 1988)

(Abdelgaleil et al., 2011)

(Badawy et al., 2014)

(Saeed et al., 2015)

A. hispida (Herz et al., 1981)

A. dumosa (Seaman and Mabry, 1979a,b)

A. ambrosioides (Romo et al., 1968)

(Doskotch and Hufford, 1969)

A. arborescens (Herz et al., 1969)

(De Leo et al., 2010)

(Villagomez et al., 2013)

(Svensson et al., 2018)

A. artemisiifolia (Taglialatela-Scafati et al., 2012)

A. psilostachya (Miller et al., 2002)

(Potter and Mabry, 1972)

A. chenopodiifolia (Herz et al., 1969)

franserin (9) A. peruviana (Jimenez-Usuga et al., 2016)

A. ambrosioides (Romo et al., 1968)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

confertin (10) A. dumosa (Seaman and Mabry, 1979a,b)

A. confertiflora (Romo et al., 1968)

(Yoshioka et al., 1970)

A. peruviana (Aponte et al., 2010)

A. salsola (Perera et al., 2019)

A. tenuifolia (Romo et al., 1968)

coronopilin (11) A. arboroescens (Herz et al., 1969)

(De Leo et al., 2010)

(Cotugno et al., 2012)

(Villagomez et al., 2013)

(Svensson et al., 2018)

A. artemisiifolia (Herz and H€ogenauer, 1961)

A. psilostachya (Geissman and Turley, 1964)

(Mabry et al., 1966b)

(Miller et al., 2002)

(Geissman et al., 1969)

(Potter and Mabry, 1972)

(Athar et al., 2007)

(Bo�zi�cevi�c et al., 2017)

A. dumosa (Geissman and Matsueda, 1968)

(Seaman and Mabry, 1979a,b)

A. psilostachyia (Herz and H€ogenauer, 1961)

(Miller and Mabry, 1967)

(Chen et al., 1991)

4β-hydroxypseudogauian-12,6-olide 4-O-D-glucopyranoside (12) A. arborescens (De Leo et al., 2010)

10α-hydroxydamsin (13) A. arborescens (De Leo et al., 2010)

A. maritima (Jakupovic et al., 1987)

dihydrocoronopilin (14) A. arborescens (De Leo et al., 2010)

(Cotugno et al., 2012)

A. artemisiifolia (Taglialatela-Scafati et al., 2012)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

13-hydroxy-4-oxo-7(11)-pseusoguaien-12,6-olide (15) A. arborescens (De Leo et al., 2010)

damsinic acid (16) A. arborescens (De Leo et al., 2010)

A. artemisiifolia (Ohmoto et al., 1987)

(Taglialatela-Scafati et al., 2012)

A. hispida (Herz et al., 1981)

A. maritima (Abdelgaleil et al., 2011)

(Badawy et al., 2014)

cumanin (17) A. artemisiifolia (Porter and Mabry, 1969)

(Stefanovi�c et al., 1987)

(Parkhomenko et al., 2005)

A. psilostachya (Miller et al., 2002)

(Geissman et al., 1969)

(Potter and Mabry, 1972)

(Lastra et al., 2004)

A. tenuifolia (Oberti et al., 1986)

peruvin (18) A. peruviana (Joseph-Nathan and Romo, 1966)

A. artemisiifolia (Błoszyk et al., 1992)

(Taglialatela-Scafati et al., 2012)

A. tenuifolia (Oberti et al., 1986)

(Sülsen et al., 2008)

(Sülsen et al., 2011)

A. confertiflora (Yoshioka et al., 1970)

ambrosic acid (19) A. artemisiifolia (Inayama et al., 1974)

(Inayama et al., 1975)

(An et al., 2019)

A. tenuifolia (Oberti et al., 1986)

ambrosin (20) A. peruviana (Jimenez-Usuga et al., 2016)

A. maritima (Abu-Shady and Soine, 1953)

(Picman, 1986)

(Goldsby and Burke, 1987)

(Jakupovic et al., 1987)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

(Iskander et al., 1988)

(Slacanin et al., 1988)

(Abdelgaleil et al., 2011)

(Badawy et al., 2014)

A. hispida (Herz et al., 1981)

A. dumosa (Seaman and Mabry, 1979a,b)

A. artemisiifolia (Soluji�c et al., 2008)

A. psilostachya (Miller et al., 2002)

(Potter and Mabry, 1972)

artesovin (21) A. artemisiifolia (Soluji�c et al., 2008)

3-deacetoxylhymenalone (22) A. artemisiifolia (An et al., 2019)

3α,4β-diacetylhymenoratin (23) A. artemisiifolia (An et al., 2019)

3β-acetoxy-4β-hydroxy-1α,7α,10β,11αH-pseudoguaia-12,8β-olide (24) A. artemisiifolia (Ding et al., 2015)

3α-hydroxy-11αH,13-dihydrodamsin (25)
R ¼ H

A. artemisiifolia (Błoszyk et al., 1992)

(Taglialatela-Scafati et al., 2012)

3α-acetoxy-11αH,13-dihydrodamsin (26)
R ¼ Ac

A. artemisiifolia (Błoszyk et al., 1992)

(Taglialatela-Scafati et al., 2012)

dihydrocumanin (27) A. artemisiifolia (Porter and Mabry, 1969)

3-acetoxydamsin (28) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

tetrahydrocoronopilin (29) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

6-oxadamsinic acid (30) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

ambroxetane (31) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

anhydrocumanin (32) A. confertiflora (Romo et al., 1968)

ambrosiol (33) A. dumosa (Geissman and Matsueda, 1968)

A. psilostachya (Miller et al., 2002)

(Potter and Mabry, 1972)

(Mabry et al., 1966b)

apoludin (34) A. dumosa (Geissman and Matsueda, 1968)

(Seaman and Mabry, 1979a,b)

neoambrosin (35) A. maritima (Abdel Salam et al., 1984)

(Jakupovic et al., 1987)

(Abdelgaleil et al., 2011)

(Badawy et al., 2014)

(Saeed et al., 2015)

A. dumosa (Seaman and Mabry, 1979a,b)

A. hispida (Herz et al., 1981)

A. salsola (Perera et al., 2019)

burrodin (36) A. dumosa (Geissman and Matsueda, 1968)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

11β-hydroxy-13-chloro-11,13-dihydroxyhymenin (37) A. maritima (Mahmoud et al., 1999)

hymenin (38) A. maritima (Picman, 1986)

(Jakupovic et al., 1987)

(Slacanin et al., 1988)

(Abdelgaleil et al., 2011)

(Badawy et al., 2014)

2,3-dehydrostramonin B (39) A. maritima (Jakupovic et al., 1987)

parthenin (40) A. peruviana (Jimenez-Usuga et al., 2016)

A. maritima (Abdel Salam et al., 1984)

(Jakupovic et al., 1987)

A. psilostachya (Mabry et al., 1966b)

(Miller and Mabry, 1967)

(Miller et al., 2002)

(Geissman et al., 1969)

(Potter and Mabry, 1972)

(Chen et al., 1991)

(Bo�zi�cevi�c et al., 2017)

ambromaritolide (41) A. maritima (Jakupovic et al., 1987)

11-hydroxyambromaritolide (42) A. maritima (Jakupovic et al., 1987)

10α-hydroxy-11-hydroxymethyleneambromaritolide (43) A. maritima (Jakupovic et al., 1987)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

2,3-dehydro-11-hydroxymethyleneambromaritolide (44) A. maritima (Jakupovic et al., 1987)

2,3-dehydro-1β-hydroxy-11-hydroxymethyleneambromaritolide (45) A. maritima (Jakupovic et al., 1987)

110-epimaritimolide (46) A. maritima (Jakupovic et al., 1987)

maritimolide (47) A. maritima (Jakupovic et al., 1987)

pseudoguaianolide 1 (48) A. maritima (Abdel Salam et al., 1984)

pseudoguaianolide 2 (49) A. maritima (Abdel Salam et al., 1984)

pseudoguaianolide 4 (50) A. maritima (Abdel Salam et al., 1984)

pseudoguaianolide 5 (51) A. maritima (Abdel Salam et al., 1984)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

4α,10β-dihydroxypseudoguaian-12,6-olide (52) A. peruviana (Jimenez-Usuga et al., 2016)

4α-hydroxy-11(13)-pseudoguaien-12,6-olide (53) A. peruviana (Jimenez-Usuga et al., 2016)

salsolin (54) A. peruviana (Jimenez-Usuga et al., 2016)

bipinnatin (55) A. peruviana (Jimenez-Usuga et al., 2016)

hymenolin (56) A. peruviana (Jimenez-Usuga et al., 2016)

arrivacin A (57) A. psilostachya (Chen et al., 1991)

arrivacin B (58) A. psilostachya (Chen et al., 1991)

3-hydroxdamsin (59) A. psilostachya (Miller and Mabry, 1967)

(Miller et al., 2002)

(Potter and Mabry, 1972)

(continued on next page)
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Table 2 (continued )

Structure Name Taxa Ref.

cumanin-3-acetate (60)
R1 ¼ Ac
R2 ¼ H

A. psilostachya (Geissman et al., 1969)

cumanin diacetate (61)
R1 ¼ Ac
R2 ¼ Ac

A. psilostachya (Geissman et al., 1969)

A. artemisiifolia (Stefanovi�c et al., 1987)
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position (De Leo et al., 2010). Three compounds, namely, 144, 145, and
146, harbor a C-6 or C-12 olide ring, whereas 13 compounds are C-8 or
C-12 olides. Ilicic acid (130) contains a carboxy group at the C-12 ter-
minal (Herz et al., 1966), whereas it was located at C-13 in costic acid
(141) (Seaman and Mabry, 1979b). In contrast, a hydroxymethyl group
at the C-12 terminal instead of γ-lactone was reported in 12-hy-
droxy-4(5),11(13)-eudesmadien-15-al (125) (De Leo et al., 2010). An
epoxy group can be found in different positions, including C-4 or C-5,
with α orientation as observed in 102 and 103, at C-1 or C-4 with β
orientation as observed in 121 and 122 (Jakupovic et al., 1988), and at
C-3 or C-4 with an α orientation as observed in 146 (Yoshioka et al.,
1970). The hydroperoxy group-containing compounds were only isolated
from A. arborescens and were located in an α orientation at C-3 in 108, or
in a β orientation at C-3 in 117 and 119 and at C-4 in 118 (Jakupovic
et al., 1988). Numerous eudesmane SLs carry a cinnamoyl part attached
to the C-1 (111), C-4 (106, 107), or C-6 (113, 116–121) position. The
300-hydroxy-300-methylglutaryl moieties at the C-1 or C-9 positions were
observed in compounds 132–135 (An et al., 2019). Some glycosides have
also been reported, such as the β-D-glucopyranose attached to the C-6
terminal in compounds 114, 131–135, 137, and 139 or to the C-1 ter-
minal in compounds 128 and 129, which is the most common sugar
substituent. The β-D-apiofuranose moieties have also been reported in
127 and 138. In addition, the 1α,6β,9β-trihydroxy-5,10-bis-epi-eu-
desm-3-ene-1-O-α-L-arabinopyranosyl-6-O-β-D-glucopyranoside (136)
harbors the β-D-arabinopyranose rather than the glucopyranose moiety
(An et al., 2019).

3.7. Oplopanes

All the six oplopane compounds were isolated from Ambrosia arbor-
escens collected in Peru and Chile (Table 7) (Jakupovic et al., 1988). The
presence of an ester at the C-1 position is a common feature. Compounds
151 and 153 have an angelate group, 1α-cinnamoyloxy-7-oxo-iso-anhy-
drooplopanone (154) contains a cinnamate group, whereas 1α-anisoy-
loxy-7-oxo-iso-anhydrooplopanone (155) is a 1α-anisoyloxy
(p-methoxybenzoyl) derivative. Ester group is absent in 1-oxo-iso-anhy-
drooplopanone (152) and 1α-anisoyloxy-7-oxo-iso-anhydrooplopanone
(156), which instead harbor a ketone in this position. Notably, no
oplopane compounds have a γ-lactone ring. Diketone derivatives and the
occurrence of a C-8 or C-9 double bond in the six-membered ring are a
common feature in 152–156 oplopane compounds, except in 1α-ange-
loyloxyanhydrooplopanone (151), which show this feature as an
exocyclic double bond at the C-8 or C-10 position.

3.8. Clovanes

Clovandiol (157) is the only representative of this group in the Am-
brosia genus (Table 8) (Delgado et al., 1988). It is a diol with β-hydroxyl
and α-alcohol functional groups at the C-2 and C-9 terminals, respec-
tively. This clovane derivative shares a common feature with oplopane,
aromadendrane, and daucane sesquiterpenes, with both lacking the
γ-lactone ring.
13
3.9. Aromadendranes

Only one aromadendrane compound, aromadendrane-4β,10α-diol
(158), has been isolated so far from a Jamaican A. peruviana sample
(Table 9) (Goldsby and Burke, 1987). It has no UV-absorbing chromo-
phore group due to the absence of the lactone ring; conversely, it shows a
cis-oriented cyclopropane ring in this position. As a diol, it harbors
β-hydroxyl and α-hydroxyl at the C-4 and C-10 terminals, respectively.

4. Occurrence of Ambrosia sesquiterpenes

A. artemisiifolia is the most widely studied species in the genus, and
most reports have isolated the guaiane, pseudoguaiane, seco-
pseudoguaiane, eudesmane, germacrene, and daucane sesquiterpene
backbones in samples from different geographical origins. Daucane ses-
quiterpenes were isolated from a collection of two different species,
A. artemisiifolia and A. trifida, obtained from Italy and the USA, respec-
tively. Two eudesmane compounds, 129 and 131, were isolated from
A. artemisiifolia, and their presence might be an important chemotaxo-
nomic marker for differentiating this species from other Ambrosia
members. In two different collections of A. arborescens from Peru and
Ecuador oplopane derivatives were isolated, which have exclusively been
identified in this species. Collections of A. arborescens from southern Peru
and northern Chile yielded two types of eudesmane, namely, γ-lactone
ring containing 8,12-olides and the 5,10-bis-epi-eudesmanes (Jakupovic
et al., 1988), whereas only one type of eudesmane was identified in
samples from Ecuador (De Leo et al., 2010). However, analysis of other
sample collections from northern Chile revealed no lactones (Silva et al.,
1992).

Interestingly, several studies on A. maritima that exclusively occurs in
Africa have only isolated the pseudoguaiane-type sesquiterpenes from
this taxon, whereas the aromadendrane-type sesquiterpene (158) was
isolated from A. peruviana in a Jamaican collection, which represented
the first report of a sesquiterpene diol from Ambrosia species (Goldsby
and Burke, 1987). The structure of this compound (158) is related to that
isolated from a soft coral taxon, Sinularia mayi (Beechan et al., 1978). The
relationship between sesquiterpenes derived from terrestrial and marine
organisms has previously been determined (Goldsby and Burke, 1987).
Notably, the carbon skeleton of the aforementioned secondary metabo-
lite, aromadendrane-4β,10α-diol (158) with its methyl group at the C-4
position rather than at the ring junction in the C-5 position is structurally
more similar to the guaiane-type sesquiterpenes detected in the genus
Artemisia than the pseudoguianes of Ambrosia species. This observation
further demonstrates the relationship between the genus Ambrosia and
Artemisia.

Phytochemical studies have not confirmed the presence of SLs in
some species, such as A. eriocentra (Herz et al., 1973), A. grayi, A. linearis,
and A. tomentosa (Heywood et al., 1977). This has either been attributed
to the fact that some of these species are relatively primitive within the
genus and have not developed the biosynthetic pathway for sesquiter-
pene or the absence of lactones in some cases due to mutations, which
completely inactivated the biogenetic capacity of some species (Payne,



Table 3. Seco-pseudoguaianes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

psilostachyin C (62) A. acanthicarpa (Geissman et al., 1969)

A. arborescens (Herz et al., 1969)

(De Leo et al., 2010)

A. artemisiifolia (Stefanovi�c et al., 1987)

(Silva et al., 1992)

(Sturgeon et al., 2005)

A. confertiflora (Herz et al., 1969)

(Yoshioka et al., 1970)

(Delgado et al., 1988)

A. cordifolia (Herz et al., 1973)

A. dumosa (Geissman and Matsueda, 1968)

(Seaman and Mabry, 1979a,b)

A. peruviana (Herz et al., 1969)

(Goldsby and Burke, 1987

A. psilostachya (Miller et al., 1965)

(Mabry et al., 1966a)

(Miller et al., 2002)

(Potter and Mabry, 1972)

A. pumila (Herz et al., 1969)

A. tenuifolia (Oberti et al., 1986)

(Sülsen et al., 2016)

A. scabra (Sülsen et al., 2011)

(Sülsen et al., 2016)

psilostachyin (63) A. arborescens (Herz et al., 1969)

(De Leo et al., 2010)

(Ding et al., 2015)

A. artemisiifolia (Bianchi et al., 1968)

(Silva et al., 1992)

(Sturgeon et al., 2005)

A. confertiflora (Herz et al., 1969)

(Yoshioka et al., 1970)

(Delgado et al., 1988)

A. dumosa (Geissman and Matsueda, 1968)

(Seaman and Mabry, 1979a,b)

A. peruviana (Jimenez-Usuga et al., 2016)

A. psilostachya (Miller et al., 1965)

(Mabry et al., 1966a)

(Mabry et al., 1966b)

(Miller et al., 2002)

(Yoshioka and Mabry, 1969)

(Potter and Mabry, 1972)

A. pumila (Herz et al., 1969)

A. tenuifolia (Herz et al., 1969)

(Oberti et al., 1986)

(Sülsen et al., 2008)

(Sülsen et al., 2011)

(da Silva et al., 2013)

(Sülsen et al., 2016)

(continued on next page)
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Table 3 (continued )

Structure Name Taxa Ref.

A. scabra (Sülsen et al., 2016)

10α-hydroxy-11,13-dihydro-5-epi-psilostachyin (64) A. arborescens (De Leo et al., 2010)

4-oxo-3,4-seco-ambrosan-6,12-olide-3-oic acid (65) A. artemisiifolia (Stefanovi�c et al., 1987)

psilostachyin B (66) A. artemisiifolia (Raszeja and Gill, 1977)

(Silva et al., 1992)

(Sturgeon et al., 2005)

(Ding et al., 2015)

A. confertiflora (Yoshioka et al., 1970)

(Delgado et al., 1988)

A. dumosa (Seaman and Mabry, 1979a,b)

A. peruviana (Goldsby and Burke, 1987)

A. psilostachya (Miller et al., 1965)

(Mabry et al., 1966a)

(Miller et al., 2002)

(Yoshioka and Mabry, 1969)

(Potter and Mabry, 1972)

A. tenuifolia (Oberti et al., 1986)

paulitin (67) A. artemisiifolia (David et al., 1999)

(Sturgeon et al., 2005)

isopaulitin (68) A. artemisiifolia (David et al., 1999)

(Sturgeon et al., 2005)

4-oxo-3,4-seco-ambrosan-6,12-olide-3-oic acid (69) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

canambrin (70) A. canescens (Romo and Rodríguez-Hahn, 1970)

(continued on next page)
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Table 3 (continued )

Structure Name Taxa Ref.

10-noraltamisin (71) A. confertiflora (Delgado et al., 1988)

(11R)-11,13-dihydropsilostachyin (72) A. confertiflora (Delgado et al., 1988)

cordilin (73) A. cordifolia (Herz et al., 1973)

tomentosin (74) A. dumosa (Seaman and Mabry, 1979a,b)

10α-hydroxypsilostachyin C (75) A. peruviana (Borges-del-Castillo et al., 1983)

altamisin (76) A. peruviana (Borges et al., 1978)

A. tenuifolia (Oberti et al., 1986)

2,3-dehydropsilostachyin C (77) A. peruviana (Jimenez-Usuga et al., 2016)

11,13-dihydropsilostachyin C (78) A. tenuifolia (Oberti et al., 1986)

altamisic acid (79) A. tenuifolia (Oberti et al., 1986)

A. artemisiifolia (Sturgeon et al., 2005)
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Table 4. Daucanes (carotanes) isolated from the genus Ambrosia.

Structure Name Taxa Ref.

1α-angeloyloxycarotol (80)
R ¼ Ang

A. trifida (Tiansheng et al., 1993)

1α-(20-methylbutyroyloxy)-carotol (81)
R ¼ 2-methylbutyrate

A. trifida (Tiansheng et al., 1993)

lasidiol anisate (82)
R ¼ p-methoxybenzoyl

A. artemisiifolia (Taglialatela-Scafati et al., 2012)

2,3-dihydro-2,3-dihydroxylasidiol 1-anisate (83)
R ¼ p-methoxybenzoyl

A. artemisiifolia (Taglialatela-Scafati et al., 2012)
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1964; Payne et al., 1972). However, the failure to report these com-
pounds to date does not entirely reflect their absence. The detection of
secondary metabolites depends on the isolation, separation, and identi-
fication techniques, as well as their selectivity and sensitivity, which
have significantly improved in recent decades.

5. Biological activities of Ambrosia sesquiterpenes

Sesquiterpene compounds isolated from different Ambrosia species
exert various bioactivities, including antiproliferative, cytotoxic, anti-
inflammatory, antimicrobial, molluscicidal, and allelopathic activities,
which are discussed below.

5.1. Antiproliferative and cytotoxic activity

In the search for new anticancer and cytotoxic compounds in the
genus Ambrosia, cell death, cell proliferation, micronuclei formation, cell
cycle phase distribution, or cell migration were measured (Table 10). The
IC50 values were obtained from MTT assays, whereas the cell cycle dis-
tribution, cell death analyzis, and cell surface markers were identified via
flow cytometry. Cytotoxic and antiproliferative activities are the key
characteristic bioactivities of the naturally occurring sesquiterpene lac-
tones. Nearly all known cytotoxic sesquiterpenes in the genus Ambrosia
have been shown to contain a lactone function, which is α,β-unsaturated
and the α-methylenic linkage which are exocyclic. Among the isolated
sesquiterpene lactones, the presence of a C-11 or C-13 exocyclic double
bound conjugated to the γ-lactone is crucial for their cytotoxicity. Several
studies have noted that the structures and reactivities of Ambrosia ses-
quiterpenes could be associated with the observation that these com-
pounds alkylate the nucleophilic groups of enzymes controlling cell
division (Orofino Kreuger et al., 2012; Sotillo et al., 2017; Sturgeon et al.,
2005; Wu et al., 2017; Konaklieva and Plotkin, 2005). Meanwhile, the
presence of functional groups, such as the epoxide, hydroxyl, unsaturated
ketone, or O-acyl adjacent to the α-CH2 of γ-lactone, can enhance the
reactivity of these compounds toward biological nucleophiles.

Damsin (8) and coronopilin (11) are pseudoguaianolide sesquiter-
penes isolated from A. arborescens. The anticancer activities of these
compounds were evaluated on treatment-resistant CSCs especially on
breast cancer cell lines (MCF-7, HCC1937, and JIMT-1) and the normal-
like breast epithelial cell line MCF-10A (Sotillo et al., 2017). Both com-
pounds inhibited cell proliferation. Damsin (8) was cytotoxic at
17
single-digit micromolar ranges, whereas for the same effect, higher
concentrations of coronopilin (11) were required. Sesquiterpenes were
also shown to inhibit tumor necrosis factor-α-induced translocation of
NF-κB from the cytoplasm to the nucleus. The effects of coronopilin (11)
isolated from A. arborescens on two leukemia cell lines demonstrated that
it could exert cell population growth-inhibitory activity (IC50 � 20 μM)
on Jurkat cells, mainly by triggering caspase-dependent apoptosis,
whereas its primary effect on U937 cells was a robust arrest in G2/M
(Cotugno et al., 2012). This finding was consistent with that obtained
using sesquiterpene costunolide (89), which induced DNA damage,
resulting in arrested G2/M interface (Lohberger et al., 2013). Accord-
ingly, nucleophilic sites makes DNA a potential target for the
α,β-unsaturated carbonyl functional group of SLs. Thus, increased levels
of γH2AX DNA damaged marker were observed in both the Jurkat and
U937 cells, which demonstrates that DNA damage might be the initiating
factor in both cell lines following coronopilin (11) exposure. After DNA
damage, different molecular pathways trigger early or mitotic arrest/-
delayed apoptotic cell death. However, coronopilin (11) exhibited poor
cytotoxicity to normal white blood cells. Both damsin (8) and coronopilin
(11) had antiproliferative effects, which inhibited DNA biosynthesis as
well as the formation of cytoplasmic DNA histone complexes in Caco-2
cells (Villagomez et al., 2013). Damsin (8) exposure inhibited the
IFNγ-induced expression of STAT3 and TNFα-induced expression of
NF-κB more remarkably than coronopilin (11). Both compounds inhibi-
ted the expression of the signal transducer, activator of transcription-3
(STAT3), and nuclear factor-κB (NF-κB). Interestingly, the ethanol
extract of A. arborescens exhibited antiproliferative activity against the
human cancer cell line Hep3B at IC50 � 50 μg/mL (Carraz et al., 2015).

The bioassay-guided fractionation of methanol extract from the
common ragweed led to the identification of psilostachyin C (62) and A
(63) as novel checkpoint inhibitors (Sturgeon et al., 2005). Both com-
pounds could arrest cell mitosis and cause the formation of aberrant
microtubule spindles in MCF-7 mp53 cells. The α,β-unsaturated carbonyl
group is necessary for their activity, thus suggesting that the molecules
covalently bind to target proteins through the Michael-type addition.
However, psilostachyin B (66), altamisic acid (79), paulitin (67), and
isopaulitin (68) showed no checkpoint inhibitory activity despite having
one or two α,β-unsaturated carbonyl groups. This suggested that
although the moiety is required for the G2 checkpoint inhibitory activity,
its presence is not sufficient to convey activity to these types of
compound.



Table 5. Germacranes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

chamissonin (84) A. acanthicarpa (Geissman and Levy, 1967)

(Geissman et al., 1969)

A. chamissonis (Geissman et al., 1966)

(Lh́omme et al., 1969)

(Payne et al., 1973)

(Geissman et al., 1973)

A. dumosa (Seaman and Mabry, 1979a)

artemisiifolin (85) A. artemisiifolia (Porter et al., 1970)

isabelin (86) A. artemisiifolia (Porter et al., 1970)

(Molinaro et al., 2016)

(Molinaro et al., 2018)

A. psilostachya (Yoshioka et al., 1968)

(Yoshioka and Mabry, 1969)

(Potter and Mabry, 1972)

dihydroparthenolide (87) A. artemisiifolia (Bianchi et al., 1968)

(Silva et al., 1992)

tulipinolide (88) A. camphorata (Seaman and Mabry, 1979b)

A. dumosa (Seaman and Mabry, 1979a)

costunolide (89) A. camphorata (Seaman and Mabry, 1979b)

A. chamissonin (Geissman et al., 1973)

A. chamissonis (Payne et al., 1973)

chamissanthin (90) A. chamissonis (Payne et al., 1973)

(Geissman et al., 1973)

A. dumosa (Seaman and Mabry, 1979a)

chamisselin (91) A. chamissonis (Payne et al., 1973)

(Geissman et al., 1973)

A. dumosa (Seaman and Mabry, 1979a)

(continued on next page)
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Table 5 (continued )

Structure Name Taxa Ref.

chamissarin (92) A. chamissonis (Payne et al., 1973)

(Geissman et al., 1973)

A. dumosa (Seaman and Mabry, 1979a)

tamaulipin-A (93) A. confertiflora (Fischer et al., 1968)

(Yoshioka et al., 1970)

tamaulipin-B (94) A. confertiflora (Fischer and Mabry, 1967)

(Yoshioka et al., 1970)

A. dumosa (Seaman and Mabry, 1979a)

parthenolide (95) A. dumosa (Geissman and Matsueda, 1968)

(Seaman and Mabry, 1979a)

A. confertiflora (Yoshioka et al., 1970)

5-oxo-8α-hydroxy-1-epiartemorin (96) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

artemisiifolinic acid (97) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

diacetyl-artemisiifolinic acid (98) A. artemisiifolia (Taglialatela-Scafati et al., 2012)

isoartemisiifolinic acid (99)
R1 ¼ H
R2 ¼ H

A. artemisiifolia (Taglialatela-Scafati et al., 2012)

diacetyl-isoartemisiifolinic acid (100)
R1 ¼ Ac
R2 ¼ Ac

A. artemisiifolia (Taglialatela-Scafati et al., 2012)

1,10-epoxyparthenolide (101) A. confertiflora (Coronado-Aceves et al., 2016)
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Table 6. Eudesmanes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

4α,15-epoxy-iso-alantolactone (102)
R ¼ H

A. arborescens (Jakupovic et al., 1988)

3α-hydroxy-4α,15-epoxy-iso-alantolactone (103)
R ¼ OH

15-hydroxy-iso-allo-alantolactone (104)
R ¼ H

A. arborescens (Jakupovic et al., 1988)

15-acetoxy-iso-allo-alantolactone (105)
R ¼ Ac

15-cinnamoyloxy-iso-allo-alantolactone (106)
R ¼ Cinn

15-[2Z-cinnamoyloxy]-iso-allo-alantolactone (107)
R ¼ Cinn cis

15-acetoxy-3α-hydroperoxy-allo-alantolactone (108)
R1 ¼ αOOH, H
R2 ¼ Ac

A. arborescens (Jakupovic et al., 1988)

3α,15-dihydroxy-allo-alantolactone (109)
R1 ¼ αOH, H
R2 ¼ H

15-hydroxy-3-oxo-allo-alantolactone (110)
R1 ¼ O
R2 ¼ H

1α-(E)-cinnamoyloxy-6β-hydroxy-5,10-bis-epi-eudesm-3-ene (111)
R1 ¼ Cinn
R2 ¼ H

A. arborescens (Jakupovic et al., 1988)

1α-hydroxy-6β-anisoyloxy-5,10-bis-epi-eudesm-3-ene (112)
R1 ¼ H
R2 ¼ p-methoxybenzoyl

6β-cinnamoyloxy-1α-hydroxy-5,10-bis-epi-eudesm-3-ene (113)
R1 ¼ H
R2 ¼ Cinn

1α,6β-dihydroxy-5,10-bis-epi-eudesm-3-ene-6-O-[β-D-glucopyranoside] (114)
R1 ¼ H
R2 ¼ β-D-glucopyranosyl

6β-angeloyloxy-1α-hydroxy-5,10-bis-epi-eudesm-4(15)-ene (115)
R1 ¼ H
R2 ¼ Ang

β-chaenocephalol cinnamate (116)
R1 ¼ H
R2 ¼ Cinn

A. arborescens (Jakupovic et al., 1988)

6β-cinnamoyloxy-1α-hydroxy-3β-hydroperoxy-5,10-bis-epi-eudesm-4(15)-ene (117)
R1 ¼ OOH
R2 ¼ Cinn

6β-(E)-cinnamoyloxy-1α-hydroxy-4β-hydroperoxy-5,10-bis-epi-eudesm-2-ene (118)
R ¼ Cinn

A. arborescens (Jakupovic et al., 1988)

6β-(E)-cinnamoyloxy-1α-hydroxy-3β-hydroperoxy-5,10-bis-epi-eudesm-4-ene (119)
R1 ¼ βOOH, H
R2 ¼ Cinn

A. arborescens (Jakupovic et al., 1988)

(continued on next page)
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Table 6 (continued )

Structure Name Taxa Ref.

6β-cinnamoyloxy-1α-hydroxy-5,10-bis-epi-eudesm-4-en-3-one (120)
R1 ¼ O
R2 ¼ Cinn

6β-cinnamoyloxy-5,10-bis-epi-eudesmane-1β,4β-epoxide (121)
R ¼ Cinn

A. arborescens (Jakupovic et al., 1988)

6β-anisoyloxy-5,10-bis-epi-eudesmane-1β,4β-epoxide (122)
R ¼ p-methoxybenzoyl

eudesm-11(13)-en-4β,9β-diol (123) A. arborescens (De Leo et al., 2010)

volenol (124) A. arborescens (De Leo et al., 2010)

12-hydroxy-4(5),11(13)-eudesmadien-15-al (125) A. arborescens (De Leo et al., 2010)

4(15)-eudesmene-1β,7α-diol (126) A. arborescens (De Leo et al., 2010)

1β,6α-dihydroxyeudesman-4(15)-ene-1-O-β-D-apiofuranosyl(100-60)-O-β-D-glucopyranoside (127)
R ¼ Glc (60-100)-Api

A. artemisiifolia (Huang et al., 2014)

1β,6α-dihydroxyeudesman-4(15)-ene-1-O-β-D-glucopyranoside (128)
R ¼ Glc

7-epi-eudesm-4(15)-ene-1α,6α-diol 1-O-β-D-glucopyranoside (129)
R ¼ Glc

A. artemisiifolia (Huang et al., 2014)

ilicic acid (130) A. artemisiifolia (Huang et al., 2014)

A. camphorata (Seaman and Mabry,
1979a,b)

A. ilicifolia (Herz et al., 1966)

pumilaside A (131)
R ¼ Glc

A. artemisiifolia (Huang et al., 2014)

1α,6β,9β-trihydroxy-5,10-bis-epi-eudesm-3-ene-9-O-[(S)-300-hydroxy-300-methylglutaryl]-6-O-β-D-
glucopyranoside (132)
R1 ¼ H
R2 ¼ Glc
R3 ¼ HMG

A. artemisiifolia (An et al., 2019)

1α,6β,9β-trihydroxy-5,10-bis-epi-eudesm-3-ene-1-O-[(S)-300-hydroxy-300-methylglutaryl]-6-O-β-D-
glucopyranoside (133)

(continued on next page)
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Table 6 (continued )

Structure Name Taxa Ref.

R1 ¼ HMG
R2 ¼ Glc
R3 ¼ H

1β,6α-dihydroxy-7-epi-eudesm-3-ene-1-O-[(S)-300-hdroxy-300-methylglutaryl]-6-O-β-D-
glucopyranoside (134)
R1 ¼ HMG
R2 ¼ Glc

A. artemisiifolia (An et al., 2019)

1α,6β,9β-trihydroxy-5,10-bis-epi-eudesm-3-ene-9-O-[(S)-300-hydroxy-300-methylglutaryl]-6-O-(60-O-
acetyl)-β-D-glucopyranoside (135)
R1 ¼ H
R2 ¼ AcGlc
R3 ¼ HMG

A. artemisiifolia (An et al., 2019)

1α,6β,9β-trihydroxy-5,10-bis-epi-eudesm-3-ene-1-O-α-L-arabinopyranosyl-6-O-β-D-
glucopyranoside (136)
R1 ¼ Ara
R2 ¼ Glc
R3 ¼ H

1α,6β,9β-trihydroxy-5,10-bis-epi-eudesm-3-ene-6-O-β-D-glucopyranoside (137)
R1 ¼ H
R2 ¼ Glc
R3 ¼ H

1β,6α-dihydroxy-7-epi-eudesm-3-ene-6-O-β-D-apiofuranosyl-(1 6)-β-D-glucopyranoside (138)
R ¼ GlcApi

A. artemisiifolia (An et al., 2019)

1β,6α-dihydroxyeudesman-4(15)-ene-1-O-β-D-glucopyranoside (139)
R ¼ Glc

A. artemisiifolia (An et al., 2019)

isoalantolactone (140) A. artemisiifolia (Taglialatela-Scafati et al.,
2012)

A. camphorata (Seaman and Mabry, 1979a,
b)

costic acid (141) A. artemisiifolia (Taglialatela-Scafati et al.,
2012)

A. camphorata (Seaman and Mabry, 1979a,
b)

ivasperin (142) A. psilostachya (Vichnewski et al., 1976)

granilin (143) A. artemisiifolia (Vichnewski et al., 1976)

reynosin (144) A. confertiflora (Yoshioka et al., 1970)

(continued on next page)
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Table 6 (continued )

Structure Name Taxa Ref.

(Coronado-Aceves et al.,
2016)

santamarine (145) A. confertiflora (Yoshioka et al., 1970)

(Coronado-Aceves et al.,
2016)

α-epoxysantamarine (146) A. confertiflora (Yoshioka et al., 1970)

isotelekin (147) A. confertiflora (Yoshioka et al., 1970)

1β-hydroxyeudesma-4,11(13)-dien-12-oic acid (148) A. artemisiifolia (Ohmoto et al., 1987)

(Huang et al., 2014)

1β,6α-dihydroxyeudesm-4(15)-ene (149) A. artemisiifolia (Ohmoto et al., 1987)

6α-hydroxyeudesm-4(15)-ene-9β-O-anisate (150)
R ¼ p-methoxybenzoyl

A. artemisiifolia (Ohmoto et al., 1987)
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Wu et al. (2017) investigated the molecular mechanism of anticancer
activities of santamarine (145) isolated fromA. confertiflora. Santamarine
(145) induced apoptosis and inhibited the growth of A549 lung adeno-
carcinoma cells by generating reactive oxygen species (ROS), inhibiting
TrxR activity, and depleting GSH level, thereby increasing oxidative
stress (Table 10). The cytotoxic effect of santamarine (145) was evalu-
ated in a mechanistic study via a microscopic analyzis of the cell
morphology, and the results indicated that the compound induced potent
morphological changes, such as junction breaks and rounding up of cells,
which are associated with cell death both in the A549 and NCI-H1650
cells. Two pseudoguaianolides, neoambrosin (35) and damsin (8), were
isolated from A. maritima, and their cytotoxic activities have been eval-
uated in the multidrug-resistant cells using the resazurin assay. The ABC
transporters, P-glycoprotein, BCRP, and ABCB5, overexpressing MDR
cells did not convey cross-resistance toward these pseudoguaianolides,
indicating that these compounds are not the ideal substrates for
analyzing these ABC transporters (Saeed et al., 2015).

The pseudoguaianolide cumanin (17), isolated from the aerial parts
of A. tenuifolia, exhibited potent antiproliferative and cytotoxic activities
against several cancer cell lines, including A549, HBL100, HeLa,
SW1573, T47-D, and WiDr. Mouse splenocytes were used to evaluate its
cytotoxic activity, and the results were expressed as CC50. Cumanin (17)
was less toxic on splenocytes (CC50: 29.4 μM) compared with helenalin
(5) and hymenin (38). The presence of two hydroxyl groups in the
structure of cumanin (17) enabled the preparation of its acetylated,
23
silylated, and triazole derivatives. The modified derivatives had
improved activities, with most showing higher cytotoxic activity and
selectivity indices than the natural parent compound (Beer et al., 2019).

The ethanolic extracts of A. peruviana exerted notable cytotoxic ac-
tivity in vitro. The bioactivity-guided purification of the extract led to
the isolation of two pseudoguaianolide sesquiterpene lactones, damsin
(8) and confertin (10). Both compounds had cytotoxic activity against a
panel of six human cancer and non-tumorigenic cell lines (Table 10).
The enzyme-alkylating abilities of damsin (8) and confertin (10) are
derived from the α-methylene-γ-lactone group; thus, their active moiety
can undergo Michael-type addition reactions toward biological nucle-
ophiles, such as cytochrome cofactors and a few Krebs cycle de-
hydrogenases (Konaklieva and Plotkin, 2005). Damsin (8) demonstrated
selectivity for DU145 prostate cancer cells among solid tumor cell lines
(Aponte et al., 2010).

5.2. Antimicrobial activity

The redox Alamar Blue microplate bioassay is commonly used to
evaluate the antibacterial activity of isolated compounds. The cell
viability was evaluated via an MTT reduction assay. The anti-
mycobacterial analyzis revealed that the methanolic extracts of A. con-
fertiflora and A. ambrosioides had the most significant in vitro activities
compared with other seven medicinal plants (Robles-Zepeda et al.,
2013). The chloroform, dichloromethane, and ethyl acetate extracts of



Table 7. Oplopanes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

1α-angeloyloxyanhydrooplopanone (151)
R ¼ Ang

A. arborescens (Jakupovic et al., 1988)

1-oxo-iso-anhydrooplopanone (152) A. arborescens (Jakupovic et al., 1988)

1α-angeloyloxy-7-oxo-iso-anhydrooplopanone (153)
R ¼ Ang

A. arborescens (Jakupovic et al., 1988)

1α-cinnamoyloxy-7-oxo-iso-anhydrooplopanone (154)
R ¼ Cinn

1α-anisoyloxy-7-oxo-iso-anhydrooplopanone (155)
R ¼ p-methoxybenzoyl

1α-hydroxy-7-oxo-iso-anhydrooplopanone (156)
R ¼ H

A. arborescens (De Leo et al., 2010)

Table 8. Clovanes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

clovandiol (157) A. confertiflora (Delgado et al., 1988)

Table 9. Aromadendranes isolated from the genus Ambrosia.

Structure Name Taxa Ref.

aromadendrane-4β,10α-diol
(158)

A. peruviana (Goldsby and Burke,
1987)

(Silva et al., 1992)
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A. confertiflora exhibited antimicrobial activities with MICs of 90, 120,
and 160 μg/mL, respectively. Isabelin (86) compound isolated from
A. artemisiifolia exerted a remarkable antimicrobial activity against the
soil bacterium Paenibacillus sp. and the multidrug-resistant Staphylo-
coccus aureus (Table 10). Similarly, isabelin (86) inhibited the growth of
C. albicans in the sameMIC range (Molinaro et al., 2018), and the authors
hypothesized that its growth-inhibitory activity, which is similar to that
of cnicin, could be due to the alkylation of thiol groups of cysteine resi-
dues of the UDP-N-acetylglucosamine enolpyruvyl transferase (MurA)
associated with the biosynthesis of bacterial cell wall (Bachelier et al.,
2006).

Reynosin (144) and santamarine (145) compounds isolated from
A. confertiflora had potent inhibitory activity against Mycobacterium
tuberculosis strains. The MBC and MIC values indicated that reynosin
(144) was the most active compound against the H37Rv, 366-2009, and
104-2010 M. tuberculosis strains (Table 10). Santamarine (145), reyno-
sine (144), and 1,10-epoxyparthenolide (101) had low selectivity index
24
(<1) toward the L929 normal cell line, whereas santamarine (145) and
reynosin (144) were about six and four times more toxic to the normal
cell line than M. tuberculosis, respectively. As aforementioned, the anti-
mycobacterial activity of these compounds was correlated with the
presence ofα-methylene γ-lactone moiety (Picman, 1986), and their ac-
tivity could be improved by different chemical modifications (Cantrell
et al., 2001).

Badawy et al. (2014) isolated five pseudoguaianolides, including
neoambrosin (35), damsinic acid (16), damsin (8), ambrosin (20), and
hymenin (38), from the aerial parts of A.maritima, and their antibacterial
activities were tested on two plant pathogenic bacteria, Erwinia car-
otovora and Agrobacterium tumefaciens. The results indicated that neo-
ambrosin (35) was the most active, with MIC values of 90–150 mg/L,
whereas hymenin (38) was the least effective, with MIC values of 520
and 310 mg/L against A. tumefaciens and E. carotovora, respectively
(Table 10). Sesquiterpene lactones appeared to be less effective against
Gram-negative than Gram-positive bacteria. The low activity against
Gram-negative bacteria could be attributed to the presence of their outer
membrane, which prevents the diffusion of hydrophobic molecules
(Badawy et al., 2014). The study also observed the highest in vitro anti-
bacterial activity and sulfhydryl functional group reduction in neo-
ambrosin (35), damsinic acid (16), and damsin (8), relative to hymenin
(38), which showed least effectiveness. These results indicate that ses-
quiterpenes might exert their antibacterial activity by irreversibly bind-
ing to the SH of vital enzymes. The antibacterial activity of damsin (8) is
determined by its α-methylene-γ-lactone molecule; thus, it was more
effective than damsinic acid (16), in which the open lactone ring formed
a carboxyl group. The neoambrosin (35) compound with C1-C-2 double
bond was more potent than ambrosin (20) with C2-C3 double bond. The
lipophilic nature of sesquiterpenes also has an influence on their anti-
bacterial activity, for example, the presence of a hydroxyl moiety at the
C-1 position in hymenin (38) caused a less remarkable antibacterial ac-
tivity compared with ambrosin (20). Due to the high lipophilic nature of
bacterial cell walls, a moderate to high lipophilicity is crucial for anti-
bacterial activity.

The evaluation of antifungal activity using isolated compound against
two plant pathogenic fungi, Fusarium oxysporum and Botrytis cinerea, was
conducted by (Abdelgaleil et al., 2011). The study observed the highest
inhibitory activity against mycelial radial growth in neoambrosin (35)



Table 10. Antiproliferative, cytotoxic and antimicrobial activity of the genus Ambrosia.

Extract/compound Biological assay Bacterial, fungal strain/cell lines Effective concentration Taxa Ref.

MeOH extract Alamar Blue redox bioassay M. tuberculosis (H37Rv) MIC (790 μg/mL) A. ambrosioides (Robles-Zepeda et al., 2013)

MeOH extract Alamar Blue redox bioassay M. tuberculosis (H37Rv) MIC (200 μg/mL) A. confertiflora (Robles-Zepeda et al., 2013)

CHCl3 extract Alamar Blue redox bioassay M. tuberculosis (H37Rv) MIC (90 μg/mL)

CH2Cl2 extract Alamar Blue redox bioassay M. tuberculosis (H37Rv) MIC (120 μg/mL)

EtOAc extract Alamar Blue redox bioassay M. tuberculosis (H37Rv) MIC (160 μg/mL)

MeOH extract Alamar Blue redox bioassay M. tuberculosis (H37Rv) MIC (200 μg/mL)

damsin MTT assay MCF-7 (HTB-22) IC50: 3.7 μM A. arborescens (Sotillo et al., 2017)

HCC1937 (CRL-2336) IC50: 6.8 μM
MCF-10A (CRL-10317) IC50 (μM): 8.1

JIMT-1 IC50 (μM): 3.3

coronopilin MCF-7 (HTB-22) IC50 (μM): 16

HCC1937 (CRL-2336) IC50 (μM): 16

MCF-10A (CRL-10317) IC50 (μM): 15

JIMT-1

EtOH extract 3-step multi parametric phenotypic
assay

Hep3B IC50 (μg/mL): 49.6 (Carraz et al., 2015)

HepG2 IC50 (μg/mL): >50

PLC PFR 5 IC50 (μg/mL): 27.2

SNU-182 IC50 (μg/mL): >50

coronopilin MTT assay Jurkat IC50 (μM) 24 h: 16 (Cotugno et al., 2012)

IC50 (μM) 48 h: 5

U937 IC50 (μM) 24 h: 19.3

IC50 (μM) 24 h: 11

damsin cell proliferative assay Caco-2 and HeLa IC50 (μM): 7.2, 12.4 A. arborescens (Villagomez et al., 2013)

coronopilin IC50 (μM): 10.1, 18.3

psilostachyin MTT assay MCF-7 mp 53 IC50 (μM): 20 A. artemisiifolia (Sturgeon et al., 2005)

psilostachyin C MCF-7 mp 53 IC50 (μM): 10.6

psilostachyin B HCT116 p53�/� -

paulitin MCF-7 mp 53 IC50 (μM): 1.5

isopaulitin MCF-7 mp 53 IC50 (μM): 4

isabelin agar diffusion test S. aureus 533R4 CFU:1.33 � 106 CFU/
mL

A. artemisiifolia (Molinaro et al., 2018)

C. albicans BSMY 212 CFU: 1.32 � 107 CFU/
mL

reynosin MTT assay M. tuberculosis (H37Rv, 366-2009, 104-
2010)

MBC: 128 μg/mL A. confertiflora (Coronado-Aceves et al.,
2016)

M. tuberculosis H37Rv MIC (μg/mL): 64

M. tuberculosis 104-2010 MIC (μg/mL): 64 4.3.

M. tuberculosis 63-2009 MIC (μg/mL): 128 5.3.

M. tuberculosis 366-2009 MIC (μg/mL): 128 6.3.

M. tuberculosis 430-2010 MIC (μg/mL): 128 7.3.

santamarine MTT assay M. tuberculosis H37Rv MBC (μg/mL): 128 8.3.

M. tuberculosis 104-2010 MBC (μg/mL): 128

M. tuberculosis H37Rv MIC (μg/mL): 128

M. tuberculosis 366-2009 MIC (μg/mL): 218

M. tuberculosis 104-2010 MIC (μg/mL): 128

1,10-
epoxyparthenolide

MTT assay M. tuberculosis H37Rv MIC (μg/mL): 128

santamarine MTT assay L929 IC50 (μg/mL): 20.2

SI: 0.16

reynosine IC50 (μg/mL): 33.2

SI: 0.52

1,10-
epoxyparthenolide

IC50 (μg/mL): 8.7

SI: 0.07

santamarine MTT assay NSCLC (A549) IC50 (μM): 45 A. confertiflora (Wu et al., 2017)

NSCLC (NCI-H1650) IC50 (μM): 43

NL-20 IC50 (μM): 85

neoambrosin MIC assay A. tumefaciens MIC (mg/mL): 150 A. maritima (Badawy et al., 2014)

E. carotovora MIC (mg/mL): 90
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Table 10 (continued )

Extract/compound Biological assay Bacterial, fungal strain/cell lines Effective concentration Taxa Ref.

damsinic acid A. tumefaciens MIC (mg/mL): 500

E. carotovora MIC (mg/mL): 200

damsin A. tumefaciens MIC (mg/mL): 175

E. carotovora MIC (mg/mL): 160

ambrosin A. tumefaciens MIC (mg/mL): 510

E. carotovora MIC (mg/mL): 215

hymenin A. tumefaciens MIC (mg/mL): 520

E. carotovora MIC (mg/mL): 310

neoambrosin Mycelial radial growth inhibition
assay

B. cinerea EC50 (mg/L): 316.6 A. maritima (Abdelgaleil et al., 2011)

9.3. F. oxysporum EC50 (mg/L): 204.3

damsinic acid 10.3. B. cinerea EC50 (mg/L): 488

11.3. F. oxysporum EC50 (mg/L): 464.8

damsin B. cinerea EC50 (mg/L): 332.5

F. oxysporum EC50 (mg/L): 230.2

ambrosin B. cinerea EC50 (mg/L): 413.9

F. oxysporum EC50 (mg/L): 246.6

hymenin B. cinerea EC50 (mg/L): 495.3

F. oxysporum EC50 (mg/L): 444.1

neoambrosin resazurin assay CCRF-CEM IC50 (μM): 4.5 A. maritima (Saeed et al., 2015)

MDA-MB-231- pcDNA3 IC50 (μM): 29.9

HEK293 IC50 (μM): 4.5

HCT116 p53þ/þ IC50 (μM): 26.5

U87MG IC50 (μM): 132.2

CEM/ADR5000 IC50 (μM): 4.8

MDA-MB-231-BCRP IC50 (μM): 43.3

HEK293/ABCB5 IC50 (μM): 4.8

HCT116 P53�/� IC50 (μM): 39.4

U87ΔEGFR IC50 (μM): 24.1

damsin resazurin assay CCRF-CEM IC50 (μM): 4.8

MDA-MB-231- pcDNA3 IC50 (μM): 33.8

HEK293 IC50 (μM): 4.5

HCT116 P53þ/þ IC50 (μM): 32.5

U87MG IC50 (μM): 154.4

CEM/ADR5000 IC50 (μM): 4.7

MDA-MB-231-BCRP IC50 (μM): 46.4

HEK293/ABCB5 IC50 (μM): 4.6

HCT116 P53�/� IC50 (μM): 133.6

U87ΔEGFR IC50 (μM): 24.1

damsin cytotoxicity assay 3T3 GI (μM): 11.2 A. peruviana (Aponte et al., 2010)

H460 GI (μM): 15.7

DU145 GI (μM): 7.6

MCF-7 GI (μM): 12

M-14 GI (μM): 10.8

HT-29 GI (μM): 14

K562 GI (μM): 14

VERO GI (μM): 11.2

U937 GI50 (μM): 8.1

DU145 GI50 (μM): 10.3

LNCaP GI50 (μM): 21.3

HCT116 GI50 (μM): 11.7

A549 GI50 (μM): 23.4

HeLa GI50 (μM): 16.1

confertin cytotoxicity assay 3T3 GI50 (μM): 6.4

H460 GI50 (μM): 7.2

DU145 GI50 (μM): 5.6

MCF-7 GI50 (μM): 11.2

M-14 GI50 (μM): 9.2

HT-29 GI50 (μM): 7.6
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Extract/compound Biological assay Bacterial, fungal strain/cell lines Effective concentration Taxa Ref.

K562 GI50 (μM): 6.8

VERO GI50 (μM): 6

U937 GI50 (μM): 3.6

DU145 GI50 (μM): 7.2

LCCaP GI50 (μM): 8.1

HCT116 GI50 (μM): 5.8

A549 GI50 (μM): 9.1

HeLa GI50 (μM): 17.1

cumanin sulforhodamine B (SRB) assay A549 GI50 (μM): 19 A. tenuifolia (Beer et al., 2019)

HBL100 GI50 (μM): 21

HeLa GI50 (μM): 19

SW1573 GI50 (μM): 14

T47-D GI50 (μM): 30

WiDr GI50 (μM): 36

A549 CC50 (μM): 1.5

HBL100 CC50 (μM): 1.4

HeLa CC50 (μM): 1.5

SW1573 CC50 (μM): 2.1

T47-D CC50 (μM): 1

WiDr CC50 (μM): 0.8
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and damsin (8), whereas damsinic acid (16) and hymenin (38) were less
effective. In addition, the spore germination in both fungi was signifi-
cantly decreased by exposure to compounds tested at 50–200 mg/L, with
a general trend showing greater inhibitory effect on spore germination
than on mycelial growth. Neoambrosin (35), damsin (8), and ambrosin
(20) harboring the α-methylene-γ-lactone were more active than dam-
sinic acid (16), in which the open lactone ring formed a carboxyl group.
Conversely, the introduction of hydroxyl group at the C-1 position in
hymenin (38) decreased its antifungal activity relative to ambrosin (20).
Notably, the least polar compounds exhibited the greatest activity. The
relatively low polarity of neoambrosin (35), damsin (8), and ambrosin
(20) is countered by the optimum lipophilicity for entering the fungal cell
wall (Barrero et al., 2000).

5.3. Anti-inflammatory activity

Antiphlogistic activities were evaluated using the effects of sesqui-
terpenes on cytokine production, NF-κB activity, and in vivo experiments.
For anti-inflammatory activity assays, the cell morphology was investi-
gated via phase-contrast microscopy. The coronopilin (11) and damsin
(8) compounds isolated from A. arborescens reduced the NF-κB phos-
phorylation in human cell lines (Svensson et al., 2018). Both coronopilin
(11) and damsin (8) downregulated pro-inflammatory cytokine produc-
tion in HDFa cells and prevented the LPS-induced MCP-1 expression
more potently than dexamethasone. Damsin (8) also interacted with the
NF-κB signaling steps causing a reduction in the levels of phosphorylated
NF-κB p65 and p105 subunits and upregulating IκBα. Meanwhile, coro-
nopilin (11) reduced LPS-stimulated cytokine expression without
affecting the IκBα expression or the phosphorylated NF-κB subunit,
suggesting that other mechanisms might be involved in its activity to
downregulate cytokine expression. The study also hypothesized that
most SLs with anti-inflammatory effects act as Michael acceptors owing
to their α-methylene-γ-lactone functionalities. These compounds might
interact and inactivate certain thiol-containing proteins, with NF-κB as
the main target along with other pro-inflammatory transcription factors
(Orofino Kreuger et al., 2012). However, Chib et al. synthesized psilos-
tachyin analogues, and their anti-inflammatory potential has been eval-
uated. Interestingly, their results indicated that compounds without
α-methylene moiety exhibited better anti-inflammatory potential against
the in vitro expression of TNF-α, IL-1β, and IL-6 in murine neutrophils
compared with naturally occurring sesquiterpenes, which harbor the
27
α-methylene-γ-lactone group (Chib et al., 2011). Moreover, the
semi-synthesized derivatives had significantly improved
anti-inflammatory activity compared with the parent molecules, for
example, a dipolar cycloaddition on exocyclic double bond and its
migration during catalytic hydrogenation increased the activity of the
derivative molecules. The study argued that the presence of α-methyl-
ene-γ-lactone moiety is not essential for the TNF-α activity or the inac-
tivation of other pro-inflammatory transcription factors in the tested
compounds.

The alcoholic extracts of A. artemisiifolia leaves have been investi-
gated for anti-inflammatory activity using several experimental models,
including carrageenan-induced edema, cotton pellet granuloma, croton
oil ear edema, and formaldehyde-induced arthritis (P�erez, 1996). The
results were compared with those of phenylbutazone and betametha-
sone, which are standard anti-inflammatory drugs. The alcoholic extract
exhibited significant inhibitory effects on acute edema induced by croton
oil or carrageenan in mice and rats at doses of 50, 100, 150 mg/kg. The
A. artemisiifolia extracts had marked activity in both granuloma croton oil
model and cotton pellet granuloma model for subacute arthritis, and the
extract activities were more comparable with those of phenylbutazone
and betamethasone. The study also observed that alcoholic extract could
inhibit formaldehyde-induced arthritis (52.04%) in the early stage. The
extracts effectively reduced both swelling of paw injected with phlogistic
agents in acute inflammatory process and inflammatory exudate forma-
tion in croton oil granuloma in rats. Notably, the topical application of
alcoholic extracts produced more active effects than when used orally in
the cotton pellet granuloma model.

5.4. Larvicidal activity

The larvicidal activity of plant extracts was determined according to
the protocols proposed by the WHO. Aedes aegypti is an African mos-
quito species responsible for the spread of several vector-borne diseases,
such as dengue, Chikungunya, and Zika. There are no effective vaccines
or drugs available for the prevention or treatment of these diseases;
thus, controlling the population of A. aegypti remains the primary goal.
Due to climate change and population growth, the distribution area of
this mosquito species is increasing in the subtropical and tropical re-
gions of the world. The constant and, in some cases, indiscriminate use
of pesticides has caused the emergence of resistant A. aegypti and other
adverse nontargeted effects. In vitro studies demonstrated that
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A. arborescens contains water-soluble larvicidal compounds against
A. aegypti larvae, which can be augmented when administered in
combination with silver nanoparticles (Morej�on et al., 2018). The
aqueous extract of A. arborescens has an LC50 value of 1,844.61 ppm;
however, an LC50 value of 0.28 ppm was obtained when the same
extract was used to synthesize AgNPs, thus representing an exponential
potentiation of the lethal effect (Arjunan et al., 2012; Subramaniam
et al., 2015). Geerts et al. (1994) evaluated the effects of Ambrosia
maritima extract on A. aegypti and Anopheles stephensi (Geerts et al.,
1994). The dry leaf extracts were applied on the water surface at a
concentration of up to 2,000 mg/L, but only a negligible A. stephensi
larvae mortality of 38% was observed.

5.5. Molluscicidal activity

Schistosomiasis is still one of the most widespread tropical diseases in
Africa, South America, and southeast Asia. Controlling snail population is
one of the most essential elements of the integrated approach to pre-
venting schistosomiasis (Vos et al., 2016). A. maritima is a promising
molluscicidal plant and the only studied species from the genus Ambrosia.
The plant is used in traditional medicine both in Egypt and Senegal as a
drug against urinary schistosomiasis. The A. maritima leaves and flower
organs are generally used to prepare an infusion or a decoction, and the
plant has been demonstrated to control the snail vectors of both schis-
tosomiasis and distomatosis (Kloos et al., 1982). Several studies have
demonstrated the activity of A. maritima against Biomphalaria, Bulinus,
and Lymnaea species, with most experiments being conducted with the
dried plant tissues, especially the leaves and flowers, which exhibit
higher molluscicidal activity than the stems or roots (Shoeb and
El-Emam, 1976; El-Sawy et al., 1981).

The molluscicidal properties of A. maritima were evaluated using a
slow-release test, where molluscs were exposed to plant extract for up to
4 days followed by a 1-day recovery period (Belot et al., 1991). The
molluscicidal activity of A. maritima was assayed against the indigenous
Senegalese snails, namely, Lymnaea natalensis, Bulinus globosus, Bulinus
forskalii, and Biomphalaria pfeifferi. As a result, the observed LC50 value
for Lymnaea natalensis was 108.3 mg/L, whereas the LC50 values for
B. forskalii and B. globulus were 165.4 and 148.5 mg/L, respectively.
Contrarily, a slightly higher LC50 value of 227.4 mg/L was observed
against B. pfeifferi. Furthermore, in this study, field experiments were
conducted using dried A. maritima leaf extracts (400 mg/L) to be applied
in the creeks of the Lampsar River, and the results indicated reduced
B. globosus population by up to 54%–56% 2 weeks after treatment.
Similarly, treatment with 150–300 mg/L dried A. maritima extract in a
closed irrigation canal caused a 77% reduction in B. pfeifferi density 2
weeks after treatment. However, the population of these snail species
recovered post field trials (Belot et al., 1993).

Analysis of the molluscicidal activities of the damsin (8) and
ambrosin (20) compounds isolated from A. maritima against Bio-
mphalaria havanensis revealed no snail mortality 24 h after exposure
(Yoke Marchant et al., 1984). The study concluded that the result was
due to the very low damsin (8) and ambrosin (20) solubility in water,
rendering the compounds poor control agents of schistosomiasis snail
vectors. The effects of A. maritima ethanol extracts on the DNA and
protein contents of the digestive glands from schistosomiasis vectors
were evaluated by Abdel-Haleem (2013). The digestive glands of Bio-
mphalaria alexandrina and Bulinus truncates vectors were selected as
target organs based on the fact that these tissues are affected of the
molluscs (Bode et al., 1996). Analysis of the two treated snails with
SDS-PAGE revealed a reduction in the band profiles of targeted protein
from nine to eight and five, following exposure to A. maritima. An in-
crease in the DNA concentration in the treated and infected animals was
observed partly due to the S. mansoni and S. haematobium infection. In
addition, treatment with ethanolic A. maritima extracts enhanced
mollusc DNA replication to synthesize mutant genes in the lymphocytes
of the immune system.
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5.6. Schistosomicidal activity

A. maritima is one of the most promising molluscicidal plants in the
Ambrosia genus (Geerts et al., 1991). It has no toxic effects on aquatic and
other non-target organisms, making it an ideal treatment agent for slack
water bodies (Alard et al., 1991). Other than its molluscicidal activity, A.
maritima is a popular traditional medicine used in urinary schistosomiasis
treatment among at least 40% of the northern Egyptian population (Kloos
et al., 1982). The schistomicidal activity of ethanolic extracts from dried
A. maritima leaves was studied in two mice groups infected with
S. mansoni, with one group receiving a single dose of 15 g leaves/kg body
weight while the other group receiving a similar dose for 5 consecutive
days (Abadome et al., 1994). The schistosomicidal activity, determined
based on the worm burden, motility of worms, number of eggs in the
intestinal wall and liver, and oogram of the plant extract was evaluated 1
week after treatment. A single dose did not have any effect; however, the
ratio of immature eggs in the intestinal wall decreased compared with
that of the control group inmice group treated with five doses, suggesting
a degree of plant extract inhibitory activity. On the other hand, this
observation was compensated for by an increase in the number of eggs in
the liver of this group of mice due to the hepatic shift of the parasites. A
similar phenomenon after treatment with several substances containing
schistosomicidal activity was also confirmed by Delgado et al. (1992).
The dislocation of schistosomes is often a reversible phenomenon that
occurs after administration of a drug at a very low dose or for a short
period (Popiel and Erasmus, 1984; Jordan and Webbe, 1982). In this
case, A. maritima extract was used at a high dose of 15 g leaves/kg for 5
consecutive days; however, even at a high dosage, oral administration of
the plant extract only had negligible effect on adult S. mansoni.

5.7. Antiprotozoal activity

The antiprotozoal activity has only been investigated in A. scabra and
A. tenuifolia from the genus Ambrosia. To determine the IC50 of isolated
compounds, the parasite number was counted using a Neubauer cham-
ber, and their viability was measured using the trypan blue exclusion
method. Trypanosoma cruzi, which is responsible for trypanosomiasis, is
restricted to Latin America, where it endangers 25–90 million people
(Díaz-Chiguer et al., 2012). In contrast, leishmaniasis, which is trans-
mitted by the monoflagellate Leishmania species, is a widely occurring
disease (Barrera et al., 2013). Both trypanosomiasis and leishmaniasis
are widespread neglected protozoal diseases that mostly affect poor and
marginalized populations in Latin America and some African and Asian
regions. There are no modern drugs for the treatment of these diseases,
and the available therapeutic options, such as nifurtimox and benzni-
dazole for trypanosomiasis and pentavalent antimony derivatives, pent-
amidine, and amphotericin B for leishmaniasis, have unfavorable side
effects (Soeiro and de Castro, 2009). However, some Leishmania species
have already developed resistance to pentavalent antimony drugs, thus
requiring the use of paromomycin or allopurinol drugs, which have
serious toxicity and teratogenicity drawbacks (Mishra et al., 2007).
Moreover, trypanosomiasis and leishmaniasis might appear as
co-infections (Chiaramonte et al., 1999; Frank et al., 2003; Mendes et al.,
2007). The discovery of antimalarial drugs, such as sesquiterpene lactone
artemisinin isolated from Artemisia annua and quinine, has been a major
breakthrough in the field of parasitic disease treatment, thus prompting
investigation of similar natural compounds. The discovery of the two
antimalarial drugs, which are currently being used, has subserved the
evaluation of other medicinal plant in the search for new antiprotozoal
agents with potential activities against drug- and multidrug-resistant
strains of T. cruzi and Leishmania species.

To discover new trypanocidal lead compounds, dichloromethane-
methanolic (1:1) extracts of plants used in folk medicine were tested
for antiparasitic effects (Sülsen et al., 2006). In this study, the trypano-
cidal activity was assayed on T. cruzi epimastigotes, and the results
indicated that A. scabra and A. tenuifolia extracts had >70% trypanocidal
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activity at 100 μg/mL concentration, suggesting that the two extracts
were effective and promising sources of lead compounds for the devel-
opment of trypanosomiasis treatment drugs. Bioassay-guided fraction-
ation of A. tenuifolia extract led to the isolation of pseudogauiane peruvin
(18) and seco-pseudoguaiane psilostachyin (63) (Sülsen et al., 2008).
Both compounds were tested via in vitro assay on the epimastigote and
trypomastigote developmental stages of T. cruzi. The IC50 values of both
compounds were similar for the noninfective form of T. cruzi, with psi-
lostachyin (63) and peruvin (18) displaying IC50 values of 1.22 and 1.65
μg/mL, respectively, after 72 h. Psilostachyin (63) was more active on the
trypomastigote forms than the epimastigote stage, with IC50 values of
0.76 and 52.8 μg/mL, respectively. The in vitro leishmanicidal activity of
psilostachyin (63) and peruvin (18) was also tested on Leishmania mex-
icana promastigotes (MNYC/BZ/62/M strain), and IC50 values of 0.12
and 0.39 μg/mL were obtained, respectively. In addition, the cytotoxicity
of these compounds was assessed on mammalian murine T lymphocyte
cells, and the 50% cytotoxic concentrations of 25.7 and 35.0 μg/mL were
observed for psilostachyin (63) and peruvin (18), respectively. The
calculated selectivity index for psilostachyin (63) was 33.8 on the try-
pomastigotes of T. cruzi, indicating good selectivity, whereas peruvin
(18) was not selective (SI: 0.7). The in vivo evaluation of trypanocidal
activity in C3H/HeN mice infected with T. cruzi trypomastigotes showed
100% mice survival from acute infection and low parasitemia in those
treated with psilostachyin (63) for 5 days relative to the control group.

The antiproliferative effect of psilostachyin (63) obtained from A.
tenuifolia was tested on the Tulahuen strain, which is a noninfective form
of T. cruzi (Sülsen et al., 2010). Psilostachyin (63) inhibited parasitic
growth dose-dependently with an IC50 value of 0.3 μg/mL (1.1 μM), and
this effect was irreversible with an IC50 value above 1.0 μg/mL. A trypan
blue exclusion method was employed to evaluate parasite viability, and
high mortality, which represents the cytotoxic or cytostatic activity of
psilostachyin (63), was observed on the second day after its addition to
the culture (2.5 μg/mL). The cytotoxicity of psilostachyin (63) was also
assessed on T-lymphocytes from BALB/c mice using the trypan blue dye
exclusion method, and a CC50 value of 3.0 μg/mL was observed after 72
h. A selectivity index of 10 was observed for psilostachyin (63), which
indicated its more pronounced toxicity on parasites than mammalian
cells. In the presence of GHS, the effects of psilostachyin (63) on T. cruzi
epimastigotes was partially blocked, suggesting that the α-methyl-
ene-γ-lactone functionality is not exclusively responsible for its activity.
Psilostachyin (63) caused a dose-dependent (0.5–2.5 μg/mL) cytoplasmic
vacuolization in T. cruzi epimastigotes after 24-h treatment and induced
malformations in the kinetoplast.

The bioassay-guided fractionation of A. tenuifolia extract resulted in
the isolation of peruvin (18) and psilostachyin (63) SLs (Sülsen et al.,
2011). The in vitro evaluation of the antiplasmodial activity of these SLs
against chloroquine-sensitive (F32) and chloroquine-resistant (W2)
Plasmodium falciparum strains revealed their positive activities on both
parasite strains, with a higher activity on the F32 strain. Peruvin (18) was
the most active SL with an IC50 value of 1.1 μM, whereas psilostachyin
(63) exhibited activity on both the F32 andW2 strains with IC50 values of
2.1 and 6.4 μM, respectively. In addition, the cytotoxicity assay of psi-
lostachyin (63) and peruvin (18) on lymphoid T-cells revealed CC50
values of 24.3 and 37.9 μM, respectively, after 48 h.

The thymidine uptake assay was employed to evaluate the in vitro
antiprotozoal activity of psilostachyin C (62) against L. mexicana pro-
mastigotes (MNYC/BZ/62/M strain), T. cruzi epimastigotes (RA strain),
and Leishmania amazonensis promastigotes (IFLA/BR67/PH8 strain)
(Sülsen et al., 2007). The results indicated that protozoan growth was
inhibited by 86.7% and 81.2% after 72- and 120-h exposure to 10 μg/mL
concentration, respectively. The IC50 values of 0.6 and 0.8 μg/mL were
obtained for psilostachyin C (62) activity against epimastigotes after 72
and 120 h of incubation, respectively, whereas its activity on trypo-
mastigotes was less remarkable, revealing an IC50 value of 3.5 μg/mL.
Long-term psilostachyin C (62) treatment for over 24 h with 2.5 μg/mL
decreased the rate of DNA replication, whereas treatment for 72 h
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achieved IC50 values of 1.5 and 1.2 μg/mL for L. amazonensis and
L. mexicana, respectively. In addition, more epimastigotes were observed
when T. cruzi was incubated with GHS and psilostachyin C (62) than
when treated only with psilostachyin C (62).). The α-methylene-γ-lactone
moiety is highly reactive with thiol groups, which reduces their toxicity
(Schmidt et al., 2009).

An in vitro cytotoxicity test on mammalian cells using the MTT
method to assess the specificity of the trypanocidal activity indicated that
the psilostachyin C (62)-treated peritoneal macrophages had CC50 values
of 100 and 87.5 μg/mL at 3 and 48 h, respectively. The calculated
selectivity indices of psilostachyin C (62) were 25.0 and 97.2 for T. cruzi
trypomastigotes and amastigotes, respectively, which suggested that the
selectivity of psilostachyin C (62) for parasites is greater than that for
mammalian cells. An in vivo assay using groups of five female C3H/HeN
mice infected with bloodstream T. cruzi trypomastigotes revealed that
animals treated with psilostachyin C (62) had a lower level of circulating
parasites and a 20% survival rate 20 days after treatment. In contrast,
untreated mice infected with T. cruzi exhibited a high level of parasitemia
and 100% mortality 20 days after infection. Transmission electron mi-
croscopy images revealed alterations in the ultrastructure of T. cruzi
epimastigotes treated with 2.5 μg/mL psilostachyin C (62) for 24 h,
including vacuolized cytoplasm, multilamellar structures, and abnormal
presence of multiple kinetoplasts and flagella. In addition, studies con-
ducted by Izumi et al. (2008) and Sülsen et al. (2010) observed that
psilostachyin C (62) did not cause mitochondrial swelling, whereas
swelling occurred when it was used with other compounds that block
parasite metabolism, indicating that psilostachyin C (62) might acts by
other mechanisms.

Both the in vitro and in vivo assays of A. tenuifolia psilostachyin (63)
activities on the acute model of T. cruzi (Y strain) revealed low trypa-
nocidal EC50 activity of 33 μg/mL after 24 h against bloodstream try-
pomastigotes (da Silva et al., 2013). The in vivo assay to explore the acute
toxicity of psilostachyin (63) on Swiss female mice treated with 25–400
mg/kg of the compound revealed no adverse effects 45 h after treatment.
In addition, the in vivo efficacy analyzis of psilostachyin C (62) in
different T. cruzi acute infection models (Y and Colombiana strains)
revealed that the compound decreased the parasitemia levels by about
40% and 70% at 0.5 and 50 mg/kg doses, respectively, but with no
change in animal mortality.

Barrera et al. (2013) evaluated the effects of psilostachyin (63) and
psilostachyin C (62) isolated from A. tenuifolia and A. scabra on the
ameliorating mechanism of L. mexicana subsp. mexicana promastigotes
against oxidative stress. The antiproliferative activity of psilostachyin
(63) and, to a lesser extent, psilostachyin C (62) was blocked by 1.5 mM
GSH. In addition, psilostachyin (63) but not psilostachyin C (62) reduced
the concentration of endogenous GSH. On the other hand, the psilos-
tachyin (63)-treated L. mexicana subsp. mexicana promastigotes exhibi-
ted a significant increase in ROS generation. The generation of free
radicals in Leishmania promastigotes by the psilostachyin compounds is
potentially harmful to the trypanosomatids. Chawla and Madhubala
(2010) concluded that SLs could inhibit the activity of key enzymes that
are vital against oxidative stress by reacting with sulfhydryl groups via
the Michael-type addition.

The determination of psilostachyin (63) and psilostachyin C (62)
affinity to hemin using the hemin binding assay revealed their remark-
able interaction with hemin, with higher affinity being observed for
psilostachyin C (62) than for psilostachyin (63) under non-reducing
conditions (Sülsen et al., 2016). Contrarily, the affinity of psilostachyin
(63) to hemin increased, whereas that of psilostachyin C (62) decreased
under reducing conditions. In the T. cruzi growth inhibition assay, psi-
lostachyin C (62) was the most active in the absence of hemin, whereas in
the presence of hemin, psilostachyin (63) was characterized by a low IC50
value of 10 μM. The addition of psilostachyin (63) and psilostachyin C
(62) to the culture medium induced inhibitory effects of 87% and 72%,
respectively; the compounds were shown to have the binding ability to
protoporphyrin IX-Fe(III) (hemin) and protoporphyrin IX-Fe(II) (heme).
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The inhibition of hemin metabolism in parasitic vectors leads to oxida-
tive stress. Notably, Sülsen et al. (2016) showed that psilostachyin C (62)
had higher affinity for hemin than psilostachyin (63) (Sülsen et al.,
2016). Subsequently, T. cruzi epimastigotes treated with 35 μM of both
compounds were used to evaluate the induced intracellular oxidative
stress via flow cytometry. As a result, a 4.5-fold increase in the fluores-
cence of H2DCFDA-loaded epimastigotes was observed after 4 h of
treatment with psilostachyin (63), whereas little change was observed in
treatments with psilostachyin C (62) after 4 and 8 h. In addition, the TryR
and CP enzymes were obtained from the cell-free extract of T. cruzi epi-
mastigotes. TryR and CP are only present in trypanosomatids but absent
in mammalian cells. The former is a trypanosomatid-specific oxidore-
ductase, whereas the latter is a cysteine protease relevant for parasite
metabolism (Duschak and Couto, 2009). Both enzymes could be
considered as potential targets for drug design. However, psilostachyin
(63) and psilostachyin C (62) could not inhibit TryR and CP at concen-
trations of 10, 20, and 50 μM (Sülsen et al., 2016).

The biosynthesis of ergosterol is essential for the growth and devel-
opment of T. cruzi. The squalene/ergosterol ratio of 8.5 was observed in
psilostachyin C (62) treated epimastigotes representing a 4-fold increase
than that of untreated control. In contrast, the squalene/ergosterol ratio
in positive-control treatments of terbinafine-treated parasites at a con-
centration of 50 μM was 4.10. The differences in the lipid profiles of
psilostachyin (63)- and psilostachyin C (62)-treated T. cruzi suggest that
psilostachyin C (62) probably inhibited the squalene epoxidase activity;
thus, the biosynthesis of ergosterol could be a target for this compound.
The antiprotozoal activities of psilostachyin (63) and psilostachyin C
(62) were evaluated in T. cruzi after treatment with 35 μM for 8, 24, and
48 h, followed by the detection of apoptotic cells by annexin-V FITC/PI
staining. The results indicated that apoptosis increased in both SLs in a
time-dependent manner, and the ratios of early apoptotic cells were 42%
and 38% in psilostachyin (63) and psilostachyin C (62), respectively,
after 48 h of treatment. Similarly, the ratio of late apoptotic cells also
increased, reaching 10.7% and 9.0% in psilostachyin (63) and psilos-
tachyin C (62), respectively. Nuclear fragmentation was observed in
82.9% (psilostachyin C (62)) and 72.2% (psilostachyin (63)) of parasites
treated with 350 μM solutions. The combined effects of both psilos-
tachyin (63) and psilostachyin C (62) were investigated in drug inter-
action experiments, and a FICI of 1.11 was observed. These findings
indicated an additive trypanocidal effect, suggesting that these molecules
exert their antiparasitic activity through different targets (Sülsen et al.,
2016).

5.8. Other activities

A previous study investigated plant sensitizing capacity using diethyl
ether extracts from 20 Asteraceae species in female albino guinea pigs of
the Pirbright White strain (Zeller et al., 1984). For each extract, 10 ani-
mals were used. In the open epicutaneous test (OET), 0.05 mL of 10%
diluted acetone extract was applied daily to a 2 cm2 test area of the
clipped and shaved flank of each animal. The MR of 10% concentrations
obtained from the average of 24-, 48-, and 72-h readings were calculated
using the following formula: MR ¼ sum of reactions/number of animals.
As a result, the extracts from A. trifida produced medium sensitization
mean responses of 11.2, 1.05, and 0.85 at 24, 48, and 72 h, respectively,
whereas the extracts from A. ambrosioides produced weak sensitization
mean responses of 0.1, 0.15, and 0.05 at 24, 48, and 72 h, respectively.
The MR values were classified as described by Magnusson and Kligman
(1971), where 0–1, 1–2, and >2 represent weak, medium strong, and
strong responses, respectively.

Allergic reaction from contact with the common ragweed was tested
in sesquiterpene lactone-sensitive patients in southern Sweden using
samples harvested in the summer and autumn in Arkansas, USA, and
Sweden (Moller et al., 2002). A previous patch testing conducted on 17
30
patients revealed positive results of sesquiterpene lactone mix. The plant
extracts were assayed in 10-fold serial dilutions (1.0%–0.0001%) and
applied on the back of participants using Finn Chambers on Scanpor tape
and then removed after 48 h. All the 17 patients had pompholyx hand
eczema (vesicular palmar eczema) before the study. As a result, a flare-up
reaction characterized by increased itching sensation and new pom-
pholyx vesicles was observed in five patients. Subsequently, new patch
testing with the sesquiterpene lactone mix was positive in all cases.
Positive results were obtained for 14, 15, and 8 patients treated with
Swedish summer extract, Swedish autumn extract, and American extract,
respectively. The difference in the response rates was attributed to the
different extraction methods as the American samples were extracted
using diethyl ether, whereas acetone/diethyl ether was used for Swedish
samples.

An in vivo experiment was used to determine the protective potential
of a 50% aqueous-methanolic A. maritima extract on acetaminophen-
induced liver damage in two groups of rats pretreated with 100- and
200-mg/kg doses (Ahmed and Khater, 2001). The
acetaminophen-treated rats exhibited significant hepatocellular damage,
which was confirmed by a 12-, 13-, and 16-fold increase in the levels of
ALT, AST, and ALP, respectively. In contrast, the elevated levels of these
enzymes were decreased after pretreatment with A. maritima extracts.
Notably, acetaminophen also caused an increase in hepatic MDA con-
centration, which was consequently decreased to normal levels after
treatment with A. maritima extracts. The pretreatment of rats with
A. maritima extracts caused 89% and 124% elevation in hepatic GSH
levels.

The acute and subchronic toxicity of aqueous A. maritima extract as
well as that of ambrosin (20) was evaluated on AlbinoWistar rats and the
mutagenic activity tested on Salmonella typhimurium strains TA97, TA98,
TA100, TA1538, and TA1535 (Alard et al., 1991). Acute toxicity assay
was conducted with 5–5.6 g/kg A. maritima powder, whereas subchronic
toxicity test in rats was conducted with doses of 3,125, 12,500, and 50,
000 ppm of leaf powder. As a result, the weight gains in the control and
treated animals showed no significant difference. Similarly, no adverse
effects were observed, and no macroscopic lesions were found in animal
organs. In addition, no differences in urine, serum chemistry, and he-
matological values were observed between the two groups. Contrarily,
slight toxicity of ambrosin (20) to Salmonella typhimurium at a concen-
tration of 1000 μg/plate was detected; however, its concentration of up
to 1000 μg/plate was not mutagenic on the TA98 and TA100 strains.
Metabolic activation did not alter the mutagenic potential of ambrosin
(20), and no mutagenicity was observed when the strains TA1538,
TA100, TA97, TA98, and TA1535 were treated with A. maritima water
extracts with or without metabolic activation.

In an experiment on dissociated jugular or nodose neurons, parthenin
(40) and coronopilin (11) increased [Ca2þ]I in 37% (n ¼ 372) and 32%
(n ¼ 207) of cinnamaldehyde-responsive (CAþ) neurons and in 6% (n ¼
311) and 7% (n ¼ 197) of cinnamaldehyde-unresponsive (CA�) neurons
(Bo�zi�cevi�c et al., 2017). Coronopilin (11) and parthenin (40) mixed in
the ratio of 7:3 induced relaxation of murine tracheal ring samples iso-
lated from C57BL/6 mice strain. The methacholine-constricted tracheal
rings treated with the coronopilin/parthenin mixture exhibited signifi-
cant relaxation, likely due to the activation of bitter receptors (T2Rs) via
the Ca2þ-mediated activation of the large-conductance Ca2þ-dependent
Kþ channel (BKCa), and subsequent hyperpolarization and smoothmuscle
relaxation (Devillier et al., 2015).

A study on the determination of in vitro bioactivity of cumanin (17)
isolated from aerial parts of A. psilostachya revealed a dose-dependent
inhibition of nitrite production in a NO production assay, with an IC50
value of 9.38 μM (Lastra et al., 2004). The MTT assay corroborated that
macrophages treated with cumanin (17) retained their cellular viability
with all the tested doses, which suggested that the influence on nitrite
production was not a result of cytotoxicity.
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6. Conclusions and future prospects

In the present review, we summarize the phytochemistry and bio-
logical activities of sesquiterpenes isolated from the genus Ambrosia. A
total of 158 different sesquiterpenes, including guaiane, pseudo-
guaiane, seco-pseudoguaiane, daucane, germacrane, eudesmane,
oplopane, clavane, and aromadendrane-type secondary metabolites,
have been isolated from 23 species since 1950. Among these, pseudo-
guaianes are the most characteristic and abundant subclass of terpe-
noids, representing 57 compounds, whereas eudesmanes are the most
diverse group that contains several types of compound derivatives. In
contrast, clovane and the aromadendrane-type sesquiterpenes are rare
in the genus, both represented by a single compound detected in two
different species. Similarly, only a few dimeric and glycosylated de-
rivatives have so far been identified from the genus Ambrosia. Most
sesquiterpene compounds were isolated from the aerial parts of plants,
which corroborates the observation that the key enzymes of the
sesquiterpene biosynthesis are localized in the smooth endoplasmic
reticulum of secretory cells of capitate glandular trichomes located on
the leaf surface (Champagne and Boutry, 2016; Padilla-Gonzalez et al.,
2016). Few or no phytochemical investigations on sesquiterpene con-
tent have been conducted on root samples. Most of the phytochemical
analyses have been widely conducted on A. artemisiifolia and
A. psilostachya species, and a high number of compounds as well as
nearly all representative sesquiterpene carbon skeleton families have
been isolated from these plants.

The current pharmacological experiments with Ambrosia sesquiter-
penes encompass the assessment of their antiproliferative, cytotoxic,
antimicrobial, anti-inflammatory, larvicidal, molluscicidal, schistomici-
dal, and antiprotozoal activities. An investigation of Ambrosia SLs is very
promising owing to their antiproliferative and cytotoxic activities.
Numerous studies have reported that the cytotoxic effects of these
compounds can be associated with the presence of a C-11/C-13 exocyclic
double bond conjugated to the γ-lactone ring, which can be enhanced by
the presence of other functional groups, such as epoxide, hydroxyl, un-
saturated ketone, or O-acyl. Moreover, Ambrosia SLs are effective against
T. cruzi, S. mansoni, P. falciparum, and L. amazonensis and can therefore be
used as model compounds in the drug development against tropical
parasitic diseases. A. maritima is considered as one of the most effective
molluscicidal and schistomicidal plants and the only studied species from
the genus Ambrosia.

The centers of diversity and origin of the Ambrosia genus are the
northwestern Mexico and the Sonoran Desert. However, only a few
species were used by native Americans for medicinal purposes,
whereas the genus is not part of the folk medicine in Europe. Although
the Ambrosia SLs and their antiproliferative effects have been widely
examined on several tumor cell lines, only half of the species have
been studied phytochemically and pharmacologically. Other bio-
activities, such as antiprotozoal and anti-inflammatory effects, might
also be promising. Future studies should focus on the extensive
phytochemical discovery in the genus, and pharmacological analyzes
should be accompanied by the elucidation of mechanisms of action
and determination of the relationships between the structures and
their activities.
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