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1 Introduction

The marine environment represents an untapped reservoir of bioresources that play
an increasing role in the wellbeing of our societies as stated in the emerging field of
Blue Growth [1]. Several maritime countries have identified the potential of marine
bioresources for the development of their societies. Together with the exploration
of our oceans, the most lucrative application was soon identified as drug discovery
and the term “marine pharmacology” was used in the late 1960s [2]. At around the
same time, the term “bioprospecting,” also known as “biodiversity prospecting,” was
used to describe the exploration of natural resources in the search for biomolecules
of commercial value.

The term “biodiscovery” was only defined later in the early 2000s and used specif-
ically in Australia and New Zealand, where it replaced “bioprospecting,” as this term
was often associated with biopiracy. The creation of a biodiscovery act in 2004 in
Australia, Queensland, set the scene for a broader use of this term, especially, for
marine exploration. Investigations in this area quickly extended to other maritime
countries including but not limited to South Korea, Japan, Italy, Norway, Germany,
and the United Kingdom (Scotland). Significant academic national efforts in China,
the USA, and Europe, coupled with private initiatives like Pharmamar in Spain have
contributed to the collection of marine macro- and microorganisms from several
regions around the world. The main objective was to discover new and high-value
drugs from these organisms, with a special focus on anticancer agents [3–5]. Marine
biodiscovery has focused largely onmarine invertebrates, but this has recently shifted
toward microorganisms that represent a much more diverse group, and thus opening
new avenues for biotechnology and an efficient producer of bioactive metabolites
[6].

Some lessons have been learnt from the early development of this field, and some
recent changes should prompt us to propose new directions in the field of marine
biodiscovery:

• the decreasing rate of discovery of new chemical entities among marine natural
products;

• the decreasing number of taxonomists specializing in marine organisms;
• climate change especially affecting the oceans;
• accelerated loss in biodiversity;
• increasing inequalities, especially for developing countries, which are often the

richest in terms of marine biodiversity; and
• the emergence of new pandemics in the context of public health.

In this contribution, we will detail the construction of a National Marine Biodis-
covery Laboratory in Ireland that has been developed, by considering some or all
of these changes. Key modifications have been applied to our first initiative to take
into account most of the abovementioned changes [7, 8]. First, the construction of
regional marine biomaterial repositories can mitigate some of these recent changes.
Then, the development of new technologies for the screening and dereplication of
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the biomaterials will also contribute to address some of the other issues. Finally, we
will propose some important changes that could make the term marine biodiscovery
more inclusive and central for the development of the three pillars of sustainability:
the blue economy, environmental challenges, and also social impacts.

2 Exploration of Marine Biodiversity and Establishing
Biomaterial Repositories

All key indicators point to an unequivocal global decline in biodiversity across
most terrestrial [9] and marine [10, 11] organisms. Anthropogenic activities, such
as over-population and habitat destruction, are the leading factors responsible for
this unprecedented loss of biodiversity. This is heightened further by unsustainable
resource use and climate change [12]. The overall negative trend in biodiversity
has gained momentum over the past few decades and is projected to continue in a
downward trajectory [13] in the absence of global intervention. Drastic changes in
current agricultural practices and fishing methods or ambitious conservation efforts
are urgently needed if humanity is to reverse current biodiversity trends by 2050 [9].
However, further mitigation strategies are also needed and will require innovative
solutions and synergistic efforts from industries, governments, and scientists.

Safeguarding against biodiversity loss goes beyond immediate conservation goals
and human benefit, but may also be important for tackling future climate-related
challenges [14–16]. Biodiversity consistently has represented a source of food, fertil-
izer, medicine, cosmetics, and textiles for human society. For example, traditional
medicine was integral to ancient societies and was used to treat various ailments
and disease [17, 18]. Interestingly, naturally inspired drugs remain important today
and have greatly benefitted from advances in natural product chemistry and drug
discovery, including from the marine environment [5].

Bioactive compounds originating from the ocean are opening new avenues for
the bioeconomy due to their unique structures and bioactivities. Similar to terrestrial
plants, marine macro- and especially microorganisms, have been shown to produce
highly diverse biomolecules usually absent in the terrestrial environment [19, 20].
However, despite several decades of exploration in marine biodiscovery, only a few
groups of interest are well studied, such as bacteria, fungi, sponges, tunicates, and
octocorals, and even fewer (Porifera,Chordata,Mollusca) account formarine-derived
or marine-inspired drugs available in the market today [21]. Interestingly, marine-
derived drugs have exponentially grown in the last 15 years, showing potential for
future research in this field. Although it may be possible to discover new compounds
with new applications from the same organism [22], or through the application of
new methods, exploration of novel biodiversity ecoregions or targeting non-model
organisms will more likely result in the discovery of new natural products.

Expanding chemical and biological screening efforts beyond model organisms,
however, will depend on access to a wide range of biodiversity samples that can be
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difficult, costly, and time consuming, especially for marine organisms [6]. Research
expeditions typically focus on specific groups of interest [23], and those investing in
wider sampling efforts are understandably confined to specific geographic regions.
The wealth of biodiversity samples collected during these costly research expedi-
tions are then retained in university-based or private biodiversity collections and are
only used to address specific research questions locally. Another major drawback of
one-off research expeditions is the possibility of overlooking transient or rare species
with potentially new chemical compounds. Taken together, and on considering addi-
tional limitations, such as stricter permit regulations, limited funding for exploratory
researchmissions, and a lack of research visibility, it is imperative that we rethink our
current approach for the collection, storage, and utilization of biodiversity samples
for marine biodiscovery.

2.1 Definitions and Examples

Biodiversity collections broadly encompass preserved, living, or digital biodiversity
collections and may focus on specific taxa or specific geographic regions and repre-
sent publicly accessible or private collections. Natural History Collections (NHC),
Biorepositories or Biobanks, and university-based or private collections exist within
the broad concept of biodiversity collections. Natural History Collections are prob-
ably the best-known example of a biodiversity collection and comprise preserved
collections such as those housed in herbariums and museums, and living collec-
tions such as botanical gardens, zoos, aquaria, and tissue/culture collections [24].
The recent emergence of digital repositories also adds to the broader concept of
NHCs and may be associated with physical specimens, e.g., NMNH Biorepository,
GBIF [25], and IDigBio [26], or based on observational data (e.g., INaturalist), and
may account for global inventories, e.g., GBIF, inventories for specific groups, e.g.,
AlgaeBase or The World Porifera Database or regional inventories (e.g., NIST). In
general, biodiversity collections have gained far more visibility from digitization,
reaching a much wider user base than previously imagined [15].

Historically, natural history collections, such as herbariums and museums,
primarily have housed “type specimens” and served as a record of both extant and
extinct biodiversity. However, associated specimen details have since been used to
address a broad range of biological, ecological, biogeography, and evolutionary ques-
tions [24]. It has also been used to assess changes in biodiversity patterns over time or
to detect and track invasive species [27]. Natural History Collections contain awealth
of knowledge that has more recently been disseminated through public outreach and
educational programs [28]. However, the main purpose of NHCs remains the collec-
tion and storage of biodiversity specimens. Although voucher specimens may be
available on loan, access to such specimens is usually difficult and often require non-
invasive utilization of samples, which usually are not suitably preserved for applied
research such as genomic, biotechnological/bioprospecting, or biomedical research.
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Biorepositories essentially extend the function of NHCs and are involved mainly
in the collection, processing, storage, and distribution of biospecimens or derived
biomaterials for scientific research, with a large focus on applied research. Biorepos-
itories were developed over the last few decades in response to a rising demand for
high-quality samples for “-omic” sciences [29, 30]. Although the terms “biobanks”
and “biorepositories” are often used interchangeably, it is important to note that a
biobank is a type of biorepository. Biobanks were developed with a central focus
on human-derived samples and associated information for biomedical research [31].
There are numerous different types of biobanks, each designed for a specific applica-
tion, e.g., cancer or HIV/AIDS research and generally covering a broad geographic
range. Even though the term biobank is largely reserved for human-derived samples,
it also has been adopted for plant (seed banks), animal, microbial, and environmental
collections.

More commonly, however, plant, animal (excluding humans), or microbial
biospecimens and derived biomaterials are typically held in biorepositories and may
comprise preserved (e.g., NIST) or living collections (Roscoff Culture Collection).
Biorepositories either target a broad range of taxa from a specific geographic region
(e.g., GEC BioRepository) or habitat (e.g., MarBank), or focus on a particular group
(e.g., microorganisms: Rosscoff Culture Collection). More recently, there has been
a major focus on building marine genomic biorepositories, mostly in North and
Central America to ensure the preservation of biodiversity in the face of a rapidly
changing world. Examples of these include the GEC BioRepository in Guam, the
Ocean Genome Legacy Center, the NIST Biorepository, Genomic Biorepository of
Coastal Marine Species in Estero Padre Ramos and Estero Real, Nicaragua [32], the
Smithsonian, MarBank in Norway [33], and the NEON Biorepository at Arizona
State University. In all cases, biorepositories operate at a national level and cater to
specific research needs, e.g., genomic studies. Despite the huge benefits associated
with these biorepositories, in some cases, a lack of funding and support, especially
in developing countries, has limited their continuation [31].

2.2 Access and Benefit Sharing

Biodiversity is overwhelmingly concentrated in tropical regions of the world, which
also corresponds with the locations of many developing nations. Furthermore, the
marine environment of several maritime developing nations remains relatively unex-
plored. There is of course enormous potential for marine biodiversity and biodis-
covery research in these regions, as they often host a wide range of undocumented
taxonomic diversity, and hence an untapped source of potential new natural products
[6].

All coastal countries have sovereignty and exclusive access to marine resources
within 200 nautical miles of their coastline, regions referred to as their “Exclusive



6 M. M. Reddy et al.

Economic Zone.” Access and utilization of samples, particularly in coastal devel-
oping nations, raises an ethical concern for access and benefit sharing. The “Conven-
tion on Biological Diversity” later supplemented by the “Nagoya Protocol on Access
to Genetic Resources and the Fair and Equitable Sharing of Benefits Arising from
their Utilization” were drafted to address concerns regarding the misappropriation of
marine and other genetic resources. The resultant Nagoya Protocol was implemented
in 2014 and is a legally binding agreement signed by 128 member states as of 2020.
In cases where requirements for the “United Nations Convention on the Law of the
Sea” (350 nautical miles) and the Nagoya Protocol (250 nautical miles) overlap, both
conventions come into effect.

In summary, access and benefit sharing broadly encourage fair access and utiliza-
tion of resources betweennations,with a strong focus on sharedbenefits amongdevel-
oping and developed nations. In addition to monetary benefits, non-monetary bene-
fits which may include traditional knowledge, research outputs, or building research
capacity and transferring technology within providing countries are also considered
[15]. Interestingly, Schindel and Cook [15] also discuss shared risks in addition to
shared benefits. There are two main but different aspects of the Nagoya Protocol,
which permits for (1) access and (2) utilization of samples [34]. Collection and access
to samples typically involve local partners and traditional knowledge and begin with
“Mutually Agreed Terms” negotiated between “providers” and “users.” It outlines
detailed access and benefit sharing, “Material Transfer Agreements,” and third-party
access granted for interested parties not originally involved in the mutually agreed
terms agreement. Material Transfer Agreements (MTAs) should be approached in
two phases, first, by agreement on research terms, and then, subsequent agreement
terms for commercialization.Material TransferAgreements are required before users
request a “Prior Informed Consent” which is typically granted by competent author-
ities of individual member states, for example, the Ministry of Fisheries. It is the
joint responsibility of “providers” and “users” to ensure that all necessary domestic
permits are obtained, and national regulations respected. Additionally, coastal coun-
tries need to be informed of planned marine research activities 6 months in advance.
The resultant “Prior Informed Consent” is proof that resources were obtained legally
[35]. Although not yet widely implemented, correctly performed “Prior Informed
Consent” may become a requirement for scientific publication in the future [34].
Non-compliance with access and benefit sharing may result in fines or interruption
and even cessation of research and commercialization.

2.3 Field Identification and Taxonomy

Amajor challenge in collecting, characterizing, and utilizing biodiversity samples is
the identification of specimens. Species names are tags and as such contain important
biological, ecological, and evolutionary information. The accurate identification of
specimens is therefore fundamental to subsequent research but depends on available
taxonomic information and expertise. New species are defined (species delimitation)
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based on the available information and the application of available methods or tools
[36–38], and assigned names (nomenclature) following various naming conventions.
As a result, taxa are commonly re-assigned to more appropriate groups as new infor-
mation becomes available. Species names and their classification are therefore in a
constant flux and continue to evolve, as do the species themselves.

It is important to remember that species identification and species characteriza-
tion are fundamentally different. Species are characterized based on shared traits or
similarity and identifiable by a set of diagnostic traits using different species concepts
as working hypotheses. The Morphological Species Concept, Reproductive Species
Concept, and more recently, the Evolutionary or Phylogenetic Species Concept are
among the most widely applied, each relying on different types of data and subject
to various advantages and limitations [39]. Most taxonomists today generally apply
a unified species concept. Different species concepts are still widely debated and this
has been referred to as “the species problem” by Ernest Mayr. This long-standing
debate reflects the notorious difficulty associated with certain species.

A broad spectrum of diagnostic traits is found commonly among individuals of
a single species and therefore species boundaries (species delimitation) needs to
be carefully considered. New species are discovered against this background and
are described when sufficient evidence supports their placement as distinct entities.
Although there are no rules in taxonomy, there are ruleswhen naming (nomenclature)
a species. In recent years, there has been a strong move toward integrative taxonomy,
which is intended to reduce the subjectivity often involved with species delimitation.
For this approach, multiple lines of evidence, such as morphology/anatomy, ecolog-
ical/biological, DNA, and DNA-based algorithms, commonly are used more than a
single method. More recently, metabolomics, which provides a unique metabolic
fingerprint, has also been used as an additional line of evidence in integrative
taxonomy and has been successful in identifying taxonomic ambiguities [40, 41]
and defining species [42].

Taxonomy is fundamental in terms of subsequent species identification. However,
this may be challenging for a large majority of marine organisms as they often
represent understudied groups. Species identification may be even more challenging
when blurred species boundaries, such as overlapping diagnostic traits or cryptic
taxa, are encountered. The problem of proper species identification is hampered
further when field identifications are confused with species identification. Field
names are commonly assigned to taxa based on visual inspection of the overall gross
morphology and distinctiveness. However, field identifications based onmorphology
can be misleading, and typically require further verification using microscopy or
DNA [43]. This is particularly true for sister species of structurally less complex
organisms, such as seaweeds or sponges, which superficially resemble one another.

Deoxyribonucleic acid barcodingwas developed as a fast, cost-effective, and stan-
dardized method for species identification [44]. The cytochrome oxidase subunit I is
utilized commonly as themarker of choice for barcoding, but differentDNAbarcodes
or a set of DNA barcodes may be preferred for different groups. Reliable identifica-
tion based on DNA barcoding depends on comprehensive reference libraries against
which unknown specimens are identified based on similarity [45]. Although not
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intended for this purpose, DNA barcoding has also been used for species discovery.
It is important to remember that even though DNA barcoding may expedite the iden-
tification of new species, it does not replace alpha taxonomy and taxonomic expertise
that are essential for species descriptions.

Accurate identification of taxa is fundamental to marine biodiscovery/natural
product chemistry for several reasons [6]. First, it may be informative for prioritizing
taxa for marine biodiscovery, as similar taxa are known to produce similar chemical
analogs [46]. Accurate species identification is also critical at the early stages of drug
discovery, as recollections of species may be required for further testing. Although
chemical synthesis of products may limit the need for recollections thereafter, this
procedure cannot be used routinely to synthesize complex chemical structures [47]
of alginates for example. Last, misapplied names and hidden diversity could lead to
misleading species distributions and mask potentially interesting regions for marine
biodiscovery exploration.

In addition to accurate identification of taxa, fully understanding the biology and
ecology of species is also important for marine biodiscovery and natural product
chemistry. While shared common metabolic pathways can be a more significant
predictor at higher order phylogenetic ranks, habitat or ecological diversity are
believed to evoke certain secondary metabolic pathways and account for similar
bioactivity among similar genera or species [19].

2.4 The Irish Marine Biomaterial Repository

The Irish coast extends for roughly 3,000 km, bounded by the Irish Sea to the east and
the north-east Atlantic Ocean to the west. This dynamic coastline is richly diverse
in marine life and has a long history of marine exploitation with seaweed utiliza-
tion dating back to the Middle Ages. However, the exploitation and use of marine
resources have remained largely unchanged since then, despite enormous potential
applications.

The Irish Marine Biomaterial Repository (IMBR) has been developed recently,
with the aim of bridging the gap between research, industry, and conservation. The
central tenet of the biorepository is to provide a focal point for shared bioresources.
The IMBR focuses on, but is not limited to, the collection, processing, storage,
and distribution of coastal macro-marine organisms with a main priority on the
preparation of chromatographic fractions ready to be used for biological and chemical
screening. It is organized according to a datamanagement plan centered around aweb
database that allow the recording and tracking of all the data present in the IMBR
[48]. Voucher specimens associated with subsamples for DNA, microscopy, and
biomass are prepared following best practices [31] (Fig. 1). Careful characterization
ofmorphological, genetic, and chemical profiles are generated as a baseline for future
comparison purposes.

The IMBR endeavors to provide accurate species identification from a combined
morphological and DNA approach by working with taxonomic experts, especially
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Fig. 1 The Irish Marine Biomaterial Repository (IMBR)

when cryptic taxa are encountered. Proper taxonomic identification of species may
also reveal related organisms of interest and will aid in prioritizing taxa for marine
biodiscovery. The need for accurate species identification is crucial to all research
and is particularly important for marine biodiscovery research, as a growing body of
evidence suggests that different species may produce structurally different bioactive
compounds with different applications [22]. However, as mentioned earlier, accurate
identification depends on the available taxonomic information, which is often poorly
documented for the large majority of marine organisms, particularly in understudied
regions. For this reason, voucher specimenswill remain permanently in the collection
and will be revised continually to reflect updated taxonomic changes. All specimens
will also be associated with a DNA barcode that will facilitate the process andmay be
used as a unique identifier until taxonomic research on specific groups is carried out.
This will avoid the waiting time for species to be described as new, which may take
a few decades in some cases [49]. Taxonomic changes will be made and communi-
cated with end-users of the IMBR. All available specimens and associated metadata,
including in situ and field photographs, are available online in a standardized and
open access format. Future developments such as providing access of subsamples to
interested users (researchers or the industry) for further study remain to be developed,
as does testing the viability of chromatographic fractions or extracts of organisms
for long-term storage. Although some challenges and additional future work remain,
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this pilot-scale project offers enormous opportunities for future development when
applied to different regions of the world.

2.5 Challenges and Opportunities for Biorepositories

In termsof the cost andbenefit of biorepositories, it is recognized that establishing and
maintaining a biorepositorywill require initial capital investment (facilities), capacity
(staff), and time (curation). However, investing in these costs today may yield better
returns for the future and could mean a trade-off between costly research expeditions
and maintaining redundant collections. Below, are discussed important benefits that
the authors believe marine biorepositories provide, and hence may further justify the
costs and risks associated with maintaining such biodiversity collections.

Marine biorepositories, such as the IMBR initiative, are intended to foster collab-
oration between research sectors (academia, industries) that would otherwise work
in isolation or in parallel. For academic researchers, access to a broad range of
samples may be highly beneficial for students and postdoctoral fellows working on
time-limited projects, which require extensive spatial and temporal comparisons.
As a result, it may also lead to achieving broader study aims or guide a better
study design. Furthermore, linking data (DNA, morphology, chemistry) originating
from a single specimen will promote robust and accurate results, especially consid-
ering the rampant misidentification of specimens and the misapplication of species
names. Another major benefit of marine biorepositories is extending the longevity
and value of samples beyond immediate study goals. Specimen donations from
previous projects or from private or university-based biodiversity collections are
at risk of being lost when researchers relocate or retire. These collections could
add to a growing and comprehensive knowledge base and promote easy access to
samples and wider availability of associated information if donated to open access
biorepositories.

2.5.1 Working with Natural History Collections

Biorepositories should be viewed as being auxiliary rather than a substitute for
natural history collections, as each biodiversity collection functions with different
but complementary goals. For example, long-term or baseline data from natural
history collections may be supplemented with new collections from biorepositories.
In some instances, natural history collections have recognized the changing needs of
modern-day research, including host museum-based biorepositories, e.g., the Smith-
sonian [30]. Clearly, similar efforts will benefit greatly natural history collections
at large, but these are unlikely to be achieved for many natural history collections
due to escalating challenges related to limited funding and lack of personnel. Given
the complementary functions of natural history collections and biorepositories, it is
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believed that it could be mutually beneficial for these facilities to work together for
shared funding, expertise, and facilities.

The value of natural history collections and biorepositories has received consider-
able attention recently in the light of emerging infectious diseases. Holistic sampling
is the collection of either host and parasite collections, or extended specimen details,
which are among the eminent changes needed for the next generation of biodiver-
sity collections [15]. This, complemented with a range of chromatographic fractions
ready-to-be tested against new infectious diseases, could prevent or alleviate the
damaging social and economic losses incurred by infectious diseases such as the
current COVID-19 pandemic. However, these chemical and biological libraries can
also be used to resolve other biodiversity-related issues. The impact of plastic pollu-
tion is well documented in the literature, but far fewer studies propose solutions to
this growing problem. The utilization and convenience of single-use products is so
pervasive today that changing themindset of societymay take time. However, finding
alternative natural sources to plastics, such as biopolymers, could be an effective
intermediate solution until drastic paradigm shifts in societal attitudes occur.

2.5.2 Biodiscovery and Conservation

If biodiversity is required as a source of biomolecules to cope with future challenges,
then intuitively our future initiatives should be developed with sustainability in mind.
In the short term, this could be achieved by targeting species with high biomasses and
not at risk of extinction or species amenable to aquaculture (see the species prior-
itization list below). Wild-harvested species with commercial applications should
also be coupled with monitoring and environmental impact assessments. Identifying
regions of high biodiversity and potential application could also be used to advise
in marine-protected areas for planning purposes and to encourage the integration of
such data from biodiscovery. Planning in marine-protected areas will therefore not
only consider environmental and social sustainability goals but also include economic
sustainability.

2.5.3 Addressing Social Challenges

Bioproperty and shared derived benefits from bioresources remain a major concern
today. At present, marine biodiscovery may be carried out with little to no involve-
ment by participants from the providing member states where the samples are
collected, typically in developing nations. This is understandable as the availability
of facilities and expertise are largely concentrated in the developed world. However,
more rudimentary stages of marine biodiscovery that involve less technical equip-
ment and requirements should focus on building local capacities. For example, estab-
lishing and maintaining marine biorepositories could have a strong social impact on
developing nations. This has the potential to build and support research capacity and
add value to resources. Other future directions may include developing “green” and
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sustainable extraction processes in-state using renewable and accessible resources,
thereby diversifying the use of resources rather than depending on a single resource.
It is also needed to focus on more diverse applications of the biomolecules, such
as exploring alternatives for current animal feed that is often protein fit for human
consumption, or tackling other food security issues even though this may be less
potentially profitable than drug discovery.

In a changing world, scientific research may be propelled into new and unpre-
dictable directions. As biorepositories extend the function of natural history collec-
tions, new research methods may require new preservation methods or sample
requirements. Biodiversity collections therefore need to be dynamic and able to
meet the ever-changing needs of research and development. The combination of
this approach with new tools in drug discovery described below has the potential to
address many of the new challenges of our present century.

3 New Chemical Entities from Marine Bioresources

The identification of new bioactive chemicals from marine organisms traditionally
has been conducted through the use of conventional biological screening, liquid chro-
matographic separation, and nuclear magnetic resonance (NMR) structural elucida-
tion. However, over the last two decades, the development of highly sensitive robotic
hyphenated methods has led to alternate approaches to marine natural product isola-
tion. This has increased significantly the ability to produce large libraries of extracts
and chromatographic fractions, as well as chemically and biologically screen a large
number of samples so as to focus on the directed isolation of new natural products.
Therefore, the contemporary marine biodiscovery workflow typically now includes
an initial chemical analysis and dereplication stage utilizing these modern tech-
niques. These methods are usually coupled with updated natural product databases
and calculated chemical data, so that specimens can be prioritized rapidly for the
isolation of new natural products.

These modern methods can be further utilized for the fast and semi-automated
isolation and structural elucidation of compounds. Additionally, the significant
increase in resolution and the sensitivity of traditional methods has led to a greater
ability to characterize new molecules using extremely low nanomolar quantities.
These modern procedures have had a significant impact on the field of marine natural
products research over the last 20 years, leading to a substantial increase in the number
of marine natural products reported in the scientific literature each year.

This section will cover the typical contemporary workflow employed by marine
natural product chemists, starting from the use of samples present in a marine
biorepository to the identification of a bioactive molecule, focusing mainly on new
developments. This includes chemical screening and dereplication stages, biological
screening, and the isolation and identification of natural products.
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3.1 Chemical Screening: Dereplication

With over 35,000 marine natural products isolated, it has now become standard prac-
tice in marine natural products chemistry to use high-throughput chemical screening
anddereplicationmethods to prioritize isolation fromunknownspecimens.Normally,
it is preferable to screen chemically and biologically fractionated extracts, as more
complex crude extracts may confound screening results [50]. While the use of frac-
tions can provide better screening efficiency, this greatly increases the quantity of
samples that need to be evaluated. However, more recent high-throughput technology
has allowed for the development of methods that can be used to screen thousands of
samples.

Fig. 2 The marine biodiscovery workflow from a biomaterial repository to the isolation of bioac-
tive compounds. This process includes five major steps including extraction and fractionation,
chemical screening and dereplication, biological screening, purification, and finally, structure
elucidation. This schematic highlights the most important modern methods that increase the effi-
ciency and outcomes of this process. Abbreviations: DFT (Density Functional Theory); NMR
(Nuclear Magnetic Resonance), COSY (COrrelation SpectroscopY), HSQC (Heteronuclear single
quantum coherence), HMBC (Heteronuclear Multiple Bond Correlation); HRMS (High Resolution
Mass Spectroscopy); SPE (Solid Phase Extraction); HPLC (High Performance Liquid Chromatog-
raphy); SEC (Size Exclusion Chromatography); CCC (CounterCurrent Chromatography); UHPLC
(Ultra High Performance Liquid Chromatography); MS (Mass Spectroscopy); GNPS (Global
Natural Product Social Molecular Networking); SMART (Small Molecule Accurate Recognition
Technology); DNP (Dictionary of Natural Products).
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Over the last two decades, a number of new hyphenated methods have become
highly popular for the dereplication of known natural products. The standard combi-
nation is an analytical chromatographic separation procedure coupledwith an analyt-
ical detector. These methods include high-performance liquid chromatography-MS,
high-performance liquid chromatography-evaporative light scattering detection, and
high-performance liquid chromatography-NMR spectroscopy. These results then
are compared to dedicated databases containing chemical data from known natural
products (Fig. 2).

3.1.1 Chemical Structure Databases

The process of dereplication can be defined as the identification of already known
natural products through the comparison of experimental data with pre-existing
analytical information. Therefore, over the last 20 years, publicly available databases
have been developed that contain continuously updated lists of known natural prod-
ucts as well as analytical data related to each compound. Many of these databases
are now being designed specifically for dereplication purposes to contain appropriate
search tools including structural and analytical data searches, as well as bioactivity
and taxonomy searches. The latter is extremely important in marine natural product
chemistry as the efficiency of dereplication can be improved substantially if the
taxonomy of a given marine organism is known. While a number of general chem-
ical databases are available, more recently, more specialized marine natural product
databases have been developed.

A number of common chemical and natural product databases are typically used in
marine natural products for dereplication. General chemical databases (synthetic and
natural molecules) typically used for this purpose include SciFinder [51], PubChem
[52], ChemSpider [53], ChEBI [54], ChEMBL [55], and REAXYS [56]. These
databases all contain comprehensive records of new chemical entities that can be
inspected readily using structural data and search terms. While these databases all
contain broad levels of data, the search results obtained can often be confusing due
to the number of synthetic products also included. As such, a number of databases
specific for natural products have been developed, including the “Dictionary of
Natural Products” (DNP) [57], among others [58]. The “Dictionary of Natural Prod-
ucts,” in particular, is regarded widely as the most comprehensive database of natural
products, and in addition to structural and keyword based searches, it also offers
researchers an ability to search for marine natural products based on biological
activity and taxonomy.

However, with over 300,000 reported natural products thus far, more specialized
databases are becoming ever more common in marine natural product chemistry
[59]. These databases include Antimarin, MarinLit [60], ATLAS [61], CyanoMet
[62], and StreptomeDB [62]. The latter three databases have been designed specif-
ically for microbial natural products and contain information regarding the gene
sequences of some species. However, for the last two decades, the database that
has become most popular within marine natural products chemistry is the MarinLit
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database.MarinLitwas established in the 1970s by Professors JohnBlunt andMurray
Munro to specifically record marine-derived natural products. Today, it is hosted by
the Royal Society of Chemistry and contains >35,000 compounds. This database
has become very popular among marine natural product chemists due to its unique
tailored searches. These are separated into searches for compounds (structure, NMR
chemical shift data, exactmass,molecular formula, orUV), taxonomy (phyla through
to species), prior literature, and geographic location. A comprehensive compilation
of all these data make this an important tool for modern marine natural product
dereplication methods.

3.1.2 Analytical Separation Methods

Over the last 20 years, liquid chromatography-based separation techniques have
become the most frequently used for the screening of marine extracts and fractions.
Typically, thesemethods include the use of high-performance liquid chromatography,
though this has begun to change in recent years with the introduction of the more effi-
cient ultra-high-performance liquid chromatography (UHPLC). This method utilizes
higher pressure systems (up to 1200 bar) with lower diameter, smaller particle size
columns to allow separations with rapid run times and high resolution [64]. This is
performed typically using reversed-phase columns, which are more appropriate for
dealing with the polarity of most drug-like bioactive marine natural products [65].
Currently, it is becoming common for laboratories to include in-house dereplication
databases that can also incorporate retention times of metabolites for the specific
systems used.

Other common separation methods for the isolation of marine products include
size-exclusion chromatography, countercurrent chromatography, and capillary elec-
trophoresis. These additional methods are useful typically when separating highly
polar materials due the high quantity of ocean salts in marine extracts that can hinder
chemical analysis.

3.1.3 Mass Spectrometric Screening

Undoubtedly, mass spectroscopy (MS) has become the most highly utilized detec-
tion method in marine biodiscovery over the last two decades, due to the signifi-
cant improvement in both resolution and sensitivity of modern time-of-flight spec-
trometers (ToF) and the development of newer mass spectrometers (e.g., Orbi-
trap™) [66]. Mass spectrometric data allow researchers to determine unequivocally
the molecular formula of natural products even at nanomolar concentration levels.
Furthermore, the ability to fragment metabolites through tandem mass spectroscopy
(MS/MS) with no additional time involvement has made this method of chemical
screening vastly popular. Additionally, with a wide variety of commercial ionization
methods, including ESI (Electrospray Ionization), FAB (Fast Atom Bombardment),
APCI (Atmospheric-Pressure Chemical Ionization), DESI (Desorption Electrospray
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Ionization), and MALDI (Matrix-Assisted Laser Desorption Ionization), users now
have the ability to obtain greater sensitivity for a wider range of different biological
samples. Ionization methods such as DESI and MALDI allow the direct MS detec-
tion on solid samples of marine organisms without the need for extraction and other
preparation processes [67, 68].

Mass spectrometric data usually can then be evaluated with the molecular
databases described above to identify rapidly known compounds and can provide
the exact mass and molecular formula. However, more recently, new resources
have become available to allow for the automated dereplication of MS/MS data.
Most notably, for marine biodiscovery, is the recent development of the Global
Natural Products Social molecular networking resource (GNPS) [69]. This resource
contains MS/MS databases populated and curated by the natural products commu-
nity and allows for the visualization of clusters of structurally similar natural prod-
ucts. The software compares the experimental data to the database and returns frag-
mentation similarities between two molecules. Furthermore, it is becoming more
common in marine biodiscovery to use the feature-based molecular networking tool
for dereplicated metabolites and to identify potential new analogs [70]. While this
is a useful tool for dereplication, some aspects of this approach can be highly labo-
rious if conducting large-scale chemical screening. However, the GNPS feature-
based molecular networking procedure has been widely adopted by the marine
natural products community, with there being a rising number of marine natural
products reported each year utilizing this tool [71]. Some recent examples of new
natural products identified through molecular networking include lamellarin sulfates
from the ascidian Didemnum ternerratum [72], microcolin lipopeptides from the
cyanobacterium Moorea producens [73], and new chlorinated polyketides from a
Smenospongia sp. sponge [74].

Other new MS/MS dereplication methods include the use of in silico fragmenta-
tion algorithms so that experimental fragmentation can be compared to computation-
ally calculated fragmentation patterns of molecules matching the exact mass. These
in silico packages include but are not limited to CFM-ID [75], MetFrag [76], and
CSI:FingerID [77]. These can be highly useful resources, as a majority of published
natural products do not haveMS/MS data reported. These packages can be utilized to
produce in silico fragmented assemblies of compounds and marine natural products
to be compared to experimental data. Additionally, the use of moiety and pharma-
cophore in silico fragmentation has been employed for identified substructureswithin
a molecule to target subsequently bioactive metabolites using MS/MS [78].

A primary limitation of MS methods is that the data obtained are not able to
be used to confidently assign the definite structure of a natural product, especially
for regio- and stereoisomers. Another limitation of MS is the ionization efficiency
of natural products for detection. While a number of useful ionization methods are
commercially available, issues can still arise from molecules that cannot be easily
ionized or that form a plethora of different adduct ions that may complicate the
analysis. Problems can also arise from highly instable compounds that can readily
fragment with low ionization energies, hindering the identification of the exact mass
of a given molecule.
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3.1.4 Nuclear Magnetic Resonance Spectroscopic Screening

While mass spectroscopy has become highly popular due to its easy use in hyphen-
ated setups, Nuclear Magnetic Resonance (NMR) spectroscopy provides far supe-
rior data for organic compound structural determination. For example, where MS
cannot, NMR spectroscopy can be used to identify the different isomers from a
change in the chemical shifts. Furthermore, the non-destructive nature of NMR spec-
troscopy is amajor benefit over other dereplicationmethods, especially due to the low
quantities of material typically available in marine natural product studies. Nuclear
magnetic resonance spectroscopy has only recently become a more commonly used
dereplication method, as a result of the recent developments in NMR spectroscopy
automation including auto-sampling and auto-acquisition. 1H NMR experiments are
rapid experiments and can be used to quickly obtain proton chemical shift data.
However, due to the complex mixtures of compounds in marine natural product
screening, overlapping signals with just a one-dimensional NMR experiment can
hinder a dereplication process. With the increase in resolution and sensitivity of
modern high-field NMR instruments, it has become more common to use rapid
two-dimensional experiments including COSY (Correlation Spectroscopy), DOSY
(Diffusion Ordered Spectroscopy), HSQC (Heteronuclear Single Quantum Correla-
tion), and TOCSY (Total Correlation Spectroscopy) for chemical screening [79, 80].
This allows overlapping signals in one-dimensional NMR data to be identified and
assigned.More recently, otherNMRexperiments have been designed to address these
issues including the use of hyphenated NMR procedures. Modern hyphenated NMR
techniques that have been described for the identification of marine natural products
include high-performance liquid chromatography-NMR [81] and high-performance
liquid chromatography-solid-phase-extraction (SPE)-NMR [82]. These methods can
be used for the acquisition of NMR spectra using small amounts of crude mate-
rial. Such hyphenated methods have been used previously for the identification of
a number of known natural products from marine organisms including sponges,
brown alga, and red alga [81, 83, 84]. An example of the importance of HPLC-NMR
is the isolation of plocamenone and iso-plocamenone from the red alga, Plocamium
angustum [83]. The NMR detection method was highly important as the use of other
methods would have not allowed the discrimination of these isomers.

As NMR data has been an essential requirement for the publication of new
molecules, since the late 1980s, a considerable amount of NMR data is available
for known natural products. Therefore, a direct comparison of published and exper-
imental data can be used to confidently identify known structures. A number of
databases including MarinLit and DEREP-NP [85] are utilized in marine biodis-
covery to allow searches of chemical shifts and NMR features, respectively, for
rapid dereplicationwork. Themost recentNMRdereplication resource is theSMART
NMRdatabase [80]. This resource offers an automateddereplication through compar-
ison of an experimental HSQC spectrum with the SMART database. The first
compound to be reported following the use of the SMART dereplication was symplo-
colide A, a maritime natural product from the marine cyanobacteria Symploca sp.
[86].
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The current limitations of NMR spectroscopy are due primarily to the cost of
buying and running this equipment. Costs associated with the preparation of samples
for analysis are also typically expensive in requiring special glassware and deuterated
solvents. Also, for an exact match between two sets of experimental data, NMR
experiments must sometimes be conducted in the same solvent and in some cases
at the same pH. This can make the selection of a solvent for screening mixtures of
natural products complicated when weighing up the solubility and data availability.

3.1.5 Molecular Genomics Screening

With the development of new cheaper and faster DNA sequencing methods, it has
become much more efficient to sequence and identify biosynthetic gene clusters.
This, therefore, has become a useful tool for the identification of biosynthetic genes
encoding for the production of natural products. The sequencing and analysis of these
“biosynthetic gene clusters” can reveal a range of information including the precursor
metabolites, the biosynthetic intermediates, and also the structure of the metabolites
present. For this reason, researchers have begun to investigate this approach as a
potential dereplication tool. The genomic investigation of organisms for the propo-
sition of new natural products has been coined “genome mining” [87, 88]. This
method is now becoming a more standard approach among groups with a strong
focus on microbial-derived products. With the significant rise in marine microor-
ganism natural products being discovered, this has become more popular in marine
biodiscovery in recent years.

A number of new databases currently are used in marine biodiscovery for the
rapid identification of biosynthetic gene cluster sequences. These include theMIBiG
repository [89], the taxon-specific Prospect (fungal genes) [90], and ActDES (Acti-
nomycetes genes) [91] databases as well as the computationally predicted gene
databases antiSMASH [92] and IMG-ABC [93]. After identification of biosynthetic
genes, it is then necessary to identify the structures or structural features for which
these genes encode, to dereplicate natural products. With recent developments in
machine learning, tools have been developed to use the identified genes to predict
chemical structures. These tools include PRISM [94], SBSPKS v3 [95], and Adenyl-
Pred [96] for the chemical structure prediction of predominately polyketides and
nonribosomal peptides. Currently, a number of these tools have been tailored towards
bacterial metabolites and gene sequences, although with the recent focus in marine
biodiscovery on the isolation of fungal natural products, it is highly likely that there
will be a shift towards fungal biosynthetic genes in the coming years [21].

There are some pitfalls to the use of genome mining that need to be addressed.
The first issue is that this method is, currently, mainly applicable for the identifi-
cation of polyketide and nonribosomal peptide sequences. This limits the use of
genome mining for marine natural products due to the significant number of unique
marine-derived terpene, alkaloid, and polyaromatic metabolites. Additionally, the
structures of these natural products cannot be identified based solely on the genomic
data. Unknown genetic transformations or spontaneous reactions of a natural product
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may not be predicted confidently as the molecule encoded by the genes may not
match the final product. Another limitation is that a number of natural products are
produced by multiple organisms and that some moieties may be incorporated into a
molecule through an organism’s diet [97, 98]. While this method will likely improve
in the future, currently, there is still a need for this genomic approach to be used in
conjunction with chemical methods to confirm molecular structures.

3.2 Biological Screening

Over the past 60 years, marine organisms have been a rich source of unique bioactive
compounds with activities including antitumor, antibacterial, antifungal, antiinflam-
matory, antiviral, antiparasitic, and antioxidant activities, useful for a broad range of
applications, but mainly for drug discovery. High-throughput screening methods of
the twenty-first century have transformed the field of drug discovery from marine
sources. The use of methods utilizing high-throughput automated liquid handlers,
plate readers, and 384/1,534-well assay plates have increased throughput to a point
where thousands of marine samples can be screened over a few days. Traditional
assay methods utilize in vivo whole organisms and in vitro organism-derived cell
lines. The screening of natural product extracts in cell line assays can often lead to
non-specific hits and false positives that typically are not advantageous for develop-
ment as lead compounds. However, more recently, bioassays have shifted to more
specific phenotypic cellular function assays and protein/receptor binding assays [99].
These highly specialized assays can be useful for the identification of target specific
compounds that may then be classified as lead compounds.

Cell line models are still the most common biological assays used for screening
marine natural product extracts. This is due to the primary targets for drug discovery
being traditionally antitumor and antimicrobial compounds. Cell-based assays have
been used significantly in cancer research due to the availability of tumor cell lines.
Similarly, microbial cell cultures are very common and can be screened with relative
ease. Furthermore, a number of other more specific phenotypic genetically modified
cell lines have become common when screening for antiinflammatory, antiviral, and
antiparasitic activities. Cellular assays are very common due to their development
as high-throughput assays in microwell plates with robotic liquid handlers. A major
problem with cell-based assays is that they often use established and immortalized
cell lines that are vastly different from cells of in vivo systems [100]. However,
typically this is a trade-off that is made to achieve higher throughput results.

Biological assays in marine biodiscovery are shifting slowly from these in vitro
cell assays to more specific cell-free protein biochemical assays [99]. With a goal of
obtaining natural products with more specific activity, target-based receptor binding
assays have becomemore common primarily due to their increased specificity. Addi-
tionally, these offer the ability for multiple different methods of analysis so that not
only drug targets can be identified but also diagnostic tools. An enzyme substrate
can be used to identify if the activity is inhibited, and fluorescent dyes can be used
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to bind to the protein–ligand complex, and more recently, in marine biodiscovery,
nativeMS can be used to identify protein–ligand complexes [101, 102]. In particular,
the protein–ligand native MS assay has been of interest in marine biodiscovery due
to its ability to obtain the MS data for unknown active compounds allowing a mass-
guided purification as opposed to a bioassay-guided study. However, these assays
further trade cellular mechanisms and similarities to in vivo systems, to achieve
higher throughput, higher specificity, and often false results.

Bioassay-guided purification is probably the most widely utilized method when
conducting natural product drug discovery projects. This process is very appealing
as the bioactivity at each purification step can target only bioactive components.
However, difficulties can include inactivity due to false positives [103]. This is a
common occurrence, especially when starting with crude extracts instead of less
complex fractions. The use of more modern receptor binding assays led to some
success for complex mixtures of natural products in overcoming this issue [100].
As such, receptor binding assays have become more common for bioassay-guided
purification of active samples [101]. These methods are also advantageous due to the
microscale of the assays in requiring smaller quantities of material. However, due to
the common possibility of false positives when screening marine organism extracts,
it is becomingmore common to rely less on the biological screening results andmore
on chemical data. Furthermore, methods that integrate the chemical screening with
biological screening can help in the identification of false results and also point to
potential molecules within fractions that may be responsible for activity [104, 105].
We suggest that the use of both target-based receptor binding assays and chemical
screening on marine fractions followed by cell-based and in vivo models would be
the most beneficial process.

3.3 Ireland’s National Marine Biodiscovery Approach

In Ireland, a major focus of the National Marine Biodiscovery Laboratory is the
large-scale chemical screening and dereplication of knownmetabolites, and targeting
unknown metabolite identification. This dereplication method utilizes a library of
fractions produced through the organic extraction and fractionation using reversed-
phase solid-phase extraction and storage in the biomaterial repository described
above. These fractions are then subjected to chemical screening using two hyphen-
ated methods; UHPLC-MS/MS for dereplication using the MarinLit database and
the GNPS molecular networking tool as discussed above, as well as UHPLC-ELSD
(evaporative light-scattering detection) to identify relative quantities of compounds
within a sample for prioritization. This screening is performed utilizing the same
ultra-high-performance liquid chromatography methods and columns so that the MS
data and ELSD data can be compared. This ELSD dataset is important, as a large
proportion of peaks that are identified using MS data are typically compounds that
are strongly ionized and are present at low nano- and picogram quantities. This can
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be problematic if samples containing new natural products obtained in quantities too
low for isolation are prioritized. The ELSD data allows researchers to identify the
relative quantity ofmaterial available in an extract so that time is not wasted purifying
samples that will not yield compounds that can be analyzed by NMR spectroscopy.
Additionally, if only a small amount of biomass is available, this can be prioritized
for recollection so that minor compounds of interest can be isolated. On the other
hand, compounds that display high quantities of natural products in the ELSD but do
not display ions in theMS/MS can be prioritized for alternative methods of screening
such as NMR analysis.

This dereplication method was used successfully to identify known bisindole
alkaloids from the sponge Spongosorites calcicola and also identify two minor
unknown brominated metabolites, the calcicamides, for isolation [106]. The feature-
based molecular networking using GNPS was also used for the identification of a
new family of highly branched thiolane derivatives, the nebulosins, from the marine
annelid Eupolymnia nebulosa. The screening displayed three clusters of unknown
natural products that constituted the major metabolites of this annelid [107].

While both types of analysis use high-throughput autosamplers, thismethod canbe
improved in the future through the addition of a splitter unit between the UHPLC and
detectors to obtain results in a single run. It would also be advantageous to integrate
the ELSDdatawith feature-basedmolecular networking to better understand clusters
and the production of natural products.

In terms of bioassays, the choice was made in Ireland to outsource the necessary
biological screening, for several reasons:

• expertise in pharmacology is usually required to develop robust bioassays;
• biological screening is more efficient when using expensive automated robots;
• automatic robots require maintenance and dedicated space as usually available in

companies; and
• as new targets appear, itwould not be possible to embrace the full range of potential

bioactivities targeted.

Our group therefore established a collaboration with Fundacion Medina in Spain,
leaders in Europe in the biological screening of metabolites of natural origin,
especially for rapid antimicrobial and cytotoxicity assessments.

3.4 Prioritization Strategies

Due to the high number of samples present in collections or biorepositories, a prior-
itization strategy is a key component of a successful process in marine biodiscovery.
When thousands of samples are present in collections, a decision has to bemade about
where to start, and the biological assay should not be the only criterion taken into
account. We decided to develop a prioritization strategy on each targeted bioassay
(application) based on weights and scores assigned for (Fig. 3):
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Fig. 3 Prioritization strategy for marine biodiscovery

• the availability of the sample (biomass in Nature);
• new metabolites following chemical screening (dereplication) but also new

species following taxonomy;
• ease of purification using chemical profiling; and
• biological activities evident.

The use of prioritization is very flexible, and the weights applied will depend
on the main question addressed. Importantly, this strategy can only be based on the
discovery of new species and chemical entities for the construction of repositories and
advances of knowledge. In this case, theweight of novelty and chemical profile should
be the highest. For more commercial applications, several options can be envisaged.
Indeed, for a company working on the production of low-value products, the most
important will be the availability of the resource and therefore the abundance (wild
or cultured) will have the highest weight. Conversely, for a pharmaceutical company,
the novelty and the bioactivity will have the highest weights. In the case of the IMBR,
we gave very similar weights to the four different factors, as our main goal was to
find bioactive natural products from a diverse range of species and that were easy to
purify for metabolites (chemical profile).

At this point, it is important to extend the concept of marine biodiscovery beyond
drug discovery. This high risk and long-term research question should not only corre-
spond to one aspect of marine biodiscovery. Short-term applications of the extracts or
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fractions as fertilizers or other agricultural application would contribute significantly
to the blue economy. Applications requiring large biomass of the marine resource
will be assigned the highest weights for prioritization.

This strategy has streamlined the selection of promising species for the identifi-
cation of new bioactive marine natural products.

3.5 Natural Product Chemistry

The purification and structural elucidation of marine natural products is the most
time-consuming and expensive process of the marine biodiscovery pipeline. A large
biomass is needed for isolation of active metabolite at a level that can facilitate
the subsequent structure elucidation procedure. The presence of a highly potent
minor metabolite in trace amounts can further complicate the isolation and struc-
ture determination process. However, recent technological advancements and the
availability of higher field NMR spectrometers now mean that even natural products
available in only sub-milligram quantities can be isolated and identified. This also
means that smaller quantities of biomass (<10 g) can also undergo purification. These
are especially important developments for marine biodiscovery for species obtained
with a natural low biomass. Typically, the isolation and structure elucidation of
marine natural products utilizes similar methodologies to terrestrial compounds, but
with a fractionation process using a reversed-phase material such as vacuum-liquid
chromatography.

3.5.1 Purification of Marine Natural Products

The complex and unique nature ofmarine organism extracts canmake the isolation of
the associated natural products difficult and highly time consuming. Moreover, most
chemists consider the purification of natural products to be the most arduous part of
the marine natural products pipeline. Therefore, samples are prioritized using their
chemical and biological screening results, so that only the specimens that contain
unknown metabolites and exhibit bioactivity undergo this laborious process. As
unknown compounds are the target of most natural product isolations, there is no set
procedure for purification and often multiple different subsequent methods must be
used. However, the chemical profile and dereplication data obtained should aid in the
selection of isolationmethods.Ausual purification process follows a process of large-
scale, low-pressure fractionation, followed by subsequent small-scale, high-pressure
HPLC separations of these fractions.

These large-scale fractionation methods include solid-phase extraction, vacuum-
liquid chromatography, column chromatography, and liquid–liquid partitioning.
These methods can utilize a variety of solid phases depending on the targeted
molecules including a reversed phase (polar to non-polar molecules), normal phase
(non-polar molecules), ion-exchange resins (ionic molecules), and size-exclusion
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gels (polymers and water-soluble molecules). The primary aim of this first large-
scale step in marine biodiscovery is to separate the secondary metabolites of interest
from the bulk primary metabolites and ocean salts.

Subsequent smaller scale steps usually include higher resolution separation
methods including column chromatography, thin-layer chromatography, high-
performance liquid chromatography (HPLC), size-exclusion chromatography, and
countercurrent chromatography. The primary aim of the high-resolution purification
step is to obtain pure natural products of interest for chemical characterization. In
marine natural product chemistry, preparative high-performance liquid chromatog-
raphy utilizing a reversed phase (typically C18 or phenyl bonded silica) is the most
common and possibly the most useful method for isolating secondary metabolites.

Most modern preparative high-performance liquid chromatography systems are
connected in series with a UV or a diode array detector to identify compounds
eluting from the column and also a fraction collector for automated sample collection.
Additionally, a number of new technologies for an increase in speed and automa-
tion of purification are now being incorporated into marine biodiscovery workflows.
These include active high-performance liquid chromatography splitters in conjunc-
tion with other detectors (MS, ELSD) that can be used to purify compounds without
a UV chromophore. Stop-flow high-performance liquid chromatography-NMR can
be used to acquire sets of NMR data on compounds throughout a high-performance
liquid chromatography purification [81], while peak-detecting fraction collectors that
automatically collect compounds as they are detected eluting from the column are
available.

While the processes used in marine biodiscovery closely match terrestrial
methods, the difficulties inherent can differ slightly. Two main difficulties that may
occur during the purification of marine extracts are the isolation of water-soluble
small molecules, as the separation of these molecules from salts can often be diffi-
cult [108], and that marine natural products can be unstable and contain extremely
labile functional groups (sulfates, polyenes).

3.5.2 Structure Elucidation

The most significant technological improvement in natural products chemistry has
been the development of two-dimensional NMR spectroscopic experiments from the
mid-1970s to mid-1980s. With the invention of 2D-NMR experiments, the time to
elucidate structures of compounds decreased from years to days, and the quantity of
product required decreased from hundreds of milligrams to just a few milligrams.
Now, with modern NMR spectrometers, 2D-NMR data can be acquired on sub-
milligram quantities of molecules. However, since the development of 2D-NMR
pulse sequences, little has changed in the approach to determining the planar structure
of marine natural products. Typically, planar structural elucidation is still performed
through manual interpretation of 1H NMR, 13C NMR, COSY, HSQC, and HMBC
data as well as the exact mass of a molecule. While NMR spectroscopy made the
assignment of the planar structure “relatively” straight forward, the complete stereo



Marine Biodiscovery in a Changing World 25

chemical assignments ofmarine natural products is still a challenging task. Tradition-
ally, relative configurational assignments have beenmade through the use of coupling
constants and nuclear Overhauser effect NMR experiments. In turn, absolute config-
urational assignments have been conducted using degradation and derivatization
procedures, and X-ray crystallography. With the exception of NMR experiments,
these methods often require quite large quantities of isolated compounds and can
often be destructive to the sample.

More recently, a number of new computational tools have become more widely
utilized for the structural assignment of marine natural products. These include
computer-assisted structure elucidation and quantum chemical calculation of chirop-
tical properties and NMR spectra. In a large number of circumstances, a compound
structural assignment using NMR spectroscopy is relatively straight forward, but
there are instances when NMR assignments can be complicated, usually when a
molecule has a low H:C ratio. In these situations, either the use of computer-assisted
structure elucidation to generate a structure or the calculation of NMR spectrometric
parameters to support structures are useful methods. Computer-assisted structure
elucidation tools typically generate a number of different structures and give each
structure a relative probability [109]. Common computer-assisted structure elucida-
tion tools include ACD Structure Elucidator, Bruker CMC-se, and MNova Structure
Elucidation. Currently, only a limited number of published marine natural prod-
ucts report the use of computer-assisted structure elucidation steps in their structural
determination. However, assignments made using Gauge independent atomic orbital
calculated NMR has become a popular method in marine natural products to support
structural assignments [110].

Over the last 10 years, there has been a considerable shift in the methods used
for configurational assignments in marine natural products. More recently, the use of
time-dependent density functional theory for predicted electronic circular dichroism
and Gauge independent atomic orbital NMR has dominated such assignments [111].
These time-dependent density functional theory methods have become popular in
marine biodiscovery as a result of advancements in high performance computation
early in the twenty-first century. These methods facilitate the reliable and fast predic-
tion of both chiroptical properties (electronic circular dichroism, vibrational circular
dichroism, and optical rotation) for absolute configuration and NMR for relative
configuration [112]. The predicted data can be compared to experimental data on
sub-milligrams of compounds to allow structural assignments. Statistical approaches
including DP4 and its upgrades have become commonly used in marine biodis-
covery for the calculation of a relative configuration with calculated NMR shifts
or coupling constants [113–115]. A new tool, DP4-AI, recently has become avail-
able and combines both the automated computer-assisted structure elucidation 2D
structure elucidation and NMR predicted relative configuration [116]. This method
merging computer-assisted structure elucidation and DP4 is a significant improve-
ment that is likely to make automated marine natural products assignment to the
point of relative configuration more common.

One other technique that has recently been developed and has so far been exclu-
sively used formarine natural products structural elucidation is the crystalline sponge
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X-ray crystallographic method [117]. This method allows X-ray crystallography to
be performed on non-crystalline compounds by allowing them to form a complex
with a host crystal. This method so far has been used to identify the structure of
nanogram amounts of several red algal terpenoids. The limitations of this method
are that only non-polar compounds can be absorbed by current crystals in non-polar
solvents such as hexane. However, this procedure offers great promise for a new and
robust method of absolute structural elucidation on sub-milligrams of sample.

3.5.3 Bioactive Natural Products from Irish Waters

During the last 5 years, the application of the workflow for marine biodiscovery in
Ireland has led to a number of interesting compounds and five main publications
(Fig. 4).

The first original aromatic urea derivatives were isolated from the intertidal lichen
Lichina pygmaea [118]. Still in the intertidal area of the western coast of Ireland, the
chemical study of the marine worm Eupolymnia nebulosa led to the discovery of an
entire family of sulfur-containing metabolites [107]. These discoveries demonstrate
the potential of overlooked marine organisms for marine biodiscovery that has been
often restricted to sponges or tunicates. Then, the chemical studies of the subtidal
sponges Clathria strepsitoxa and Spongosorites calcicola provided some interesting

Fig. 4 Main families of natural products identified from Irish waters using the newly developed
marine biodiscovery workflow
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bioactive alkaloids [105, 119]. Finally, in the context of a program dedicated to
the exploration of a deep-sea hotspot of bio- and chemodiversity, a new family of
characellides was identified from the sponge Chracella pachastrelloides [120].

4 Concluding Remarks

Throughout this chapter, we have highlighted the importance of the construction
of marine biomaterial repositories, especially in regions of the world with high
marine biodiscovery potential, i.e., maritime developing nations. A number of advan-
tages associated with the establishment and maintenance of such facilities have been
detailed above. We believe that the Irish Marine Biomaterial Repository (MBR),
which recently has been developed, can serve as an example for developing nations to
follow, using best practices and data management systems already implemented over
the past 5 years at the IMBR. A marine biomaterial repository requires a minimum
investment from local authorities and can provide the following benefits:

• a marine biorepository represents the biological and chemical patrimony present
in local species over time, andmaybe used to track changes in species distributions
due to global change;

• it will contribute to building capacity in developing countries, especially in
research areas such as taxonomy, where specialists are lacking;

• actions are available to quickly assess the potential of local marine bioresources
against emerging pathogens or targets (e.g., SARS-COVID-2);

• it will provide new opportunities in the field of the blue economy for local commu-
nities through intellectual property associated with the genetic material stored;
and

• it may also provide job opportunities and capacity building through training and
technology transfer in member states or developing maritime nations.

Overall, the approach developed above contributes to the three pillars of
sustainability as outlined below (Fig. 5).

The environmental impact of developing local marine biorepositories may be
envisioned to be positive overall, as vouchers will be stored and processed at local
facilities. Furthermore, local scientists will be consulted when access to samples is
required and will be kept up-to-date on research and development being performed
on local marine bioresources. Changes in the distribution of some species could lead
to their protection by local and also international agencies. As only small quantities
of samples are required for chemical and biological screening, local populations are
not likely to be affected by initial bioprospecting collections. Subsequent collections
of larger biomasses, however, will need to be carefully monitored by local author-
ities and communities so as to prevent population declines and possible extinction.
It is important to include all the marine diversity present in the different coastal
habitats, and not only focus on common groups such as sponges or tunicates. Some
annelids or mollusks can also be promising in the marine biodiscovery workflow.
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Fig. 5 A sustainable marine biodiscovery approach

Finally, the possible economic value associated with some bioactive species has the
potential to influence decision makers with regard to marine spatial planning and the
establishment of special areas of conservation.

The presence of voucher specimens hosted by local entities ensures not only a
positive social impact through capacity building and training of young scientists, but
also interactions withworldwide experts and developing taxonomic skills in different
groups of marine organisms. Members of the younger generation will have a better
understanding of their rich marine biodiversity. On the other hand, the presence
of chemical ensembles and regulations on access and benefit sharing could provide
some positive economic inputs to the communities. Indeed, economic benefitswill be
shared between the industrial companies and the local communities through royalties
on the licenses of the new biomolecules developed.

Finally, this typeofmarineorganismorganizationwill clearly contribute positively
to the blue economy. The biomaterials produced are easily available for screening and
the discovery of new applications is clearly accelerated. We recommend that marine
biodiscovery should be more inclusive and cover both biological and biochemical
discovery. The repositories should also integrate the large array of species available
in an ecoregion and not only the most emblematic species like corals, sponges, and
seaweeds. The future of marine biodiscovery will be bright if researchers in the field
start building capacities in all regions of the world. The global trends that led us
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from invertebrates to microbes and now a large investment in the seaweeds can be
dangerous if a strong foundation is not built for the next generation of researchers.
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1 Introduction

The investigation of chemical communication among species and the identification of
the chemical compounds involved in such interactions is within the field of chemical
ecology. This includes the elucidation of the chemical substances involved in insect–
plant interactions. According to Ref. [1], the roots of chemical ecology reach back
as far as 300 BCE (revised in [2]), but much more time passed before the first
studies on insect communication were conducted. One of the earliest descriptions
of the role of chemicals compounds in mediating these interactions dates back to
1959 with the identification of the sex pheromone bombykol of the female silkworm
Bombyx mori by A. Butenandt [3]. The first studies on chemical ecology in Brazil
were conducted in the decades of the 1950s and 1960s at the Instituto de Química
Agrícola of the Federal University of Rio de Janeiro (UFRJ). The main researchers
involved includedWalterMors, Otto Gottlieb, BenjaminGilbert, and Bernard Tursch
[3]. The interdisciplinary field of chemical ecology in Brazil is currently followed
by groups that emerged from the pioneering studies of Keith Spalding Brown Jr. and
José Tércio Barbosa Ferreira (who established the area of total synthesis of insect
pheromones at the Universidade Federal de São Carlos) [4], although the field is
currently dominated by applied agricultural studies. The following subsections will
provide accounts of the work of two towering representatives of Brazilian chemical
ecology research, Keith S. Brown Jr. and José Roberto Trigo.

1.1 Keith S. Brown Jr.

Keith S. Brown Jr. (born in 1938) (Fig. 1) graduated fromCalifornia Institute of Tech-
nology (Caltech) with a major in Chemistry in 1959, having obtained a scholarship
from theAlfred P. Sloan Foundation. During his junior year, he spent threemonths on
a mission to the Philippines, which he described to DuPont, the chemical company
that financed his mission as “of such importance tomy future that it must be realized”
(his emphasis). Clearly, this experience, which included both religious and scientific
activities (the study of traditional medicines), was a turning point and helped shape
Brown’s future career decisions, including the choice of his Ph.D. degree topic (alka-
loids of the boxwood plant) at the University of Wisconsin–Madison, and the later
decision to move abroad. After completing his Ph.D. degree under the direction of
Prof. S. Morris Kupchan in Organic and Pharmaceutical Chemistry in 1962, funded
by an NSF grant, he proceeded to carry out research in the chemistry of natural and
pharmaceutical products (particularly alkaloids) in Prof. Carl Djerassi’s laboratory
at Stanford University, with a NIH fellowship. In 1964, after already having decided
to move to Pakistan to work at the Forman Christian College together with his wife,
he received an offer to continue his research on the chemistry of natural products at
the “Centro de Pesquisas de Produtos Naturais” of the Pharmacy and Biochemistry
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Fig. 1 a Professor Keith Brown Jr. with his students in an expedition to collect butterflies in
Extrema, Minas Gerais, SE Brazil, in 1989. From left to right: Keith Brown, André V. L. Freitas,
Clécio F.Klitzke, PauloC.Motta, andRonaldoB. Francini (Photo courtesy byRonaldoB. Francini);
b Keith Brown collecting butterflies in Santa Teresa, Espírito Santo, Brazil, in April 1988

Faculty of the Federal University of Rio de Janeiro (UFRJ). By that time, the chem-
istry of natural products in Brazil was greatly boosted by the work of Walter Mors
and his supervisor, Carl Djerassi. Djerassi, with the American Chemical Society,
recommended some ex-students to work withMors in Rio de Janeiro as part of a joint
research and training program of Stanford University and UFRJ. Professor Benjamin
Gilbert came first to conduct postdoctoral research with Djerassi. Brown arrived as
a postdoctoral fellow and moved with his family to Brazil in late July 1964. He
immediately began teaching and developing laboratory and field work in the forests
surroundingRio de Janeiro.As a legacy of his interest in natural history, birdwatching
and collecting butterflies, Keith Brown started to do a series of collecting trips in the
surroundings of Rio de Janeiro, including the large forest area of “Floresta da Tijuca”,
the nearby mountains of Petrópolis and Teresópolis, and some lowland forest areas
in the region of the former State of Guanabara (now part of Rio de Janeiro). Using
collected material from these initial collecting trips, Brown published his first study
on Lepidoptera, describing a new l-α-amino acid, 3-hydroxykynurenine, from the
light yellow pigmented areas of the wings and bodies of Ithomiini and Heliconiini
butterflies [5]. During these first years in Brazil, the indications that Brown’s career
would eventually change to butterfly ecology and natural history became clearer, but
during the succeeding years his contribution to the chemical ecology of Neotropical
butterflies were enormous, and his publications served as the foundations for several
research lines in Brazil and abroad.Moreover, Keith Brown Jr. had a notable capacity
for combining research areas, and this was clear with his publication associating the
presence of 3-hydroxykynurenine with butterfly systematics [6] and from another
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study suggesting that aposematic butterflies could serve as indicators of plants that
exhibit active and potentially interesting pharmacological substances [7].

After working for nearly ten years on soft money at UFRJ, mainly from research
grants and fellowships obtained from the USA (Rockefeller Foundation, Mellon
Foundation), Brown accepted a permanent teaching/research position at the Univer-
sity of Campinas (UNICAMP) in 1973. During his career, Brown’s main contribu-
tions in chemical ecology included studies on several groups of aposematic butter-
flies, including Troidini swallowtails (Papilionidae) and the clearwing butterflies in
the Danainae tribe Ithomiini (Nymphalidae). Other less-studied groups included the
Nymphalidae tribes Acraeini (Heliconiinae), Danaini and Tellervini (Danainae), and
tiger moths (Erebidae: Arctiinae).

1.2 José Roberto Trigo

After his undergraduate degree in Biology at the University of São Paulo, José
Roberto Trigo (1956–2017) (Fig. 2) worked for his Master’s thesis in Ecology
between 1984 and 1988 under Keith Brown’s supervision studying the interaction
between Ithomiini butterflies and their host plants that are mediated by pyrrolizidine
alkaloids (PAs). This was the beginning of the lifetime work of Trigo on plant
secondary metabolites and insect defense interactions, including the publication of
ca. of 80 scientific papers and book chapters and the supervision of more than 30
students. Whereas Brown moved from chemistry to natural history, biology, and
systematics of butterflies—although he had frequently combined the theory and prac-
tice of both areas in his studies—Trigo followed in the opposite direction and carried
out his doctoral studies in chemistry at the UNICAMP, under the supervision of Dr.

Fig. 2 José Roberto Trigo
(Photo courtesy by Gustavo
Shimizu)
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Lauro E. Soares Barata, in collaboration with Brown [8]. His degree in chemistry,
followed by a postdoctoral position in Thomas Hartmann’s laboratory at the Tech-
nische Universität Braunschweig, Germany, in the 1990s, allowed Trigo to apply a
strong chemical approach to answer ecological and behavioral questions in insect–
host plant interaction mediated by plant secondary compounds (infochemicals) [9],
mainly pyrrolizidine alkaloids. In 1997, Trigo became a lecturer at UNICAMP and
leader of the Chemical Ecology Laboratory, following Brown’s retirement, who was
the former head of this laboratory [8].

The combined influence of Keith Brown Jr. and José R. Trigo to the chem-
ical ecology field in Brazil is indisputable. Herein, are presented an overview of
their contributions to insect–plant interactions as mediated by plant natural prod-
ucts, an area where both these scientist–teachers dominated and contributed to the
development of several younger professional colleagues throughout their lifetimes.

2 Pyrrolizidine Alkaloids

Brown’s first contributions on alkaloids included several publications on the extrac-
tion, purification, and structural characterization of steroidal, bisbenzylisoquinoline,
indole, and lactone alkaloids, mainly from the shrub Buxus sempervirens (boxwood;
Buxaceae), a plant used in ethnomedicine to treat malaria and other diseases [10].
Also, other plants containing alkaloids were investigated in the decades of the
1960s and 1970s [11–19]. The statement that “Alkaloids hold many secrets of life”
[20] summarizes succinctly the importance of these compounds both for plants
and animals. Alkaloids are organic compounds derived from amino acids of l-
configuration (proteinaceous amino acids) and from non-proteinaceous amino acids
such as ornithine [21]. They are found in Nature in the leaves, fruits, roots, and stems
of plants as secondary metabolites [22], as well as in some animals and microorgan-
isms [23].Alkaloids usually have a basic nitrogen atomor atoms in a heterocyclic ring
system and are classified according to their different rings and chemical structures,
biological activities, and biosynthesis pathways [23]. The pH-neutral compounds of
this type may be found in plant tissues as water-soluble salts of organic and inorganic
acids and esters, or combined with tannins or sugars, and their free bases are gener-
ally soluble in nonpolar organic solvents, such as chloroform, methylene chloride,
and diethyl ether [23]. More than 27,000 alkaloids are currently known [22, 23].

The bitter taste associated with alkaloids in plants suggests that they are protective
from attacks by herbivory animals and these compounds indeed provide a general
plant defense mechanism [22, 24–26]. Due to their intimate role of mediating plant–
insects associations, alkaloids are believed to perform a central role in the evolution of
these interactions since the sequestration of plant alkaloids by insects might provide
defense against predation and have key roles in their own metabolism and life cycle
[20, 26]. They may also have key roles in the life processes of some invertebrates
as pheromones, inducers of sexual behavior, and in reproduction [26]. Additionally,
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alkaloids may act as growth stimulators and inhibitors in plants and as storage reser-
voirs of nitrogen [20, 24]. These compounds are also of great human interest due
to their activities as anti-inflammatory, antibacterial, antimitotic, analgesic, anes-
thetic, hypnotic, psychotropic, and antitumor metabolites [22]. Morphine, a strong
analgesic, was the first alkaloid to be isolated from opium poppies [22, 25].

In an important revision about this subject, Brown and Trigo reviewed several
questions on the dynamics of the in vivo activity of alkaloids in ecosystems [27].
They focused on several alkaloid-related questions in this publication, such as the
variation of alkaloid structures and storage in different parts of organisms and among
individuals, populations, species, genera, families and higher taxa; the differential
production and accumulation of different types of alkaloids; their qualitative and
quantitative variation in plants; the role of alkaloids in communication and chem-
ical defense in microorganisms, plants, and animals; the importance of alkaloids
in intraspecific communication; and the multiple activities and roles of alkaloids in
Nature and their use by humankind. They also presented several ecological activities
reported for the different structural classes of alkaloids.

Brown’s, and later Trigo’s studies with pyrrolizidine alkaloids were by far their
main contributions to the area of chemical ecology, and mainly concerned the role
of pyrrolizidine alkaloids in mediating associations among insects and plants. These
elegant studies approached both chemical techniques applied to the extraction and
characterization of pyrrolizidine alkaloids and chemically mediated ecological ques-
tions. Pyrrolizidine alkaloids originate from the amino acids l-ornithine or l-arginine
and occur as the esters of 1-hydroxymethylpyrrolizidines (necines) and necic acids
[23]. They are structurally characterized by two five-membered rings with a bridge-
head nitrogen atom and can be categorized into three major types: as derivatives of
retronecine (e.g., senecionine (1)), heliotrine (e.g., heliotridine (2)), and otonecine
(e.g., senkirkine (3)) [23] (Fig. 3). Pyrrolizidine alkaloids are found in insects and
in the seeds, leaves, and flowering parts of plants of the families Asteraceae, Borag-
inaceae, and Fabaceae, as well as in 15 other plant families [28], where they are
often accumulated as N-oxides (except for the otonecine type of pyrrolizidine alka-
loids) [23, 27–29]. The genera Crotalaria (Fabaceae) and Senecio (Asteraceae) are
particularly rich in pyrrolizidine alkaloids [21]. Culvenor [30] classified pyrrolizidine
alkaloids into three major classes (Fig. 3):

(a) aliphatic monocarboxylic esters (found in plants of the family Boraginaceae);
(b) aromatic and aralkyl esters (Orchidaceae);
(c) macrocyclic diesters (Asteraceae and Fabaceae).

Ratmanova and collaborators [31] reviewed the innumerable strategic approaches
to the synthesis of pyrrolizidine alkaloids. More than 350 different pyrrolizidine
alkaloids have been identified so far and they are known for causing variable adverse
effects in animals and humans [23].

In one of the most fascinating insect–plant chemically-mediated interactions,
pyrrolizidine alkaloids are sequestered from host plants by specialized insects, such
as nymphalid butterflies of the tribes Danaini and Ithomiini (subfamily Danainae)
and Arctiinae moths (Erebidae), and used as a form of chemical defense against



The Chemistry and Chemical Ecology of Lepidopterans … 43

1 2(senecionine)
retronecine type

N

HO O

N

O
O

O

O

O

O
OH

(heliotrine)
heliotridine type

3 (senkirkine) 
otonecine type

O

N

O

OR

necine base

necic acid

aliphatic: R = alkyl
aromatic and aralkyl: R = aryl, aralkyl

N

O
O

O

O

macrocyclic

N

O
O

O

O
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their predators (Fig. 4). Moths of the species Tyria jacobaeae (family Erebidae), for
instance, are able to detoxify pyrrolizidine alkaloids from their host plant, Senecio
jacobaea (Asteraceae) and use the highly toxic pyrrole moieties present in their gut
against predators [25]. Additionally, butterflies of the genus Danaus (tribe Danaini)
sequester and accumulate pyrrolizidine alkaloids throughout their adulthood and
use them as pheromone precursors in a well-characterized association [26]. Other
pyrrolizidine alkaloids derivatives (4–18) were also identified in Ithomiini butterflies
(Fig. 5) [32].

Pyrrolizidine alkaloids can protect pyrrolizidine alkaloid-feeding insects from
both invertebrate and vertebrate predators: the pure pyrrolizidine alkaloid monocro-
taline (19) (mainly found in plants of the genusCrotalaria) (Fig. 6) is indeed unpalat-
able to the pileated finch,Coryphospingus pileatus (Emberizidae), and the birds were
even able to recognize subsequent prey as unpalatable items after their experience
in previous encounters [33].

Brown’s first contributions to the field of chemical ecology focused on the seques-
tration of pyrrolizidine alkaloids by Lepidoptera and were published in the decade of
the 1980s [34, 35]. These publications discussed the role of pyrrolizidine alkaloids
in the protection of butterflies against golden orb-weaving spiders Trichonephila
clavipes (previously known as Nephila clavipes) (Araneidae, Tetragnathinae), a
model predator that became used recurrently in pyrrolizidine alkaloid bioassays in
later years [36–40] (Fig. 7; Box 1). Trichonephila clavipes and other species within
the genus Nephila show very specific types of predatory behavior toward their prey,
with the most conspicuous being to cut unpalatable items of prey out of its web, and
then to release them unharmed [41]. Ithomiini and some Danaini butterflies (which
have pyrrolizidine alkaloids), for instance, are almost always released unharmed
from T. clavipes’ webs after the spider touches (with the tarsi) and palpates (with



44 K. L. Silva-Brandão et al.

Fig. 4 Species of Lepidoptera involved in pyrrolizidine alkaloid-mediated interactions. a Aeria
olena olena; b Tithorea harmonia pseudethra (Photo courtesy: Ricardo Costa); c, dGrouped apose-
matic larvae and an adult of Placidina euryanassa feeding on a pyrrolizidine alkaloid-rich nectar
source,Adenostemma sp. (Asteraceae), respectively; eMechanitis polymnia casabranca (Nymphal-
idae: Danainae: Ithomiini); f Larva of Utetheisa ornatrix (Erebidae: Arctiinae) feeding on a fruit
of Crotalaria sp. (Fabaceae) (Photos: A.V.L.F.)
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the pedipalps) any part of their body or wings, while other pyrrolizidine alkaloid-
free butterflies are usually subjected to predation [42]. Moreover, Brown was the
first to show unequivocally that contrary to “common sense”, ithomiines sequester
those pyrrolizidine alkaloids used for their protection from adult nectar sources, and
not from their larval host plants [34, 36]. Later on, Brown, Trigo, and collaborators
showed that in some cases, ithomiines can sequester protective substances from their
host plants (see below), including pyrrolizidine alkaloids (in some apocynaceous
feeding species) and tropane alkaloids in Placidina euryanassa, of which the larvae
are also aposematic [43] (Fig. 4).

Brown and Trigo published their first study together focusing on the pyrrolizidine
alkaloid-mediated interactions between Ithomiini butterflies and their host plants
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Fig. 7 Trichonephila clavipes typical behavior toward unpalatable butterflies. aWhen the Ithomiini
butterfly of the speciesMechanitis polymnia falls on the web of T. clavipes the spider touches (with
the tarsi) and palpates (with the pedipalps) the butterfly. If the prey is considered unacceptable, it
is cut off from the web; b The unacceptable adult butterfly is then released unharmed from the web
(Photos: K.L.S.-B.)

[44]. In this study, they presented Trigo’s dissertation research work results on differ-
ences in patterns of pyrrolizidine alkaloid content in three species of Ithomiini over
several months, pointing out that such differences must be due to the dynamics of
pyrrolizidine alkaloid incorporation in these species. They considered that this quan-
titative variation is dependent on pyrrolizidine alkaloid sources, such as larval food
plants, nectar, or adult food resources. In a following publication, they reported the
evolutionary implications of pyrrolizidine alkaloid assimilation by the larval forms
of Danaini and Ithomiini butterflies and suggested that such assimilation is main-
tained by selective pressures on the adults, such as predation and sexual selection
[45]. Trigo and Motta [45] were able to show that larvae of danaine and ithomiine
butterflies can assimilate purified pyrrolizidine alkaloids painted on their larval host
plants.

Trigo pursued this line of inquiry during his Ph.D. degree work in chemistry
under Dr. Lauro Barata’s supervision in Brazil and Dr. Thomas Hartmann’s in
Germany, by quantitatively and qualitatively characterizing pyrrolizidine alkaloids
in lepidopterans. One of the models investigated was the arctiid moth Hyalurga
syma (Erebidae: Arctiinae: Pericopinae), which sequesters pyrrolizidine alkaloids
from its larval food plant Heliotropium transalpinum (Boraginaceae) and is still
capable of modifying plant-derived pyrrolizidine alkaloids [37]. Some species were
also shown to be able to perform stereochemical inversion of pyrrolizidine alkaloids
from (7S)-OH to (7R)-OH, such as the Ithomiini butterfly Mechanitis polyminia
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[46] (Fig. 4). Following this, a further 40 species in 38 genera of Ithomiini were
assessed for their pyrrolizidine alkaloid content by gas chromatography-mass spec-
trometry (GC–MS) and the principal compounds found in them were the epimers
lycopsamine (20) and intermedine (21), stored as the corresponding N-oxides [47]
(Fig. 8). The larval and adult feeding strategies of Ithomiini butterflies were investi-
gated in other two species in addition to M. polyminia, namely, Tithorea harmonia
and Aeria olena [35] (Fig. 5), with each showing variable feeding habits. Larvae
of M. polyminia feed on several pyrrolizidine alkaloid-free Solanum species, while
adult males sequester pyrrolizidine alkaloids from various plant sources. Tithorea
harmonia sequesters pyrrolizidine alkaloids from their larval food plant Prestonia
acutifolia (Apocynaceae: Echitoideae) and adults may also obtain these compounds
from plant sources. Finally, larvae of A. olena feed on Prestonia coalita, a plant that
biosynthesizes pyrrolizidine alkaloids. The concentration of pyrrolizidine alkaloids
found in freshly emerged adults of these species was also shown to be associated
with the protection efficiency against T. clavipes.

The characterization of several different structures of pyrrolizidine alkaloids was
reported for other Ithomiini butterflies throughout several of Trigo’s collaborative
publications with colleagues and students, as in two species that feed on Brugmansia
suaveolens as larvae,Placidina euryanassa (which sequesters tropane alkaloids from
its larval host plant) (Fig. 4) and Pagyris cymothoe [43]. The same approach was
applied to investigate qualitatively larvae and adults of the Ithomiini Tellervo zoilus,
which sequesters pyrrolizidine alkaloids from its larval food plant, the apocynaceous
vine Parsonsia straminea, and stores them in all life cycle stages, mainly asN-oxides
[48].

An elegant experiment with radioactively-labeled pyrrolizidine alkaloids, using
[14C]rinderine (22) (free base) and [14C]senecioylretronecine (free base) (23) (Fig. 9),
was developed by Trigo and Bruckman [49] to investigate the specificity and mech-
anisms of uptake, metabolism, and storage of pyrrolizidine alkaloids in alkaloid-
sequestering ithomiine butterflies. They fed adults ofMechanitis polymnia butterflies
with the tracers dissolved in a saturated sugar solution (Fig. 10). After recovering the
labeled pyrrolizidine alkaloids, they confirmed that the labeled rinderine was effi-
ciently N-oxidized. Senecioylretronecine (23), however, is metabolized in a different
manner. The authors were able to show the capability of these butterflies to sequester
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Fig. 10 Mechanitis
polymnia fed on a saturated
sugar solution. (Photo:
K.L.S.-B.)

and partly N-oxidize labeled pyrrolizidine alkaloids, as well their inefficiency in
storing them.

The association among different pyrrolizidine alkaloid structures at variable
concentrations and their defensive role against T. clavipeswas investigated by testing
both the free base and N-oxide forms of six pyrrolizidine alkaloids [39]. Methanolic
solutions of these different pyrrolizidine alkaloids at specific concentrations were
applied to dead bees, which subsequently were offered to T. clavipes (Fig. 11). The
capture/release typical response of T. clavipes spiders toward their prey was indeed
associated with both to the pyrrolizidine alkaloid structure and concentration.

The association between the arctiid “ornate bella” moth Utetheisa ornatrix and
their host plants of the genusCrotalaria (Fabaceae), beautifully described byThomas
Eisner [50], was explored largely by Trigo’s research group. Pyrrolizidine alka-
loids are sequestered from Crotalaria spp. by U. ornatrix, mainly from unripe seeds
(which show a higher concentration of pyrrolizidine alkaloids when compared to
plant leaves) (Fig. 4), and were also suggested to protect the moths against predation
by T. clavipes, although they are unprotected from predation by two ant species [40].
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Fig. 11 Behavior of Trichonephila clavipes toward methanolic solutions of different pyrrolizidine
alkaloid structures at specific concentrations applied to dead bees. a A dead bee is thrown on to the
T. clavipes web; b–c If the prey is accepted it is carried to the center of the web and handled by the
spider; d Otherwise, if the prey is unacceptable, it is released from the web (Photos: K.L.S.-B.)

The defensive mechanism against T. clavipes is dose-dependent andU. ornatrix also
shows an exclusive insect pyrrolizidine alkaloid biosynthesized from the necine base
retronecine from its host plant [51].

Trigo and colleagues also explored how pyrrolizidine alkaloids can affect the
interaction between U. ornatrix and its host plants. Crotalaria pallida, one of the
most common U. ornatrix hostplants, has a broad distribution in the New World,
from the southeastern United States to Argentina. When populations from Florida
and southeastern Brazil were compared, U. ornatrix showed local adaptions to its
host plant, but no evidence of local adaptation was observed when three popula-
tions in southeastern Brazil that were ca. 150 km apart were compared [52]. These
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results motivated the quantification of pyrrolizidine alkaloids in C. pallida from
different populations. Intriguingly, the patterns of pyrrolizidine alkaloid variation
among populations did not explain the patterns of local adaptation, suggesting that
another yet unknown chemical defense mechanism in the host may be responsible
[53]. This approach was later extended to include a much larger number of popula-
tions and the non-specialist herbivore Etiella zinckenella (Lepidoptera: Pyralidae),
in addition to the specialist U. ornatrix. There was a great variation among popu-
lations in attack rates by the two herbivores and in the concentrations of the plant
pyrrolizidine alkaloids. However, herbivore attack rates were not correlated with the
concentration of pyrrolizidine alkaloids in the local host population [54].

To better understand the relationship between the concentration of pyrrolizidine
alkaloids in the host plant and herbivore performance, a series of controlled labo-
ratory experiments was carried out in which pyrrolizidine alkaloids were extracted
from host plants and added at different concentrations to an artificial diet. Utetheisa
ornatrix showed a plastic pyrrolizidine alkaloid-feeding preference [55]. When fed
on low pyrrolizidine alkaloid concentration diets, the larvae showed a strong subse-
quent preference for diets with high pyrrolizidine alkaloid concentrations; however,
when larvae were fed on a high pyrrolizidine alkaloid concentration diet, they subse-
quently they did not discriminate between diets with high and low pyrrolizidine
alkaloid concentrations. Interestingly, U. ornatrix was able to sequester extremely
high amounts of pyrrolizidine alkaloids with no fitness cost [56]. These results imply
that U. ornatrix may act as a selection agent that can decrease the concentration of
pyrrolizidine alkaloids in natural host plant populations. In Nature, larvae may regu-
late the amount of ingested pyrrolizidine alkaloid by choosing between eating leaves,
which have lower pyrrolizidine alkaloid concentrations, and seeds that present higher
concentrations of pyrrolizidine alkaloids. This may be complicated by the fact that
some Crotalaria species have extrafloral nectaries near their fruits that attract preda-
tory ants [57]. The feeding habit of U. ornatrix larvae seems to be a plastic response
dependent both on the presence or absence of extrafloral nectaries and pyrrolizidine
alkaloid concentrations of their host plants [58]. Even thoughU. ornatrixmay choose
plants with higher concentrations of pyrrolizidine alkaloids, the opposite is true for
non-adapted generalist herbivores. For example, pyrrolizidine alkaloids caused high
larval mortality in Heliothis virescens (Lepidoptera: Noctuidae) [59]. Therefore, the
contrasting pattern between U. ornatrix and non-adapted generalist herbivores, and
the interaction with other defense traits such as extrafloral nectaries, may explain the
complex pattern of variation in pyrrolizidine alkaloid concentration and herbivore
abundance in field populations [54].

Trigo and collaborators also investigated U. ornatrix performance on different
Crotalaria species by comparing native and introduced species and howpyrrolizidine
alkaloids may explain the differences in performance. Initially, they reported that U.
ornatrix showed oviposition preference and higher fitness for the introduced host C.
pallida than for the native host C. incana [60]. Trigo et al. [61] comparedU. ornatrix
performance using two native (C. micans and C. paulina) and two introduced (C.
pallida and C. juncea) Crotalaria species and observed higher performances for the
native when compared to the introduced species. The performance on the introduced
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C. pallida, however, was similar to those of the two native species. The investigators
discovered similar patterns of higher U. ornatrix performance on the native species
when comparing twelve Crotalaria species (five native and seven introduced). The
differences in performance among the different host species was not explained by
variations in either the concentration of pyrrolizidine alkaloids or the nutritional
quality (measured as lipids, sugar, and protein concentrations) [61].

For U. ornatrix moths, pyrrolizidine alkaloids were also suggested to protect
the specialist pericopine moth Scearctia figulina (Erebidae: Arctiinae) from preda-
tion by the spiders T. clavipes and Lycosa erythrognatha (Lycosidae) [62]. The
moth Scearctia figulina (Erebidae: Arctiinae) also sequesters pyrrolizidine alka-
loids from its larval host plants, Heliotropium transalpinum (Boraginaceae), and
both pyrrolizidine alkaloid structures and the mechanisms of pyrrolizidine alkaloid
incorporation, as well as the biosynthesis of the alkaloids from necine bases, were
described for this moth [62].

Hair pencils are pheromone-signaling structures found in themales of Lepidoptera
that are used in courtship and copulation behaviors toward females. An investigation
of compounds found on the hair pencils of 54 species in 30 genera of Ithomiini butter-
flies described 13 volatile compounds formed by hydrolysis, oxidation, lactoniza-
tionand/or methylation of both the necic acid and pyrrolizidine base portions of the
pyrrolizidine alkaloid lycopsamine (4) (Fig. 5), a structure probably originating from
the ingestion of food plant resources by these butterflies [32].

The chemical characterization of pyrrolizidine alkaloids sequestered by special-
ized insects included the investigation of the structural stabilities of the retronecine
and heliotridine molecules, which represent the necine bases occurring in almost all
1,2-unsaturated pyrrolizidine alkaloids, using different ab initio, semiempirical, and
molecular mechanics methods [63].

The sequestration of pyrrolizidine alkaloids from host plants were also character-
ized in other insects besides lepidopterans by Trigo and his colleagues including the
hemipteran Largus ruxpennis (Largidae) and the coleopteranChauliog-nathus fallax
(Cantharidae), two species that feed on Senecio brasiliensis (Asteraceae) [64].

In a noteworthy publication, Trigo reviewed the ecological and evolutionary
mechanisms behind the interactions among pyrrolizidine alkaloid-specialized lepi-
dopterans and their predators mediated by pyrrolizidine alkaloids from their host
plants, which he named as “different trophic levels” [65]. All of these notable interac-
tions involving pyrrolizidine alkaloid-specialist insects beganwith the capacity of the
insects to feed on plants with pyrrolizidine alkaloids. In this case, the term “capacity”
includes the presence of digestive and detoxification enzymes in the insects to over-
come the chemical defense of these plants. During evolutionary time, these insects
would become capable of sequestering those secondary compounds from their host
plants, incorporating them in their body parts. As a result, secondary compounds in
insects may work directly against predation, or may be used as precursors for the
biosynthesis of an insect’s defensive or mating pheromone compounds.
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3 Aristolochic Acids

Aristolochic acids (AAs) (Fig. 12) are natural products with a very restricted distri-
bution in plants that have been described only in plants of the genera Aristolochia
and Asarum, both belonging to the family Aristolochiaceae [66]. They are nitro-
phenanthrenes derived biosynthetically from the aporphine alkaloids [67] and more
than 178 aristolochic acid analogs have been isolated so far [68]. The biosynthesis of
aristolochic acids studied in Aristolochia sipho involves tyrosine, DOPA, dopamine,
and noradrenaline as specific precursors [69]. Additionally, Attaluri and collabora-
tors [70] presented a versatile approach to the synthesis of aristolochic acids and their
major metabolites based primarily on a Suzuki–Miyaura coupling reaction. Several
aristolochic acids have medical implications associated mainly with their renal toxi-
city and carcinogenicity [66, 71]. Plants within the Aristolochiaceae also contain
other secondary compounds including benzylisoquinoline alkaloids, aristolactams,
and terpenoids (Fig. 12) [72, 73].

Caterpillars of the neotropical swallowtail butterflies of the tribe Troidini (Papil-
ionidae: Papilioninae) (Fig. 13), which figure among the most popular insect taxa
and have greatly contributed to studies of ecology, behavior and evolution in insects
[74], feed only on plants in the family Aristolochiaceae and sequester the chemical
compounds present in their host plants [75]. These compounds are believed to cause
the unpalatability of these butterflies to possible predators [76–78].

One of Keith Brown’s first studies with aristolochic acids focused on the natural
history of several species of Troidini swallowtail butterflies from southeastern Brazil
and their relationships with host plants in the genus Aristolochia [79]. In this study,
Brown and colleagues suggested that the chemical features of the species of Aris-
tolochia may influence the patterns of host plant use, as well as the identification of
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Fig. 13 Examples of other butterfly groups studied byBrown andTrigo. a,bTwo larvae and an adult
of Battus polydamas (Papilionidae: Troidini), respectively; c Parides neophilus eurybates (Papil-
ionidae: Troidini); dHeliconius erato phyllis (Nymphalidae: Heliconiinae: Heliconiini); eGrouped
larvae of Actinote pellenea pellenea; f Actinote genitrix genitrix (Nymphalidae: Heliconiinae:
Acraeini) (Photos: A.V.L.F.)

suitable plants, by Troidini butterflies [79]. Bioassays with five species of Troidini
showed that they do not oviposit equally on all species of the available host plants.
Additionally, there is evidence that the caterpillars of Troidini react differently to the
available host plants [80, 81].
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Clécio Klitzke [80], under Brown’s supervision, classified plants within the genus
Aristolochia used as host plants by Troidini butterflies into three groups, according
to their chemical characteristics: (1) species with aristolochic acids in the leaves (A.
sessilifolia, A. melastoma, A. rumicifolia, A. arcuata, A. macroura and A. triangu-
laris), (2) species without both aristolochic acids and labdanoic acids (Fig. 12) in the
leaves (A. odora and A. elegans), and (3) species without aristolochic acids and with
labdanoic acids in the leaves (A. esperanzae, A. cymbifera and A. galeata). He then
associated the presence and absence of these compounds to the use of host plants
by the different species of Troidini. Later, the presence of aristolochic acids was
described in all 17 troidine species evaluated, in variable concentrations [82].

The role of aristolochic acids for the chemical protection of Troidini caterpillars
against invertebrate natural enemies (an ichneumonid wasp specialist parasitoid,
and ant and bug generalist predators) both in field and laboratory conditions was
investigated under Trigo’s first Ph.D. student supervision [83]. The tritrophic system
was studied in the association among Aristolochia arcuata and Battus polydamas
(Fig. 13) and the natural enemies of the latter species in a fragment of a neotropical
semi-deciduous forest in southeastern Brazil. The investigators conducted natural
field mortality observations and laboratory bioassays associated with the chemical
extractions of both the host plant leaves and larvae. Later, additional laboratory and
field predation trials with young chicks and carpenter ants were carried out and
these were followed by bioassays to assess the anti-predation activity of a mixture
of commercial aristolochic acids I and II applied topically on palatable baits [84].
However, despite the results of differential predation of immature B. polydamas
associated with larval developmental stage, the aristolochic acids I and II mixture
failed to show activity and the baits were consumed both in the laboratory and in
field bioassays [84]. As Aristolochia plants contain additional chemical compounds
(other alkaloids and aristolactams, already mentioned, and mono-, sesqui-, di-, and
triterpenes, among others (Fig. 12)) they could be sequestered and act, individually
or synergistically, as deterrents against predators. Further studies of the immature
Troidini defensive chemistry remain to be developed.

The relationships between troidine butterflies and their host plants are extremely
important in terms of understanding the evolution of this group within the Papil-
ioninae. With this in mind, a hypothesis of mutually evolved relationships between
Aristolochia and neotropical troidines was proposed [85]. According to this hypoth-
esis, species in the earlier derived clades within Parides, such as P. proneus, are able
to feed on host plants without aristolochic acids and sequester terpenes for defense,
whereas larvae of the remaining clades could sequester aristolochic acids from their
host plants. However, posterior studies using phylogenetic approaches and chem-
ical characterization to elucidate the relationships between Troidini butterflies and
their host plants did not corroborate the above-mentioned hypothesis [86, 87]. In
fact, the current pattern of host plant use by troidine butterflies is suggested not to be
constrained by the phylogeny of their food plants, nor indeed by the secondary chem-
icals in these plants or by their geographical similarity. Instead, troidine butterflies
may be opportunistic in the use of host plants [87].
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4 Cyanogenic Compounds

Cyanogenic glucosides (cyanoglucosides) are bioactive plant products derived from
amino acids that carry a cyanide moiety that is released upon their breakdown [88,
89]. Structurally, they are characterized as α-hydroxynitriles (cyanohydrins) that
are stabilized by glucosylation [89]. Glealdow and Møller [89] precisely described
the biosynthesis of these compounds: “Cyanogenic glucosides are synthesized from
specific amino acids in a series of reactions catalyzed by two multifunctional,
membrane-bound cytochrome P450s (P450aa and P450ox) and a soluble UDP-
glucosyl-transferase, with an oxime and an α-hydroxynitrile (cyanohydrin) as key
intermediates. Cyanogenesis occurs when the β-glucosidic linkage is hydrolyzed
by a specific β-glycosidase to form an unstable α-hydroxynitrile (cyanohydrin) that
dissociates into hydrogen cyanide (HCN) and a ketone either spontaneously at high
pH or catalyzed by an α-hydroxynitrilase”.

Diverse in form and structure, cyanoglucosides are present inmany plant families,
being notably diverse in the Passifloraceae [90]. Among animals, aromatic cyanoglu-
cosides are found in arthropods such asmillipedes and centipedes (Myriapoda),while
aliphatic cyanogenic glucosides are found in butterflies (Nymphalidae: Heliconiini)
andZygaenamoths (Zygaenidae) [91, 92].More complex, cyclopentenoid cyanogens
are also found in Heliconiini butterflies [93] (Fig. 14).

Acraeini butterflies (Nymphalidae: Heliconiinae) are unpalatable or unpleasant to
potential predators [94] and it is assumed that their unpalatability is due to cyanogenic
glucosides secreted from their thoracic glands. African Acraeini sequester cyanoglu-
cosides from their host plants (in the families Passifloraceae, Turneraceae and
Flacourtiaceae [95]) and are also able to biosynthesize them de novo [96]. New
World Acraeini, on the other hand, feed exclusively on pyrrolizidine alkaloid-rich
plants in the Asteraceae family (e.g., Eupatorium spp. and Mikania spp.) and there
are no records of cyanogenic host plants for these species. Brown and Francini [94]
investigated whether NewWorld Acraeini (Actinote and Altinote) (Fig. 13) sequester
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pyrrolizidine alkaloids from their host plants or, as in the case of their African coun-
terparts, accumulate cyanogenic glycosides from de novo biosynthesis. By testing all
life stages ofActinote andAltinote species, they did not find evidence of pyrrolizidine
alkaloid storage, except for minute quantities in larval guts, probably derived from
feeding activities. On the other hand, all life stages, including the eggs, tested positive
for cyanogenic glucosides. Chemical extraction and further analyses showed that the
most common cyanogenic glucoside was linamarin (25), followed by other minor
cyanoglucosides that were not identified at the time. Thus, NewWorld Acraeini also
synthesize their own defenses via storage of aliphatic linamarin (25) (Fig. 14).

The aliphatic cyanogenic glucosides linamarin (25) and lotaustralin (26), derived
from leucine and isoleucine, respectively, are the most common cyanogenic gluco-
sides in butterflies and moths [88]. Most cyanogenic glucosides are derived from de
novo synthesis but some are due also to sequestration, notably in the case of Zygaena
larvae feeding on cyanogenic host plants that contain linamarin (25) and lotaustralin
(26) [97]. Sequestration from cyanogenic host plants allows the accumulation of
cyanogenic glycosides other than 25 and 26, as observed in African Acraea and
American Heliconius species [93, 98] (Fig. 13). Brown and Francini’s [94] investi-
gation is the only study that examined the chemical profile of New World Acraeni.
Their discovery that these butterflies do not sequester pyrrolizidine alkaloids from
hosts and favor cyanogenic glucosides is relevant to our present understanding of the
evolutionary implication of biochemical evolution of chemical defense.

In order to understand the role of cyanoglucosides in butterfly chemical defense,
Trigo andCardoso [99] collaborated on the investigation of the efficacy of cyanogenic
glucosides as predator deterrent. The tests were carried with naïve chicks and aimed
to evaluate the effect of the cyanoglucosides and their breakdown products. The
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experiments tested an aromatic cyanogenic glucoside (prunasin) and an aliphatic
cyanoglucoside (linamarin). The tests indicated that not only can cyanide reduce
predation by chicks, but also the other non-toxic, volatile breakdown products, such
as benzaldehyde and acetone can also do so (Fig. 15). The dual effect suggests that
predators may learn to associate chemical defense and smell. It was also surprising to
find that the effects, although significant, were not strong. These results may explain
why in some Heliconius species the ability to sequester other types of cyanogenic
glycosides has evolved [100].

5 Conclusions

The interdisciplinary area of chemical ecology is undoubtedly fascinating. It permits
the exploration of complementary layers of knowledge, with each one being chal-
lenging and unexpected due the large number of newly unanswered questions, not
only in chemistry and biology, but also in evolution and related disciplines. So, it
is not by chance that Keith Brown Jr. and José Roberto Trigo stood out in the area:
they both had unique personalities and combined hard work and dedication in their
research and teaching activities. Most of what is currently known of the chemical
ecology of Neotropical butterflies came from their studies—and from the efforts of
their students afterward. Certainly, extra chapters would be needed to fully describe
Keith Brown’s contribution on natural history, biology, and systematics of butterflies
and José Roberto Trigo’s work with plant secondary metabolites and other insects.
Hopefully, the present contribution may at least partly acknowledge their major
contributions to the Brazilian chemical ecology field and stimulate future students
to pursue new studies on the chemical ecology of butterflies and moths.

Box 1 (Personal memories of Márcio Zikán Cardoso)
I met Dr. Keith Brown Jr. in a national conference in 1983. I was in my second-
year majoring in Biology and attended this big panel meeting on biotic diver-
sification in the neotropics, where he was one of the speakers. He circulated a
sign-up list for those who were interested in receiving his professorship thesis
[100]. By the time the list arrived in my hands there was barely any space
left—I had to write my name and address at the corner, next to the paper
margin thinking I would never receive the document. I had heard of him, of
course, back in Rio de Janeiro, from some of my older colleagues, who spoke
of him with reverence. We were surprised and elated when he appeared at our
poster session and read our paper on the fauna of tank bromeliads. In addition
to the traditional information, we had added a small leaflet with a note about
habitat loss and its consequences for endemic species that were found in our
study site. He was particularly happy to see that note and congratulated us
on it. Dr. Brown was also presenting a poster there. When I saw his poster, I
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Fig. 16 Example of a drawing of Keith Brown’s

could not understand a thing. It was so different in design that it baffled me.
Then he began to explain it: intricate drawings, arrows, hand-written text and
many, many connections (both real and metaphorical). And it all made sense
(an example of such drawings is shown in Fig. 16). He then turned on a small
Super-8 projector and showed this fascinating video movie about orb-weaving
spiders releasing butterflies from their web. I was hooked! I could not foresee,
but this was the beginning of my interest in chemical ecology and the fantastic
butterflies that Keith Brown introduced me to. Sometime after returning home
and back to my school work, I received Dr. Brown’s dissertation in the mail.
I was too young to realize I had a masterpiece, a tour-de-force, in my hands.
Almost forty years later I often see myself in awe at the breadth of that work,
and really thankful that Keith Brown came through with the promise at the
panel and made me one of the lucky few who has a hardcopy of that work.

In 1984, Keith published a paper in “Nature” [35] showing the work that
he had been doing with pyrrolizidine alkaloid-storing butterflies. In that same
year, I met him in Campinas for the first time and began a long-lasting rela-
tionship that culminated in me attending the University of Campinas for my
master’s degree. It was also an opportunity to join the International Society of
Chemical Ecology, which had been recently created. I was happy to be one of
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the foundingmembers, together withKeith Brown and José Roberto Trigo. The
annual meetings were opportunities to learn more about this amazing interdis-
ciplinary field. It was always an exciting moment when Keith returned from
these meetings and would show us the material he gathered and the notes he
had taken there. Because we did not have money to travel, this was our way
of being in contact with first-rate science. Keith´s note taking ability amazed
me and I now see how much this influenced my own note taking. It is said that
people sometimes teach by their actions. His “bag full of treats” (notes and
other materials from conferences) always taught me about the value of good
science, note taking, and sharing.

I do not remember when I first met Trigo, but I am sure it must have been in
Keith’s lab sometime before 1986, the year I moved to Campinas. He was older
than me and was the senior student in chemical ecology. We were to become
good friends during my years in Campinas.

The main activities in the lab were primarily directed toward the study of
chemical defenses in Ithomiini butterflies. Keith had laid down the groundwork
by showing that adult butterflies sequestered the compounds from the nectar
of their adult feeding plants rather than sequestering from the larval host plant,
which was the “expected” mode of acquiring defenses from toxic host plants.
Keith showed convincingly that freshly emerged individuals were palatable to
the giant orb weaver spide Trichonephila clavipes. Yet, when treated with PA
extracts on their surface, these butterflies were readily rejected by the same
spiders. This became the “T. clavipes bioassay” that was to become a staple for
not only Keith´s work, but also for Trigo and his students when he later became
a professor after Keith vacated the lab. Apparently, this bioassay was devel-
oped by Eisner in Florida, testing pyrrolizidine alkaloid-storing bella moths
(Utetheisa ornatrix), and saw much use in Keith´s lab. Many field demonstra-
tions have used this bioassay to illustrate predator behavior. In my early days
in the lab, I thought naïvely that the spiders refused all sorts of chemically
defended prey and was very frustrated when I tossed a haplessHeliconius spp.
on a T. clavipes web only to see it being happily accepted by the spider. Trigo
would later speculate as to why the spiders would only respond to pyrrolizidine
alkaloids. Although Trigo would go on to explore many details of the chem-
ical ecology of pyrrolizidine alkaloid insects, many of the avenues paved by
Keith in his “Nature” paper and in a more detailed study published in the
“Brazilian Journal of Biology” still need to be fully explored. Sexual selection
is one such theme. Together with Danaus and Utetheisa, ithomiines use their
pyrrolizidine alkaloids to synthesize sexual pheromones. For instance, males
could be selected by females based on their potential contribution for offspring
defense via donation of protective chemicals in their spermatophore. Would
females mate multiple times to replenish their pyrrolizidine alkaloid content?
Will males compete to access to females? These are unanswered questions.
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Keith Brown has left a remarkable legacy in butterfly ecology and conserva-
tion and I gather his contributions are more recognized in these two fields than
in chemical ecology. His work in chemical ecology was pivotal for some years
of his decades-long scientific career. He definitely saw Trigo as his successor
and left the door open for him.
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1 Introduction

Perezone (1), pipitzahoic acid, or according to IUPAC nomenclature, (R)-3-hydroxy-
5-methyl-2-(6-methylhept-5-en-2-yl)cyclohexa-2,5-diene-1,4-dione (Fig. 1), is
recognized as the first secondary metabolite isolated in the NewWorld by Leopoldo
Río de la Loza Guillén [1] from the roots of Perezia (formerly Acourtia) specimens.
Alongside this, a timeline from 1552 to 2005, in order to understand this chapter is
offered in Fig. 2, and as complement the molecules have been offered throughout
the chapter in different schemes.

To date, 1 has been physically and spectroscopically well characterized [2–4]: it
is an orange crystalline solid. Rf = 0.42 (n-hexane/AcOEt 9:1). mp = 104 ± 1°C.
UV–vis λmax nm (log ε) in n-hexane: 203 (4.16), 261 (3.86), 400 (2.63). FT IR
νmax: 3305 (OH), 2976 (CH2), 2929 (CH3), 1648 (C = O), 1608 (CH2Ar = CH2Ar),
1389 (CH2Ar = CH2Ar) cm−1. [α]D20 –17°cm2g−1 (ether). 1H NMR (750 MHz,
CDCl3) δ/ppm: 1.20 (H-9, d, J = 7.1 Hz, 3H), 1.53 (H-15, s, 3H), 1.58 (H-10S,
m, 1H), 1.64 (H-14, s, 3H), 1.80 (H-10(R), m, 1H), 1.86 (H-11(R), m, 1H), 1.92
(H-11(S), m, 1H), 2.06 (H-7, d, J = 1.6 Hz, 3H), 3.05 (H-8, m, 1H), 5.07 (H-
12, ddd, J = 7.0, 5.7, 1.3 Hz, 1H), 6.48 (H-6, d, J = 1.6 Hz, 1H), 6.99 (OH, s,
1H). 13C NMR (189 MHz, CDCl3) δ/ppm: 14.71 (C-7), 17.63 (C-15), 18.24 (C-9),
25.70 (C-14), 26.69 (C-11), 29.33 (C-8), 34.11 (C-10), 124.48 (C-12), 124.59 (C-2),

Fig. 1 Perezone (1) isolated from the roots of Perezia
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131.45 (C-13), 135.88 (C-6), 140.55 (C-5), 150.98 (C-3), 184.34 (C-1), 187.39 (C-
4). EI-MS (70 eV),m/z (% rel. abund.)[assignment]: 248(17)M+•, 233(3)[M–CH3]+,
219(2)[M–C2H5]+, 205(6)[M–C2H3O]+, 191(10)[M–C4H9]+, 177(5)[M–C5H11]+,
166(100)[M–C6H10]+•, 137(5)[M–C8H15]+, 55(12)[C4H7]+, 41(18)[C3H5]+. ESI-
HRMS (19 eV), exact mass for C15H21O3, [M + H]+ 249.1491 Da, corresponding
to an accurate value of 249.1497 Da, error: –2.41 ppm, unsaturations: 5.

2 Timeline Covering 1552–1852–2005

For many years, the important molecule perezone (1) has been the subject of
numerous chemical, structural, biological, and in silico studies, which are summa-
rized in Fig. 2 in the form of a timeline stretching from 1552 to 2005, and are
discussed in the following section. The structures mentioned in Fig. 2 and throughout
this contribution are listed in the formula drawings that follow.

2.1 Comments on the Timeline

In the following paragraphs, 83 points of the timeline in Fig. 2 are explained and
discussed in detail.

(1) In the sixteenth century, specifically in 1552, Martin de la Cruz, a Mexican
physician, wrote a document entitled “Amate Cehuatl Xihuitl Pitli”, a most important
illustrated compilation onmedicinalMexican (Mexica) plants, from the Tenochtitlan
Valley, which now corresponds tomodern-dayMexicoCity. Thisworkwas translated
from the Nahuatl to Latin by Juan Badiano as “Libellus de Medicinalibus Indorum
Herbis” and significantly this compilation mentions the medicinal effects of the roots
of plants of Perezia specimens (pipitzahua-Nahuatl) [5].

(2) It is important to highlight that in 1852, Dr. Leopoldo Río de la Loza Guillén
disclosed the isolation, medicinal properties, and elemental composition of pipitza-
hoic acid (perezone (1)), which was the first pure natural product chemical isolated
in the New World (specifically the American Continent) [1, 6].

(3) Several attempts to achieve the structural formula and some chemical and
physical analyses were performed between 1885 and 1886, giving the empirical
formula of C15H20O3 and indicating its phenolic and quinone character [7–10].

(4) In 1899, 1 was ascribed with alkalimetric properties since it becomes rose
colored with traces of alkali [11].

(5) By 1913, several perezone derivatives were prepared (α- and β-pipitzols
(2, 3), α- and β-acetylpipitzols (4a, 4b), α- and β-benzoylpipitzols (5a, 5b),
hydroxyperezone (6), perezinone (7), and their empirical formulas were established
[12].

(6) The first structure for 1 was proposed in 1935 [13].
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(7) In 1942, amixture of dl-dihydroperezone (8) was produced from 1, confirming
the previously proposed structure of the title compound [14].

(8) In 1954, the configuration (R) at C–8 for compound 1 was reported [15].
(9–14) During the year 1965, several important contributions on the scientific

knowledge of 1 occurred: its correct structure was confirmed unequivocally [16–
19]; the structures of its rearrangement derivatives, 2 and 3, were elucidated [20];
compounds 1 and 6 were isolated from Perezia alamani [21]; and also the total
synthesis of 1 was achieved [22].

(15) Perezone (1) and both 2 and 3 were isolated from Perezia cuernavacana
(1966) and by thermal rearrangement of 1, pipitzols 2–5 and several new compounds
(7 and 9–41) were produced [23].

(16) Interesting optical properties like the circular dichroism and optical rotatory
dispersion for 1 and some of its derivatives were determined in 1967 [24].

(17) During the year of 1968, several molecules related to 1 were reported (e.g.,
6–7, 42–51) [25].

(18) Different mixture ratios of griseofulvin and 1 were prepared and proved to
be active against several infections [26].

(19) 13C NMR experiments were performed to correctly assign all carbon
resonances of 1 as well as for some derivatives [27].

(20) Perezone and several analogs (2, 3, 6, hydroxyperezone monoisovalerate
(52), and α-, β-, and γ-perezols (53–55)) were isolated from Perezia heblecada in
1972 [28].

(21–22) In 1974, a contribution describing several synthesis transformations
of hydroxyperezone (6) was published [29]; in the same year, pyrazoline-O-
methylperezone (56) was transformed to produce derivatives 57–60 [30].

(23–24) The isolation of 1 and various analogs (61–64) was reported fromPerezia
runcinata [31] and Perezia multiflora [32]; it is also important to note the proposal
of a concerted reaction mechanism for the conversion of 1 to 2, and 3 [33].

(25–27) A set of novel perezone derivatives was isolated in 1979 from Acourtia
thurberi [34] (perezone angelate (65), 2-hydroxy-dihydroperezon-2-O-angelate (66),
2-hydroxy-dihydroperezon-5-O-angelate (67), 2-acetyl-dihydroacetateperezon-2-O-
angelate (68), and 2-acetyl-dihydroacetateperezon-5-O-angelate (69)). In a 13CNMR
study, the positions of the methyl groups in the isopropylidene moiety were deter-
mined by means of a convenient correlation with cholesterol [35]. In the same year,
the production of a spirodecenedione (70) and an oxatetracyclotridecenone (71) by
employing UV irradiation of 56 was also reported [36].

(28–29) In 1980, the laxative activities of 1 and hydroxyperezone monoangelate
(72) were studied and the effect was attributed to 72 [37]. Additionally, the methy-
lation of hydroxyperezone (6) produced O-methylmethoxyperezone (73) and its UV
irradiation resulted in derivatives 74–77 [38].
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(30–32) The transformation of perezone (1) to the corresponding derivatives α-
pipitzol (2) and β-pipitzol (3) employing BF3 as a Lewis acid catalyst was reported
in 1981 [39]; also, a contribution on the unequivocal assignments for all the ring
13C NMR signals in several perezone derivatives was published [40] and from a
non-polar extract ofWyethia helenioides, 6-desoxyperezone (78) was isolated [41].

(33–35) From 1982 to 1983, several reports related to the isolation of perezone
(1) and various analogs (2, 3, 61, diperezone (79), methoxyperezone (80), and 6-
acetylperezone (81)), from Perezia carpholepis [42], Perezia alamani var. oolepis
[43], Coreopsis fasciculata, and Coreopsis mitica were published [44].

(36–39) During the period 1984–1985, the following results were documented: 3
was obtained from methoxyperezone (80) [45], the production of 80 was described
in Ref. [46], the total synthesis of (±)-perezone was published [47], and the
isolation of 1 and several analogs (6-acetylperezone (81), isoperezone (82), and
2-O-acetylperezone (83)) from Coreopsis senaria were reported [48].

(40–42) In 1986, the X-ray crystallographic determination of the structure of
perezone (1) was published [49]. Photolysis products of 1 were characterized by
NMR spectroscopy [50] and its toxicity was studied [51].

(43–46) Worthy of note is the year 1987, due to a large number of contributions
related to perezone (1) being published: a comparative study between 13C CPMAS
NMR and 13C NMR was undertaken, and, in addition, the X-ray structures of 6
and 1 were compared [52]. Furthermore, 1, 82, and 6 were produced by convenient
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chemical transformations using the sesquiterpene parvifoline as a substrate [53].
Several interesting cyclic derivatives of 1 were obtained [54], and 1 was tested for
its ability to cause Ca2+ release, demonstrating that it is dependent on the reduction
of this compound, and a dose–response relationship was observed [55].

(47–49) During 1988, 1 and various analogs (2, 79, 6,6′-bis[2-(1,5-
dimethyl-4-hexenyl)-6-(2-methylbutyroxy)]-3-hydroxy-5-methyl-p-benzoquinone
(84), and 6,6’-bis[2-(1,5-dimethyl-4-hexenyl-6-isovaleroxy)-3-hydroxy-5-methyl-
p-benzoquinone]) (85) were isolated from Coreocarpus arizonicus [56]. Due to the
favorable oxidation–reduction characteristics of 1, it inhibits mitochondrial electron
transport [57], and it was noted that both perezone (1) and d,l-dihydroperezone (8)
inhibited flagellate growth of Trypanosoma mega [58].

(50–51) Several studies related to perezone (1) and various derivatives were
performed in 1989. Among them, an important review of 1 was published by Joseph-
Nathan and Santillan [59] summarizing chemical contributions. In the same year, it
was also reported that 1 is a strong cross-reaction sensitizer in guinea pigs, when
compared to hydroperezone (6) and abietic acid [60]. In addition, two rearrange-
ments of cyclobutenones were described, which yielded (±)-O-methylperezone (80)
and (±)-O-methylisoperezone (86) [61].

(52–63) Between 1990 and 1994, a large number of contributions to knowl-
edge on perezone (1) were reported. These included the ring expansions of tert-
butoxycyclobutenedione and of 4-alkynyl, 4-alkenyl, or 4-arylcyclobutenones, to
yield racemic perezone ((±)-1) and racemic isoperezone ((±)-82) [62]. In addition,
by means of the ring enlargement of various 4-alkenyl-4-hydroxycyclobutenones
followed by oxidation, the formation of methoxyperezone (80) and (±)-O-
methylisoperezone (87) was achieved [63]. Compounds 1 and analogs 2 and 3 were
also isolated from Acourtia nana [64]. Moreover, the electrochemical reduction of 1
in the presence of benzoic acid was performed [65]. Additionally, the effects of the
lipophilic nature of 1 on the release of H2O2 and O2

– from whole cells were reported
[66], and its muscle relaxant effects on the rat uterus were also observed [67]. The
cardiovascular effects of 1 were determined in urethane–anesthetized rats [68] and
it was also demonstrated that this compound can inhibit aortal ring contractions
induced by histamine, norepinephrine, or KCl [69]. Several studies on the produc-
tion of pipitzol derivatives were accomplished using cycloadditions of methoxyper-
ezone (80): 7-methoxy-α-pipitzol (88), 7-methoxy-β-pipitzol (89), 73, a mixture of
O-methyl-6-angeloyloxyperezone (90) withO-angeloyl-6-methoxyperezone (91), 6-
methoxyperezone (92), and O-methyl-6-hydroxyperezone (93) [70]. The interesting
transformation of 1 into isoperezone (82) by means of a 1,2-carbonyl transposition
using tetrahydropyrimidinethiol as the catalyst was also developed in this period
together with the production of dihydroisoperezinone (94) and dihydroisoperezone
(95) [71]. The decomposition of metallic perezonates in hydro-alkalinic solutions
was reported [72], and finally by using 82 with an intramolecular cycloaddition
catalyzed by ZnBr2, β-isopipitzol (96), 7, and 94 were produced [73].

(64–66) In 1995, a set of in vitro assays was developed showing that perezone
(1) relaxes the basal tonus of the smooth muscle. Therefore, the effects of 1 on rat
intestinal smooth muscle revealed the dose–dependent dual effect of 1 induced by
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ACh, K+, and Ba2+ [74]. The formation of several amino derivatives of perezone
(1) and isoperezone (82) catalyzed by zinc acetate was described [75]. Two unusual
bicyclo[2.2.2]octenediones were obtained by the reaction of 1 with thiourea [76].

(67–68) During 1996, the production of 1 was enhanced employing hairy roots
of Perezia cuernavacana induced by inoculation of intermodal segments of the
sterile plant with the Agrobacterium rhizogenes strain AR12 [77]. Moreover, several
cycloaddition products were produced by UV light irradiation of 6-acetylperezone
(81) [78].

(69–74) A fragmentation pattern from electronic ionization (EI) and collision–
induced dissociation (CID) experiments of 1 and several analogs (82, 2, 3, 7, 94, and
96) was established in 1997 [4]. In the same year, it was demonstrated that a root
decoction of A. thurberi reduced glycemia in mice and hyperglycemia in rabbits. It
should be noted that the water decoction contained 1, 2, and 3 as the principal compo-
nents [79]. An interesting study in 1997, by means of theoretical calculations, estab-
lished the existence of three different resonance forms of the diradical configuration
of the triplet state of 12 derivatives (6, 92, 97–105) of perezone (1) [80]. The produc-
tion of mansonones 106–109 by cyclization-oxidation of 1 and hydroxyperezone (6)
was established [81], and the formation of perezone trimethylether (110) by reduc-
tive methylation was reported [82]. Finally, by addition of a small quantity of water,
the isomerization of perezone (1) to isoperezone (82) through 3,4,5,6-tetrahydro-2-
pyrimidinethiol was improved, yielding 65%, together with other derivatives such as
6,6´-thio-bis-perezone (111) and 112, which were identified as by-products [83].

(75) In 1998, the structures of isoperezone (82) together with its analogous
aminoisoperezone (112) as well as amino derivative 97 were determined by
single-crystal X-ray diffraction analysis [86].

(76) In 1999, an in vivo study performed on a rat heartmodel showed that perezone
(1) reduces the incidence of reperfusion-induced arrhythmias [85].

(77–78) A complete study by 13C NMR spectroscopy was completed for several
perezone derivatives [86] and the structure of α-isopipitzol (113) was established
using an X-ray diffraction study [87].

(79–80) In 2001, it was established that 1 inhibits ADP-, epinephrine-, and
collagen-induced platelet aggregation. In contrast, isoperezone (82), 97, and 112
provided negative results [88]. In addition, in the same year, 13 C-6 p-substituted
anilinebenzoquinones 114–126 of 1 were studied using spectroscopic, electrochem-
ical, and theoretical techniques [89].

(81–82) During 2004, two electrochemical studies were reported: in the first
instance, 1 and several analogs (80, 100, 94–97, 120–124) were studied and estab-
lished the influence of internal proton donors and external proton sources in the first
electron transfer [90]. The self-protonation of perezone (1) in the first electron-
transfer process was derived by cyclic voltammetry and double potential step
chronoamperometry [91].

(83) In 2005, perezone (1) was isolated from Helicteres angustifolia, of the plant
family Malvaceae [92].
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3 Advances in the Period 2006–2020

To date, almost 170 years have passed since the first documentation relating to the
isolation of perezone (pipitzahoic acid) (1). Nevertheless, studies of this interesting
molecule have continued, directed not only toward solving challenging chemical
problems but also in the in silico, spectroscopic, and pharmacological areas.

It is worth noting that in 1989, P. Joseph-Nathan and R. L. Santillan recognized
the value of assembling information on the chemistry of 1 and its derivatives and
published a review [59], as alluded to in Sect. (50), of the time line. This review
covered the chemistry of naturally occurring sesquiterpene quinones isolated from
the genus Perezia (Acourtia) as well as other compounds found in this genus.

Considering the importance of 1 and the research interest in this molecule by
the present authors, it is hoped that this chapter will make a valuable contri-
bution by collating relevant scientific documentation. Consequently, all available
information has been compiled on perezone covering the 15-year period 2006–
2020, in chronological order. Specifically, noteworthy developments on the chemical
synthesis, spectroscopic, pharmacological, and in silico aspects of perezone research
are covered.

3.1 Advances in Electrochemical Aspects

3.1.1 Electrochemical and ESR Studies

In 2007, C. Frontana and I. Gonzalez reported two related investigations consid-
ering both electrochemical-cyclic voltammetry (CV) and a spectroelectrochemical-
electron spin resonance (ESR) study in an aprotic medium, focusing not only on
perezone (1), but also on three known quinones, 2-hydroxy-1,4-naphthoquinone,
horminone, and 7α-O-methyl-conacytone, which were compared [93, 94]. The elec-
trochemical study revealed a self-protonation mechanism, occurring at the first CV
signal and showing a dependence on the structures of the target molecules. The
corresponding CV signals depicted in Fig. 3 involved two reduction signals (peaks
Ic and IIc). Unfortunately, the first electro-generated radical anion readily dispro-
portionated and therefore there was no possibility to analyze its structural proper-
ties by employing coupled electrochemical-ESR experiments. It is pertinent to note
that, during self-protonation, a significant quantity of deprotonated quinone, corre-
sponding to radical dianions, was generated. In this regard, the ESR study for the
second reduction process displayed well-resolved ESR spectra, and the spectrum
obtained relating to the radical dianions of perezone (1) is shown in Fig. 4. For the
electrochemical procedures, a three-electrode cell was used to carry out the CV test,
the working electrode was a platinum microelectrode, Et4NBF4 was the electrolyte
support, and acetonitrile served as the solvent.
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Fig. 3 Typical cyclic voltammograms of the studied α-hydroxyquinones. Adapted from Refs.
[93, 94]

Fig. 4 ESR a) experimental and b) isotropic simulation spectra of the radical dianions of perezone
(1). Adapted from Refs. [93, 94]
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3.1.2 Effects of the Substituents on the Reactivity of Anilinoperezones:
Analysis of the Influence of the C-12–C-13 Double Bond

Bautista–Martínez et al. carried out interesting electroreduction studies of perezone
(1), dihydroperezone (8), and two sets of five corresponding aniline derivatives,
and deduced that the double bond in the side chain can interact with the quinone
ring [95]. The goal of this work was to study the electroreduction of 1 and a
set of five aniline derivatives (114–117, 120), in addition to their corresponding
dihydro derivatives (127–131), as summarized in Fig. 5 by cyclic voltammetry (CV)
and spectroelectrochemical-electron spin resonance (ESR) in situ. The CV experi-
ments (Fig. 6) were performed with acetonitrile as solvent and tetraethylammonium
tetrafluoroborate as the electrolyte support; polished glassy carbon was the working
electrode, a platinum wire served as counterelectrode, and the reference electrode
was aqueous AgCl/Ag. The ESR measurements were performed at a scan rate of
10 mV·s−1 while holding the potential scan at a position at which a stable radical
signal was recorded. According to the results obtained, the authors observed weak
π-π interactions of the olefin-quinone type for the reduction of the quinonic moiety.
From this information, the difference between the cathodic (EpcI) and anodic (EpaI)
peak potentials (Table 1) of the corresponding dihydro derivatives could indicate an
increase in acidity related to the hydroxy group at C-3, promoted by the absence of
the double bond and the production of the hydroquinone. The corresponding values
of the perezone aniline derivatives implied that their electroreduction testing would
stop at the presence of a hydroquinone monoanion and this was in agreement with
the ESR results. Moreover, with respect to the spectroelectrochemical ESR experi-
ments, the studied molecules confirmed the presence of dianions. The ESR spectra
of the electro-generated radical dianions of perezone (1), dihydroperezone (8), and
the simulated isotropic structures are also depicted.

OH

NH
O

O

R

OH

NH
O

O

R

a)

b)

114 R = OMe
115 R = Br
116 R = Me
117 R = CN
120 R = H

127 R = OMe
128 R = Br
129 R = Me
130 R = CN
131 R = H

Fig. 5 a)Anilinoperezones (114–117, 120) and b) their hydrogenated derivatives 127–131. Adapted
from Ref. [95]
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Fig. 6 A) CV of perezone (1): potential scan rate 0.1 versus –1. a) Eλ = –2.15 V and b) Eλ =
–1.21 V. B) CV of dihydroperezone (8): potential scan rate 0.1 versus –1. a) Eλ = –2.1 V, and b) Eλ

= –1.135 V. Adapted from Ref. [95]

Table 1 Voltamperometric parameters for APZs 114–117, 120 and APZHs 127–131. Data from
Ref. [95]

Substituent EpcI APZ
V versus Fc+/Fc

EpcI APZH
V versus Fc+/Fc

EpcI-EpaI APZ
V

EpcI-EpaI APZH
V

MeO −1,096 −1,046 494 624

Me −1,062 −1,040 437 565

H −1,015 −1,035 478 695

CN −1,011 −0,966 317 449

Br −0,925 −0,931 449 542

3.1.3 Perezone as a Corrosion Inhibitor for AISI 1018 Steel Immersed
in Sodium Chloride Solution Saturated with CO2

Perezone (1) has been evaluated as a corrosion inhibitor of 1018 steel, in the presence
of a corrosive 3% NaCl solution saturated with CO2, employing the electrochemical
impedance mode under both static and turbulent flow conditions. Various ethanolic
solutions of this inhibitor were evaluated (5, 10, 20, and 50 ppm) [96]. The results
indicated that 1 offers a good corrosion protection at a concentration of 10 ppm with
87% efficiency under static conditions, while in hydrodynamic conditions at rotation
rates of 100 and 500 rpm, 96 and 95% efficiency at a concentration of 5 ppm was
reached, respectively. A complementary thermodynamic analysis using a Langmuir
adsorption model showed that perezone was physically adsorbed to the steel surface.
In regard to electrochemical impedancemeasurements, these were accomplished in a
three-electrode electrochemical cell. The working electrode was AISI 1018 steel and
used as the rotating cylinder electrode, which allowed the simulation of turbulent
flow, at relatively low rotation rates (0, 100, and 500 rpm), while the reference
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electrodewas saturatedAg/AgCl, and graphitewas the counterelectrode. In aNyquist
diagram (corrosion inhibition) of steel versus perezone (1), which recorded data
under static conditions, the plot extended up to Z re ~370 �cm2. In comparison
with dynamic conditions (100 rpm) and a concentration of 5 ppm of 1, the extreme
extension occurred at Z re ~1000 �cm2. It should be noted that the variance obtained
is due to mechanical agitation, where the solution is more homogeneous, permitting
the inhibitor to adsorb to the steel surface. Nevertheless, if the rotation speed was
increased, the maximum extension decreased (Z re ~200 �cm2, at 50 ppm). Similar
changes were observedwhen the cylinder was rotated at 500 rpm. Finally, the authors
commented that generally under hydrodynamic conditions, the adsorption of the
inhibitor increases with its concentration, improving corrosion resistance.

3.2 Green Approaches

3.2.1 Eco-Contributions to the Chemistry of Perezone: A Comparative
Study Using Different Modes of Activation and Solvent-Free
Conditions

The synthesis of two sets of both R3-(R)-perezone and R3-(R)-isoperezone sulfur
derivatives 132–135 and 136–139 was reported. The study was carried out through
activating the reactions by means of microwave and infrared irradiations in compar-
ison to the typical mode mantle heating, using pure MeOH as the solvent and
comparing the reaction with solvent-free conditions (Scheme 1a). The authors
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1 R1 = OH, R2 = H 
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82 R1 = H, R2 = OH 
(isoperezone)

MeOH or 
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O
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O

O
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O
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OH
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N

NH

SH
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reflux or

R3

R3

R3-SH

(perezone) (isoperezone)

132 R3 = i-propyl
133 R3 = n-butyl
134 R3 = phenyl
135 R3 = benzyl

136 R3 = i-propyl
137 R3 = n-butyl
138 R3 = phenyl
139 R3 = benzyl

Scheme 1 a) Production of R3-(R)-perezone and R3-(R)-isoperezone sulfur derivatives 132–135
and 136–139, b) transformation of perezone (1) to isoperezone (82)
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utilized a reaction pathway involving a thiol in a Michael addition, followed by
an in situ oxidation, and they reported moderate yields. Moreover, a novel green
production of isoperezone (82) was achieved, using perezone (1) as substrate in the
presence of 3,4,5,6-tetrahydropirimidinethiol, employing, by comparison, infrared
or microwave irradiation under solventless conditions (Scheme 1b) [97].

3.2.2 Green Production of Indolylquinones, Derivatives of Perezone,
and Related Molecules, as Possible Antineoplastic Compounds

In this area, the authors reported the formation of indolyl derivatives 142–145 from
the quinones perezone (1), isoperezone (82), menadione (140), and plumbagin (141)
(Scheme 2). The structure elucidation of the target molecules was performed by stan-
dard spectroscopic procedures. Also, comparison of the experimental and computed
1H and 13C NMR data with previous data acquisition, was in good agreement
(Fig. 7). Calculations were carried out using the density functional theory at the
(DFT)/B3LYP/6–311++G(d,p) level. Cytotoxic activity for the human cancer cell
line MDA-MB-231 was evaluated and IC50 values of 40.6 and ca. 25 μg/cm3 for
1 and the isoperezone indolyl derivatives, respectively. It is important to mention
that the molecules were synthesized using a green approach, involving near-infrared
irradiation (NIR), microwave (MW), and ball milling (BM) using Tonsil Actifil FF
(TAFF) as a catalyst and solventless conditions, in comparison to the use of mantle
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H
N MH 95ºC, 60 min

NIR 121ºC, 60 min
MW 250 W, 100ºC, 10 min
BM 500 rpm, 60 minTAFF, solventless

OH
O

O

OH

O

O

O

O

O

OOH
NH

NH

NH NH

142 143 144 145

Scheme 2 Synthesis of indolylquinones 142–145 comparing MH, NIR, MW, and BM. Adapted
from Ref. [98]
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Fig. 7 Linear regression
between experimental and
calculated at the
B3LYP/6–311++G(d,p) level
of indolylquinones 147–150:
1H NMR and 13C NMR.
Adapted from Ref. [98]

heating (MH) (Scheme 2). Finally, the authors established the transformation of 1
into 82 in comparative yields to previously reported conditions, and also BM was
used for first time [98].

3.2.3 A Green Approach to the Extraction of Perezone from the Roots
of Acourtia platyphylla (A. Gray) Reveal & R.M. King:
a Comparison of Four Activating Modes and Supercritical
Carbon Dioxide

An innovative green method to extract perezone (1) from the roots of Acourtia platy-
phylla (A. Gray) Reveal & R. M. King was studied by Miranda Rubalcava et al.,
employing five different activating methods: NIR, MW, ultrasound (US), supercrit-
ical carbon dioxide (scCO2), and mantle heating (MH) (Fig. 8). The corresponding
yields under NIR, MW, US, and scCO2 conditions resulted in improved results in
comparison to typical MH to extract 1, with the best processes being ultrasound and
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Fig. 8 Extraction of perezone (1) comparing NIR, MW, US, and scCO2. Adapted from Ref. [99]

Fig. 9 Yield and selectivity obtained by the different processes for the extraction of perezone (1).
Adapted from Ref. [99]

near-infrared irradiation (Fig. 9). It is important to highlight that in this study, the
best solubility for the extraction of 1 was provided by scCO2 [99].

3.3 Advances in Chemical Synthesis

3.3.1 Synthesis and Cytotoxic and Antioxidant Evaluations of Amino
Derivatives of Perezone

Altogether, eight amino derivatives (146–153) of perezone (1) were synthesized by
nucleophilic addition of several bioactive amines such as melatonin, tryptophan,
valine, and leucine (Scheme 3). The compounds obtained were evaluated against
four human tumor cell lines, namely, PC3, K562, HCT15, and SKLU1, and also for
antioxidant activity. Perezone (1) and isoperezone (82) were evaluated for compar-
ison purposes, and showed higher cytotoxic potentials against the four cell lines, but
all molecules were less cytotoxic than the Adriamycin positive control drug. Deriva-
tive 146 exhibited an IC50 value of 7.5± 0.3μM, and was more active than perezone
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Scheme 3 Synthesis of amino derivatives 146–153 of perezone (1). Adapted from Ref. [100]

against HCT15 cells, while derivative 153 was selectively active against K562 cells
with an IC50 value of 4.5± 0.4μM. Additionally, the synthesized compounds exhib-
ited discernible cytotoxicity predominantly against the K562 leukemia cell line. For
their antioxidant activity, using a thiobarbituric acid reactive substance (TBARS)
assay, the most pronounced effect was observed for 148, and it is pertinent to note
that isoperezone (82) showed a two-fold greater antioxidant activity than its isomer
[100].

3.3.2 [5+2] Cycloaddition Reactions in Organic and Natural Products
Synthesis

In a review, Ylijoki and Stryker covered the [5 + 2] cycloaddition reaction using
mantle heating of perezone (1), thereby promoting the formation of α- and β-pipitzols
((2) and (3)) (Scheme 4). One should note, however, that previous mechanistic
proposals were incorrect, due to an inappropriate characterization of 1. As demon-
strated, the mechanism proceeds by a [5 + 2] cycloaddition of the pendant olefin
with the pentadienyl cation as intermediate (I). Consequently, several intermolecular
variants have been established for 1 in addition to some other quinones [101].
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Scheme 4 [5+2]
Cycloaddition of perezone
(1) and the pyrrolyl
derivative 154. Adapted from
Ref. [101]
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3.3.3 A Novel Semisynthetic Anion Receptor: Synthesis and Ion
Recognition of (1H-Pyrrol-2-yl)-4-oxo-perezone

A synthesis of (1H-pyrrol-2-yl)-4-oxo-perezone, or according to IUPAC nomen-
clature, (R)-2-hydroxy-6-methyl-3-(6-methyl-5-oxoheptan-2-yl)-5-(1H-pyrrol-2-
yl)cyclohexa-2,5-diene-1,4-dione (154) (Scheme 4), in 44% yield starting from
perezone (1), has been described [102]. This product is considered as a novel
semisynthetic anion-guest molecule, since it clearly has an anion-recognizing
region (pyrrole-hydrogen bond donor—colored blue in the formula) and a cation-
recognizing region (engaged in Lewis acid interactions with the carbonyl side-chain
moiety—coloredmagenta in the formula). It is important to note that according to the
authors, 154 showed interesting complexation properties in the presence of different
inorganic salts, tetrabutylammonium fluoride, chloride, bromide, and iodide, as
evaluated using 1H NMR titration techniques in deuterated dichloromethane.
Furthermore, the cation-recognizing properties were evaluated by their corre-
sponding colorimetric behavior with different salts, as for example, a change in
color from purple to green with Bi(NO3)3, and from gray to green with KMnO4,
among others [102].
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Scheme 5 Synthesis of meso- and (±)-diperezone (79). Adapted from Ref. [103]

3.3.4 A Concise Synthesis Approach to meso- and (±)-Diperezone

An interesting and simple synthesis ofmeso- and (±)-diperezone (79) was described
by Gao and Hu, employing a biomimetic oxidative phenolic coupling of 1,2,4-
trihydroxyarenes, applying a ring expansion of a cyclobutenone (Scheme 5). The
authors reported that the key intermediate I is unstable and consequently they
furthered the oxidative dimerization by employing K3[Fe(CN)6]/KOH. However,
the products were obtained in low yields. Noteworthy is that the best result was
observed using FeCl3/KOH, and both diastereomers could be obtained [103]. In the
samemanner, the biquinoid natural product parvistamin A could be also synthesized.

3.3.5 Iron-Catalyzed Intramolecular Perezone-Type [5+2]
Cycloaddition: Access to Tricyclo[6.3.1.01,6] Dodecane

In this investigation, iron chloride was employed to catalyze a perezone-type [5 +
2] cycloaddition to produce molecules structurally related to a tricyclo[6.3.1.01,6]-
dodecane (Scheme 6). The reactions proceeded with satisfactory yields (46–93%),
diastereoselectivities (6:1 to > 20:1), and extensive substrate scope. In general, the
products obtained were cycloadducts with two new C–C bonds and three to four
stereogenic centers. It is worth noting that two different conditions were conve-
niently established: catalytic FeCl3/PhCO3tBu (0.5 equiv/1.0 equiv) and stoichio-
metric FeCl3 (2 equiv). From the mechanistic point of view, the authors proposed
that the reaction may proceed via iron-mediated initiation of a carbocationic center,
promoting a subsequent [5+ 2] cyclization (Scheme 6) [104]. Detailed experimental
procedures, spectroscopic data, 1H and 13CNMR spectra, andX-ray crystallographic
data of the new molecules were made available.
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Scheme 6 Intramolecular perezone-type [5 + 2] cycloaddition. Adapted from Ref. [104]

3.3.6 Total Synthesis of (–)-Perezoperezone Through an Intermolecular
[5+2] Homodimerization of Hydroxy p-Quinone

In this investigation, the authors presented the first copper-catalyzed ((0.1mmol), CuI
(0.005 mmol), Et3N (0.1 mmol), THF (0.5 cm3), 40°C, 1 h) intermolecular [5 + 2]
homodimerizationof a hydroxy-p-quinone, a procedure referred to as a perezone-type
[5 + 2] cycloaddition. According to the authors, this catalytic alternative provides
bicyclo[3.2.1]octadienone moieties in good yields (43–87%) and excellent diastere-
oselectivities (although no data were published). It is important to highlight that the
use of this synthetic methodology allowed for a concise nine-step total synthesis of
(–)-perezoperezone (155), as displayed in Scheme 7 [105]. The structures of several
dimerized products were confirmed by X-ray crystallography. Generally, this inter-
molecular homodimerization is considered to be practical and operationally simple.
Using this procedure, 36 bicyclo[3.2.1]octadienones conveniently were produced.

O

O

OHO

HO

O

155 ((—)-perezoperezone)

Scheme 7 Formula of perezoperezone (155)
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3.4 Advances Related to in Silico Studies

3.4.1 Remote Position Substituents as Modulators of Conformational
and Reactive Properties of Quinones: Relevance of the π/π
Intramolecular Interaction

Perezone (1) may be presented as an excellent model to study π–π interactions
between a donating olefin that is rich in electrons and a quinone group of a captive
nature, because the distance between these groups is very short, thereby allowing
this interaction. In fact, it is commonly accepted that the first unit of isoprene is
responsible for the high affinity between ubiquinone and the reduction site. Accord-
ingly, the reduction of the olefin is clean, yielding a pure product. In addition, its
molecular size allows high-level calculations that include the dispersion terms that
are fundamental for the correct description of π–π intramolecular interactions. The
potential energy surface is simplified when numerous stationary states that generate
long and flexible chains are eliminated.

The results obtained using this model can be extrapolated easily to analogous
systems such as ubiquinone Qn. The electrochemical study of both perezone (1) and
dihydroperezone (8) was performed to evaluate their electron-transfer properties
[106]. A computational study of the different conformers generated by the rotation
of the carbon–carbon bond in the side chain was performed. In addition, since disper-
sion forces may have a relevant role in this process, the MP2 method was selected
using in addition a split valence double-ξ basis set with polarization in heavy and
light atoms: 6–31G(d,p). The size of this sesquiterpenemolecule makes it impossible
to include diffuse functions in the basis set used during the optimization procedure.
There have been reports of calculations of the Hartree–Fock and DFT hybrid type
of folded ubiquinones to explain their low diffusion coefficients and flexibility. This
study showed the importance of weak interactions of the olefin-quinone type in
the reduction process of quinones. These interactions can protect the molecules in
biological media or at least modulate their electrochemical potential by modifying
their conformation. Therefore, these molecules can be activated by only high specific
metabolic conditions due to the capability of certain enzymes to recognize diverse
conformers. Cyclic voltammetry experiments and coupled electrochemical–electron
spin resonance studies showed changes in the reactivity between perezone (1) and
dihydroperezone (8). These results are compatible with the presence of a low-energy
π–π interaction between the C-12–C-13 double bond and the quinone ring. Theoret-
ical calculations at the MP2/6-31G(d,p) and MP2/6–31++G(d,p)//MP2/6-31G(d,p)
levels of several conformers (1a–1f) of perezone (1) (Fig. 10) established that a weak
π–π interaction not only controls the molecular conformation, but also its diffusion
coefficient and electrochemical properties. The calculations carried out confirmed
that several conformers coexist in solution, with at least one gauche arrangement in
the side chain, which might explain the high diffusion coefficient of coenzyme Q10
[106].
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Fig. 10 Fully optimized conformers of perezone (1). Adapted from Ref. [106]

3.4.2 Conformational Analysis of Perezone and Dihydroperezone Using
Vibrational Circular Dichroism

In this investigation, the authors reported the vibrational circular dichroism spectra of
perezone (1) and dihydroperezone (8), comparing experimental data with theoretical
curves obtained from density functional theory (DFT) at the B3LYP/DGDZVP level
of theory, providing an excellent equilibrium between spectral accuracy and in silico
time (Fig. 11). At the experimental level, as determined from CDCl3 solutions, it
is convenient to highlight that the corresponding spectra were remarkably similar
indicating similar conformations of the target molecules.

The results were as follows: there is a strong hydrogen bond between the hydroxy
group with the C-1 carbonyl group in 1, as demonstrated by 1H NMR spectroscopy.
Consequently, the conformational flexibility of the molecule originates from the
four rotatable C-2-C-8-C-10-C-11-C-12 bonds, resulting in 81 conformers (34 = 81)
when alternate conformational arrangements around single bonded carbon atoms
are considered. It is also important to note that the corresponding (R)-C-8 config-
uration was confirmed by comparison of the experimental VCD spectrum of each
compound with theoretical calculations considering their conformational mobility.
An extended side-chain conformation, over a folded chain conformation, seems to
be preferred for perezone (1). In this respect, the conformational analysis of the
(R)-C-8 enantiomer showed 19 low-energy conformers in a 10 kJ/mol energy range,
while for (R)-C-8, with the saturated side alkyl chain, 34 conformers were consid-
ered in the first 8.4 kJ/mol. There is no vibrational circular dichroism evidence for
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Fig. 11 Comparison of the
experimental VCD spectra
and calculated
DFT//B3LYP/DGZVP
spectra of perezone (1) and
dihydroperezone (8).
Adapted from Ref. [107]

preferred conformers of perezone, showing that weak π–π interactions between the
alkyl chain double bond and the quinone ring control the molecular conformation.
The conclusion reached, after an exhaustive conformational analysis of perezone
required for a vibrational circular dichroism study, suggested preferred extended
side-chain conformations [107].

3.4.3 NMR-Based Conformational Analysis of Perezone and Analogs

For this topic, Joseph-Nathan et al. emphasized that the assessment of 1H NMR
coupling constants is a diagnostic tool to obtain appropriate conformational infor-
mation for interesting molecules. This objective was reached by applying NMR
simulation software inclusive of iterative minimization of variance betweenmodeled
and experimental spin–spin data. With consideration to the previous discussion,
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Table 2 1H NMR and
spin–spin analysis of pro-(R)
and pro-(S) signals
corresponding to the
hydrogen atoms at C-10 and
C-11 of perezone (1). Data
from Ref. [3]

Atom δ/ppm spin–spin Hz

H-10(R) 1.805 J10R,10S −13.21

H-10(S) 1.581 J10R,11R 5.97

H-11(R) 1.864 J10R,11S 9.37

H-11(S) 1.921 J10S,11S 6.23

the authors described a complete and detailed assignment of both chemical shifts
and coupling constant values (Table 2) for three sesquiterpenes, perezone (1),
methoxyperezone (80), and 6-hydroxyperezone (6), highlighting the pro-(R) and
pro-(S) signals corresponding to the hydrogen atoms at C-10 and C-11 for 1, by
total line shape fitting computations using the PERCH iterative spectra analysis soft-
ware. In general, the RMS deviation (experimental versus simulated spectra) was ≤
0.06%, and it should be noted that in using in silico analysis, the pro-(R) and pro-(S)
signals corresponding to the hydrogen atoms at C-10 and C-11 were obtained in a
convenientmanner. In general, robust resemblance to the corresponding experimental
spectra was reported. The entire vicinal, allylic, and homoallylic coupling constant
values corresponding to the side chain in each targetmoleculewere extremely similar,
thereby revealing that the conformation of these three molecules in solution is indeed
almost identical. Finally, it must be stated that findings of double pulsed field gradient
spin echo NOESY 1D experiments on 1 did not offer support for folded conformers
[3].

3.4.4 The Folded Conformations of Perezone Revisited. Long-Range
NOE Interactions in Small Molecules: Interpretable Small
Signals or Useless Large Artifacts?

Thepresence of a double bond in a remote position in quinones has a remarkable influ-
ence on their structural and reactivity properties. In addition, the presence of folded
structures has been used commonly as an argument to describe the relevant properties
of similar quinones. The existence of conformers depends on the level of theory and
for this area of investigation, the molecular geometries of perezone were determined
at the M06–2X/6–31++G(d,p) level of theory (Fig. 12), and the closest interatomic
distances varied with the relative orientation of the side chain. The presence of folded
conformers in the conformational equilibrium was also revealed conclusively from
the observed nuclear Overhauser effect (NOE). Consequently, the absence of the
OH group should decrease the polarization of the carbonyl group in the quinone
ring and its ability to accept charge from the olefin in the folded conformers. The
least stable arrangement incorporates exclusively double bond quinone interactions.
NOEs have been observed between hydrogen atoms located at distances longer than
6 Å for several small molecules with a common quinone-like framework. The results
confirm the existence of folded conformers for 1 in contrast with previous reports
using NMR data and vibrational circular dichroism. Due to the fact that signals of
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Fig. 12 Some theoretical optimized structures of perezone (1) with relative stabilities. Adapted
from Ref. [108]

interest are very small (in the order of 1% of a normal NOE), they may be considered
as artifacts originating in the decoupling modulation. Nevertheless, they represent
properties that make them interesting and give them some credence as interpretable
signals [108].

3.4.5 Computational Characterization of Perezone, Isoperezone,
and Their Sulfur Derivatives with Anti-Inflammatory Activity

The present authors in a recent report [109] described a theoretical study to confirm
the spectroscopic characterization of eight sulfur derivatives (132–139) of pere-
zone (1) and isoperezone (82) (Scheme 1), and they employed the DFT/B3LYP/6–
311++G(d,p) method. Hence, corresponding conformational studies for the respec-
tive sulfur-containing functionalities were performed to obtain minimum energy
arrangements. The results conveniently were in agreement, and the vibrational
frequency analyses; the magnitude of 1H NMR; and 13C NMR spectra for perezone
(1), isoperezone (82), and their respective sulfur derivatives, obtained both at the
theoretical and experimental levels, correlated adequately. Furthermore, the predic-
tion of anti-inflammatory activity was extended and supported later by in vivo anti-
inflammatory evaluation experiments. Docking calculations of the test compounds
with COX-2 revealed that (R)-benzylperezone (135) had the highest affinity for this
enzyme. Consequently, 135 was evaluated in vivo employing a contact irritant ear
edema mouse model, and showed anti-inflammatory activity comparable in potency
to naproxen [109].



A Timeline of Perezone, the First Isolated Secondary Metabolite … 101

3.4.6 Is the VCD Spectrum a Fingerprint of the Conformational
Population? The Conformation of Perezone in the Spotlight

In their investigation [110], Cuevas et al. recognized the fitness of different theoret-
ical methods based on DFT, to describe both the conformational population of pere-
zone, and to create its theoretical vibrational circular dichroism (VCD) spectrum,
and an appropriate contrast with experimental data was observed (Fig. 13). M06–
2X, B3LYP, ωB97XD, and B97D functionals with 6-311++G(2d,2p) and DGDZVP
basis sets were employed to establish the stationary points of minimum energy of the
potential energy surface of perezone (1) (Fig. 14). It is noteworthy that the levels of
theory employed produced a meaningfully diverse conformational population, fluc-
tuating from 75% participation of folded conformers to <5%, without the generation
of a uniform conformational order. The correct absolute configuration (R)-C-8 of 1
was predicted for each event [110].

Fig. 13 Comparison of the
experimental VCD spectra of
perezone (1) with those
obtained with M06–2X,
B3LYP, B97D, and ωB97XD
functionals. Adapted from
Ref. [110]
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Fig. 14 Conformational populations of perezone (1) at M06–2X/6–31++G(2d,2p). Adapted from
Ref. [110]

3.5 Advances in Investigating Biological Activities

3.5.1 Antifeedant and Phytotoxic Activities of the Sesquiterpene
p-Benzoquinone Perezone and Some of Its Derivatives

In this work, the researchers demonstrated the antifeedant effects of perezone (1),
isoperezone (82), dihydroperezone (8), dihydroisoperezone (95), and anilidopere-
zone (100) against the herbivorous insects Spodoptera littoralis,Leptinotarsa decem-
lineata, and Myzus persicae, with the most active molecules being 82 and 100. The
results showed that all compounds were active against adult L. decemlineata and
M. persicae, and 82 and 100 were determined as the most potent molecules against
L. decemlineata. For M. persicae, compound 82 was the most active, displaying a
comparable level of activity to the positive control, polygodial. For S. littoralis, all
of the evaluated sesquiterpenoid products had low activities in comparison to the
positive control ryanodine. A phytotoxic evaluation was carried out with the seeds
of Latuca sativa var. Carrascoy, but the sesquiterpenes tested did not affect seed
germination [111].

3.5.2 Screening a Panel of Drugs with Diverse Mechanisms of Action
Yields Potential Therapeutic Agents Against Neuroblastoma

Thefirst report on the potential antineoplastic activity of 1waspublished inRef. [112]
by means of an in vitro screening panel with several test compounds against neurob-
lastoma (NB). The authors pointed out the importance of this area of research, as NB
cells metastasize at an early stage to several extra-cranial organs, and the survival of
patients with NB is low. To discover novel compounds as potential chemotherapeutic
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agents to treat NB, screening with a set of 96 drugs against two NB cell lines, SK-N-
AS and SH-SY5Y, was carried out. The studied compounds included 8 antimetabo-
lites, 12 DNA-intercalating agents, 12 topoisomerase inhibitors, 5 mitotic inhibitors,
44 agents affecting various additional biological pathways, and 15 compounds with
unknown mechanisms of action. The obtained results revealed that 30 compounds,
among them 1, were active against the two NB cell lines at ≤10 μM concentrations
(Fig. 15). After 72 h of incubation of SK-N-AS and SH-SY5Y cells with 10 μM of
1, cell viability was reduced by > 90%. Consequently, 1 was considered as a moder-
ately active compound against the neuroblastoma cell lines utilized, although it did
not significantly stimulate caspases-3 and -7 and so its mechanism of action was not
determined in this investigation [112].

Fig. 15 Screening of a panel of drugs to search for compounds with antineuroblastoma activity
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Fig. 16 Effects of perezone
(1) and isoperezone (82) on
K562 cells

3.5.3 Perezone and Its Isomer Isoperezone Induce Caspase-Dependent
and Caspase-Independent Cell Death

The cytotoxic effect of perezone (1) and isoperezone (82) against a human
erythroleukemic cell line (K562) was investigated and the potency of 1 was deemed
higher than that of 82. Apoptosis constituted the main mode of cell death as demon-
strated by phosphatidylserine translocation using flow cytometry. Compounds 1
and 82 produced a reduction in mitochondrial membrane potential, showing a
good correlation with the cytotoxic activities observed. In contrast, the researchers
concluded that cell death was elicited for both compounds by caspase-dependent and
caspase-independent mechanisms (Fig. 16) [113].

3.5.4 Perezone, from the Soft Coral Pseudopterogorgia rigida, Induces
Oxidative Stress in Human Leukemia Cells

Owing to earlier reports concerning the cytotoxic activity of perezone (1) against
cancer cell lines, the authors of this study considered it of interest to evaluate
the cytotoxic activity of four bisabolanes in addition to 1 and triacetylperezone
(51), with all of them isolated from a methanol-dichloromethane extract of the
Caribbean gorgonian coral Pseudopterogorgia rigida. Six cancer cell lines were
used, namely, promyelocytic leukemia (HL-60), colorectal adenocarcinoma (HCT-
8), human glioblastoma (SF295), breast cancer (MDA-MB-435, MDA-MB-231),
and murine melanoma (B16), and, as normal cells, murine macrophages (J774) and
murine fibroblasts (L929). Only 1 exhibited a positive result with an IC50 < 40 μM,
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Fig. 17 Effects of perezone (1) against the HL-60 cell line

being themost active against the HL-60 cell line (Fig. 17). In contrast, the IC50 values
against the normal cell lines J774 and L929 were 16.3 and 11.5 μM, respectively,
showing a lack of selectivity. Alterations in the cell cycle of HL-60 cells treated with
1 after 24 h displayed an increase of the G2/M phase, accompanied by a decrease
in the S phase. The authors concluded that the cytotoxic effect was related to the
generation of reactive oxygen species (ROS), due to its reversibility when cells were
exposed to N-acetylcysteine before treatment with perezone (1) [114].

3.5.5 Sesquiterpenes with Inhibitory Activity Against CDC25
Phosphatases from the Soft Coral Pseudopterogorgia rigida

TheCDC25 enzymes, which belong to a family of phosphatases, are known as impor-
tant regulators of the cell cycle. In addition to an increase in the expression of these
enzymes in cancer cells, they are also a marker of cancer “aggressiveness.” Roussis
et al. screened 21 sesquiterpenes isolated from an organic extract of the Caribbean
gorgonianPseudopterogorgia rigida in order to find novel CDC25 inhibitors. Among
the evaluated compounds, perezone (1) exhibited appreciable inhibition against the
CDC25A, CDC25B, and CDC25C phosphatases with IC50 values of less than 5 μM
in each case (Fig. 18) [115]. According to these findings, the authors concluded that
the mechanism of action of 1, which can explain its cytotoxic activity, is via CDC25
inhibition.



106 R. Escobedo-González et al.

Fig. 18 Perezone (1) inhibits CDC25 phosphatases

3.5.6 In Silico Study of the Pharmacologic Properties and Cytotoxicity
Pathways in Cancer Cells of Various Indolylquinone Analogs
of Perezone

Recently, the cytotoxic effects on a human breast cancer cell line of a set of four
indolylquinones 142–145 were reported (see Scheme 2). Additionally, quantum-
chemical calculations were used extensively to study the structure activity of
the biochemistry of these molecules and the authors performed calculations with
descriptors that could be correlated with corresponding biological activity of the
studied compounds. The determinations were accomplished using density func-
tional theory at the (DFT/B3LYP/6–311G(d,p)) level; the computed properties were
HOMO−LUMO gap energies, natural population analyses, and molecular electro-
static potential maps.With regard to the last mentioned criterion, this indicates which
atoms could participate in intermolecular hydrogen bonds with receptor amino acid
residues (Fig. 19). Moreover, since docking studies provide models of the possible
interactions of protein residues with ligands, this allows the proposal of a biolog-
ical target for a compound and can, for example, explain its pro-apoptotic activity.
Thus, it was proposed that PARP-1 is the target protein proposed for indolylisopere-
zone (143) and BAK for indolylperezone (142). It was also recognized that the most
potently cytotoxic compound was indolylisoperezone (143), and this was conducted
by considering the smallest energygapof the correspondingHOMO–LUMOorbitals,
and consequently its high reactivity values. In addition, this approach can inform and
predict toxicity risks, for example, that indolylperezone (142) and indolylisoperezone
(143) could have a high risk of skin irritancy. With respect to other physicochemical
properties, for example, cLog P, log S, molecular weight, and toxicity risks, these
qualities have also been used to evaluate compounds as possible drugs. However,
both indolylperezone (142) and indolylisoperezone (143) had the “poorest” values
in these properties with respect to what would make a “good” drug molecule. The
“poorer drug score” predicted for 142 and 143 is likely to be due to the high prob-
ability of skin-irritant effects in these molecules. Absorption and excretion models
postulated that the exhibited human intestinal absorptions for indolylperezone (142)
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Fig. 19 Molecular electrostatic potential surface of indolylquinones 142–145. Adapted from Ref.
[116]

and indolylisoperezone (143) have a high probability of actual occurrence. For pene-
trating the blood–brain barrier, indolylperezone (142) and indolylisoperezone (143)
hadmediumabsorption probability values.Asmentioned above, inspection ofmolec-
ular docking data suggested an interaction of indolylisoperezone (143) to the PARP-1
and BID proteins as displaying the highest affinity (Fig. 20a, b). Possible degradation
pathways of the studied compounds during human phase I and II metabolism were
also predicted [116].
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Fig. 20 a) Interaction of indolylisoperezone with PARP-1 and b) the indolylisoperezone–BIM
complex. Adapted from Ref. [116]

3.5.7 Antidiabetic and Antihyperalgesic Effects of a Decoction
and Purified Compounds from Acourtia thurberi

A studywhere perezone (1) is present involved the preclinical efficacy of the aqueous
extracts of the roots of Acourtia thurberi by means of oral administration in mice
and studying hypoglycemic, antihyperglycemic, and antihyperalgesic activities. The
following results were obtained experimentally: no toxic effects, with an estimated
LD50 >500 mg/kg and a decrease of blood glucose levels was produced in normo-
glycemic and nicotinamide-streptozotocin-treated mice. Ultraperformance Liquid
Chromatography (UPLC) analysis of an Acourtia thurberi extract identified, in addi-
tion to perezone (1), α-pipitzol (2), β-pipitzol (3), and 8β-d-glucopyranosyloxy-4-
methoxy-5-methyl-coumarin. However, although active, the corresponding evalua-
tion disclosed minimal hypoglycemic and antihyperglycemic effects for the extract.
Finally, the local administration of an A. thurberi aqueous extract, with the iden-
tified compounds mentioned above, showed significant inhibition on the licking
time during the formalin test in healthy and hyperglycemic mice. Consequently,
this extract exhibits some antinociceptive and antihyperalgesic potential [117].
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3.5.8 Vasodilatory Activity of Compounds Isolated from Plants Used
in Mexican Traditional Medicine

In order to develop novel vasodilators, Camacho-Corona et al. isolated a series of
phytochemicals (156–172), namely, triterpenes, diterpenes, sesquiterpenes, lignans,
and flavonoids (Table 3), from ten plants employed in Mexican traditional medicine;
the phytochemicals obtained were evaluated to determine their vasorelaxant activity
using a rat aorta model. According to the results obtained, however 1 showed poor
vasorelaxant activity with an IC50 value of 524.5 μM [118].

Table 3 Values of half maximal effective concentration (EC50) and maximum effect (Emax) of 1
and 3 and various test compounds. Data from Ref. [118]

Compound EC50/μM) Emax/%

Perezone (1) 524.5 ± 32.5 99.5 ± 2.2

Pipitzol (3) 249.4 ± 10.2 59.8 ± 2.4

3-α-Hydroxymasticadienoic acid (156) 206.1 ± 11.6 98.2 ± 3.1

3-α-Hydroxyturicalla-7,22-dien-26-oic acid (157) 331.3 ± 42.1 99.5 ± 6.1

Corosolic acid (158) 108.9 ± 6.7 96.4 ± 4.2

5-Hydroxy-3,7,4′-trimethoxyflavone (159) 377.1 ± 37.1 80.5 ± 3.7

(3R,4R,6S)-p-Menth-1-ene-3,6-diol (160) 1622.8 ± 73.8 99.5 ± 8.3

6-O-Acetylaustroinulin (161) 413.5 ± 22.4 47.1 ± 2.8

6,7-Diacetylaustroinulin (162) 261.0 ± 9.1 99.5 ± 3.8

Galphin A (163) 592.3 ± 21.7 99.5 ± 9.1

Galphin B (164) 1030.7 ± 39.4 99.5 ± 23.2

Galphimidin (165) 145.9 ± 9.2 99.5 ± 5.3

3β-(E)-p-Coumaryl-oxy-16β-hydroxy-20(29)-lupene (166) 63.2 ± 5.8 27.5 ± 1.9

β-Sitosteryl-β-d-glucopyranoside (167) 314.7 ± 19.7 71.2 ± 5.3

meso-Dihydroguaiaretic acid (168) 49.9 ± 11.2 99.8 ± 2.7

5,4′-Dihydroxy-3,7,8-trimethoxyflavone (169) 587.8 ± 33.4 80.5 ± 5.6

5,8,4′-Trihydroxy-3,7-dimethyflavone (170) 122.3 ± 7.6 99.5 ± 5.4

3′-Demethoxy-6-O-demethyl-isoguaiacin (171) 604.5 ± 60.1 91.7 ± 7.3

Pinostrobin (172) 234.9 ± 9.9 99.5 ± 4.8
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3.5.9 In Vitro and Computational Studies Showing that Perezone
Inhibits PARP-1 and Induces Changes in the Redox State of K562
Cells

In order to determine the mechanism of action of perezone (1) and to explain its
cytotoxicity to cancer cells, both computational and in vitro assays were performed.
Accordingly, K562 cells treated with perezone (1) exhibited decreased viability
and a more oxidized status. An increase of the G0/G1 phase of the cell cycle and
apoptosis was observed (Fig. 21). Docking studies of 1 with conformers obtained
by molecular dynamics simulations of seven proteins involved in the regulation
of apoptosis were performed. Since 1 showed the lowest 
G value to poly[ADP-
ribose]polymerase 1 (PARP-1) in computational studies, an in vitro enzyme inhibi-
tion assaywas conducted, corroborating the PARP-1 inhibition activity of 1 (Fig. 22).
The polymerase PARP-1 represents a nuclear enzyme involved in the regulation of
many cellular processes, with, among these, cell cycle progression and cell death
regulation. Additionally, PARP-1 overexpression in cancer cells has been related to
cancer cell survival and the development of resistance against DNA-damaging drugs.
In this regard, PARP-1 inhibitors represent targeted strategies to treat cancer, thus
highlighting the possible importance of perezone (1) and related compounds [119].
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Fig. 21 Perezone (1) induces apoptosis and changes the cell cycle of K562 cells

Fig. 22 Perezone (1) is a PARP-1 inhibitor, as evidenced by computational and in vitro studies
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3.5.10 In Vitro and Computational Studies of Natural Products
Related to Perezone as Potential Antineoplastic Agents

Two phytochemicals related to perezone (1) were evaluated by Nicolás-Vázquez and
byMiranda Rubalcava et al., as potential antineoplastic agents, namely, hydroxyper-
ezone (6) (OHPer) and itsmonoangelate (72) (OHPer-MAng) and computational and
in vitro studies were conducted. These compounds were characterized structurally
employing thermal analysis, IR spectrometry, and X-ray diffraction techniques. Both
compounds were evaluated in vitro against six cancer cell lines (K562, MCF-7,
MDA-MB-231, HeLa, U373, A549) and against non-malignant cells to determi-
nate their cytotoxic potencies the type of induced cell death, the ability to avoid
cell migration, and for any changes at the redox status of the cell. The inhibition
of PARP-1 and the corresponding theoretical analysis of the potential binding mode
of 1 were also explored by docking studies. Cell proliferation assessment showed
that OHPer-MAng-induced apoptosis in a triple-negative breast cancer (TNBC) cell
line (MDA-MB-231: IC50 3.53 μM), and that it was less cytotoxic to Vero cells,
human lymphocytes, and rat endothelial cells (Fig. 23). The treatment of MDA-MB-
231 cells with OHPer-MAng showed inhibition of migration by these cancer cells.

Fig. 23 The monoangelate of perezone (72) showed cytotoxicity and inhibits cell migration in
MDA–MB–231 cells
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The induction of an oxidative stress state, like other quinones and PARP-1 inhibi-
tion, is consistent with the pro-apoptotic activity of OHPer-MAng. Docking studies
showed that OHPer-MAng can establish strong non-bonding interactions with the
lateral chains of Tyr235, Hys201, Tyr246, Ser203, Asn207, and Gly233 located at
the catalytic site of PARP-1, likewise supporting the antiproliferative activity of
OHPer-MAng against the TNBC cell line used [2].

3.6 Miscellaneous Advances

3.6.1 Time-Dependent Perezone Production in Different Culture
Systems of Acourtia cordata

In 2012, a study to propagate and to conserve the germplasm of perezone (1) was
described. The authors developed in vitro and ex vitro culture systems of Acourtia
cordata (Fig. 24), in a time-dependent study. They found that in in vitro conditions,
the average perezone amount recovered was 5.21mg g−1 dry weight. However, when
the plants were cultured in ex vitro conditions, perezone (1) concentration levels in
the plant roots increased logarithmically, realizing an average perezone (1) content of
2.4 mg g−1 dry weight at the 12th week, to 43.6 mgg−1 dry weight at the 31st week.
Furthermore, the amount at the 31st week was similar to that obtained in wild roots
[120].

Fig. 24 In vitro production of perezone (1). Adapted from Ref. [120]
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Fig. 25 The new bisabolane
curcuperezone (173) isolated
from Pseudopterogorgia
rigida. Adapted from Ref.
[121]
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3.6.2 Perezoperezone and Curcuperezone: Bisabolane Dimers
from the Soft Coral Pseudopterogorgia rigida

In this study, the authors reported the isolation of three terpenoids, which consti-
tute a rare class of bisabolane sesquiterpenoids, along with perezoperezone (155)
(Scheme 7), curcuperezone (173) (Fig. 25), and diperezone (79) asminor constituents
of a dichloromethane/methanol extract of theCaribbean soft coralPseudopterogorgia
rigida. The structures of these compounds were established by means of NMR and
MS experiments. On the basis of the interpretation of their spectroscopic data, 173
and 79 were established as non-symmetrical dimeric structures [121].

3.6.3 Characterization and Comparison of Perezone with Some
Analogs: An Experimental and Theoretical Study

In another investigation, theoretical studies to optimize the geometry of perezone (1)
were carried out (Fig. 26a) and the results obtained were compared with values from
experimental single-crystal X-ray diffraction data. It was found that the experimental
values of atomic distances, angles, and dihedral angles were in good agreement
with the theoretical values. Moreover, the corresponding IR spectra (theoretical,
experimental) were also in good agreement. Docking studies of 1 showed it had a
considerable number of non-bonding interactions with caspase-3, specifically with
the largest interaction energies being with residues Cys285, Hys237, and Ala284.
In a complementary study using horminone, thymoquinone, and isoperezone (82) as
ligands and a protein related to apoptosis (caspase-3) as receptor, steric hindrance
and the presence of corresponding functional groups are important for the biological
activity of these natural products (Fig. 26b). Finally, docking score energy values
were in good agreement with the experimental cytotoxicity results obtained from
experiments in which perezone (1) and analogs were studied against different types
of cancer cell lines [122].
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Fig. 26 a) Conformation of perezone (1) ligand (black), and the conformation of the best fit of 1
with minimum energy (white), b) Docking view of the active site caspase-3 (perezone (1): green,
isoperezone (82): gray, thymoquinone: blue, and horminone: purple). Adapted from Ref. [122]

4 Recent Results from the Laboratory of the Present
Authors

4.1 Advances in Biological Activity Investigations

4.1.1 The Search of Chemically Related Compounds to Perezone
as Possible Anti-Neoplastic Agents

Due to themoderate cytotoxicity potencyof 1, coupledwith its inhibition of byPARP-
1, evaluation of natural products chemically related to perezone (1) is considered of
interest. If selected molecules from this search also show PARP-1 inhibition activity,
then they have potential utility in treating cancer types with high PARP-1 expression.
Hernandez Rodriguez et al. performed computational and in vitro studies of seven
compounds chemically related to perezone (1) (Fig. 27) to search for an additional
analog with antiglioblastoma multiforme activity. The PARP-1 protein is highly
expressed in glioblastoma multiforme (GBM) cells. Docking studies with PARP-1
were undertaken to select molecules with the best affinities. In addition, absorption,
distribution, metabolism, excretion, and toxicity (ADMET) calculations were also
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Fig. 27 Chemically related compounds to perezone (1) as an anti-GBM agent

performed. According to the computational studies conducted, perezone angelate
(72) was selected, as it showed the highest affinity for PARP-1 and a high probability
of being able to permeate cell membranes and the blood–brain barrier. In an in vitro
study of 72 in U373 glioblastoma cells, this showed its ability to induce apoptosis
in this cell line (IC50 6.44 μM) and it inhibited cell migration, being less cytotoxic
to glial cells (IC50 173.66 μM). This supports its potential anti-GBM activity [123].

4.1.2 Wound-Healing Activity Study of Perezone

Several other pharmacological properties have been attributed to 1, among them
wound healing. After an extensive literature search, it appears that this effect has
not been fully evaluated. Based on this premise, the research group of the present
authors carried out some studies of the scarring activity of perezone at the cellular
level. The first assay performed was for the fibroblast viability by perezone (1) using
a multiple test method (MTT) assay. The results showed that concentrations lower
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Fig. 28 In vitro wound-healing activity of perezone (1)

than 6 μM of perezone increased fibroblast populations. In addition, this effect was
also observed in an in vitro study of a scratch wound-healing assay (Fig. 28). The
wound closure process was observed for 72 h, showing an increase in the repair
velocity in the presence of perezone [124].

4.2 Advances Related to in Silico Studies

4.2.1 Computational Studies to Explore the Binding Mode of Perezone
to PARP-1

To understand the PARP-1-perezone (1) interaction at the molecular level, docking
studies and molecular dynamics (MD) simulations were performed by Nicolás-
Vázquez et al. (Fig. 29). Quantum chemistry studies were carried out to compare
perezone (1) in the gas phase and after docking studies. The results revealed that
the presence of a large and deep cavity in the catalytic site of PARP-1 allowed non-
bonding interactions to perezone (1). Molecular dynamic simulations over 50 ns
showed that the PARP-1-perezone complex was stable, and interactions were postu-
lated with three hydrogen bonds with Tyr235, Ala219, and Arg217. In addition, three

Fig. 29 Non–bonding interactions that drive the recognition of perezone (1) by PARP-1 as
evidenced by docking studies and molecular dynamics simulations
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hydrophobic interactions with Ile218, Ile231, and Tyr228 were maintained during
the entire simulation. Quantum chemistry results showed that after docking studies,
perezone gained charge (40%). The calculated HOMO–LUMO gap (
Egap) value
of perezone indicated that this molecule exhibits internal stability. In conclusion, the
results obtained by Nicolás-Vázquez et al. give greater credence for 1 acting as a
PARP-1 inhibitor [125].

4.2.2 Can (S)-Stereoisomers of Perezone and its Derivatives Show
Similar Activity to its (R)-Stereoisomers? A Computational
Characterization and Docking Study

Work has been performed in order to investigate the potential significance of the
(S)-stereoisomer (a hypothetical molecule, 174) of the naturally occurring (R)-
perezone (1). Accordingly, the molecular properties of 174 at a theoretical level,
and of (S)-isoperezone (175), together with the (S)-configured derivatives 176–183,
corresponding to the (R)-configured sulfur derivatives 132–139 of Scheme 1 and
displayed in Fig. 30, were compared with the equivalent experimental and (R)-
stereoisomer results, employing DFT at B3LYP/6–311++G(d,p) level. These DFT
methods allowed the accurate determination of several molecular properties, such as
geometrical, electronic, and spectroscopic parameters. Additionally, chemical reac-
tivity descriptors were employed to analyze the reactivity of the hypothetical molec-
ular systems. Thus, in the present investigation, the global reactivity profiles such

Fig. 30 The theoretical optimized (S)-structures of perezone (174), (S)-isoperezone (175) and their
sulfur derivatives 176–183
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as electron affinity, electronegativity, chemical hardness, and electrophilicity index
were calculated in order to gain insights into the activity of perezone (1) and its
derivatives. Furthermore, docking studies allowed a determination of the possible
binding mode of the (S)-stereoisomeric compounds on cyclooxygenase-2 (COX-2).
Finally, a PASS prediction for biological activity was also employed. The results
revealed that the maximum values of gap energy of each group (R)/(S) perezone
and isoperezone derivatives were obtained for isopropyl-(S)-perezone (176), (R)-
benzylperezone (135), isopropyl-(S)-isoperezone (180), and (R)-benzyl-isoperezone
(139). (S)-Configured sulfur derivatives displayed higher 
G values when inter-
acting with COX-2 in comparison with (R)-sulfur derivatives due to steric hindrance,
and consequently they are less active. With regard to the prediction of biological
activity, it was proposed that the compounds could show both antineoplasic and
mucomembranous protective activities [126].

4.2.3 Theoretical and Experimental Studies of Perezone Solubility
in Supercritical Carbon Dioxide

In a previous investigation, the present authors reported a perezone extraction proce-
dure using supercritical carbon dioxide. For this, the perezone solubility process
in supercritical carbon dioxide (scCO2) was determined at different temperatures,
40, 50, and 60°C, and different pressures, 8,063,000, 9,303,000, 10,650,000, and
14,820,000 Pa and the experimentally recognized solubility data were correlated
with the Chrastil and Modified Chrastil equations to obtain thermodynamic parame-
ters (Fig. 31). Moreover, a theoretical study was undertaken to describe the solubility
process (Fig. 32). The experimental data for the solubility of perezone in scCO2 did
not correlate satisfactorily with the Chrastil equation (r2 = 0.7695), but, however,

Fig. 31 Solubility of perezone (1) (mathematical modeling)
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Fig. 32 Theoretical optimization of the solubility of perezone (1) in supercritical carbon dioxide

the modified Chrastil equation offered a better fit with a correlation of r2 = 0.9055.
Based on the statistical parameters of the absolute average of the relative deviations
and the quadratic correlation, the modified Chrastil equation better reproduces the
experimental results for the solubility of perezone in scCO2 than theChrastil equation
[127].

4.3 Green Approaches

4.3.1 A Green Approach to the Oxidation of the Perezone C-12–C-13
Double Bond: A Theoretical Study and Cytotoxic Evaluation
of the Corresponding Products

The oxidation of the C-12–C-13 double bond of perezone (1) and isoperezone (82)
was carried out using green chemistry strategies (Scheme 8). First, the corresponding
epoxides 184 and 185 were obtained employing a biocatalyzed reaction obtaining
yields greater than 75%. Subsequently, the epoxides were subjected to stirring in
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Scheme 8 Schematic representation of the C-12–C-13 double bond oxidation

the presence of mixtures of water and acetone and water and ethyl acetate. Through
the processes, the ketals 186 and 187 and the corresponding monoacetylated diols
188 and 189 of 1 were obtained in moderate yields (30–40%). Finally, the epoxides
were suspended in water and subjected to microwave irradiation, obtaining the corre-
sponding diols 190 and 191 each in a yield of 80%. Spectroscopic characterization
confirmed the proposed structures. Additionally, the eight new molecules were eval-
uated as cytotoxic agents against human breast cancer cells using anMTT procedure,
and by monitoring the cytotoxic action for 72 h. The results showed that the deriva-
tives of perezone were more active than those of isoperezone, with derivatives 184
and 187 being the most active compounds (IC50 = 2.50 and 2.74 μg/cm3, respec-
tively) (Fig. 33). Also, the experimental data were compared with theoretical results
at the quantum level (Fig. 34a), allowing determination of the geometric param-
eters of the molecules, and these were in agreement with reported data of similar
molecules.With respect to amolecular docking studywith the human apopain protein
(Fig. 34b), it was detected that molecules with the highest cytotoxic effects had the
highest protein binding energy namely, −419.1 kJ/mol for perezone epoxide (184)
and −405.9 kJ/mol for isoperezone acetonide (187) [128].
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Fig. 33 Representative results of the cytotoxic effect of 184 at different times

Fig. 34 a) DFT-level molecular optimization and b) molecular docking with the apopain protein

4.4 Synthesis of Perezone Derivatives

A series of 18 novel ligands 192–209 have been synthesized from perezone (1) and
isoperezone (82). These molecules provided a series of metal complexes (210–227),
which are analogous to cis-platin (Scheme 9). Presently, the current authors are
carrying out studies against various cell lines, specifically on testicular, ovarian, and
breast cancer, targeting the fact that these are cell lines resistant to cis-platin and
analogous therapeutic agents [129].



124 R. Escobedo-González et al.

OH

O

O

X

Y
M(II)

O

O

X = NH, O, S
Y = NH2, OH, SH
M(II) = Pd2+, Pt2+

L

L

OH

O

O

X

Y

K2M(II)L4HX(CH2)2Y

O

O

OH

X

Y

O

O

OH

X
M(II)
Y L

L

OH

82 (isoperezone)

OH

O

O

1 (perezone) 192—200

201—209

210—218

219—227

Scheme 9 Synthesis of analogs of cis-platin from perezone (1)

5 Conclusions

Anoverviewcomprising both a historical introduction (1552–1852–2005) and signif-
icant and appropriate information from more recent research (2006–2020) of the
sesquiterpene quinone, commonly known as perezone (1), is described in this chapter.
This molecule is recognized as the first secondary metabolite isolated in a crystalline
form in theNewWorld (American continents, 1852). In addition, important advances
have been provided by work conducted from several points of view, namely, chem-
ical synthesis (including amino derivatives of perezone), the green production of
derivatives of 1, the formation of anion receptors from 1, and the production of (–)-
perezoperezone, among others. Spectroscopic studies including 1H NMR and two-
dimensional NMR data to establish accurate chemical shifts and coupling constants
of perezone (1) and some analogs have been surveyed. Furthermore, high-resolution
mass spectra by electrospray ionization have been reported. Pharmacological and
biological studies, focusing on antifeedant, antidiabetic, vasodilatory, and cytotoxic
activities, are summarized. Reports from the authors’ own research group, involving
the activity of 1 and its analogs on the PARP-1 protein, have been mentioned. More-
over in silico research, summarized since such first work was conducted in 1997
(which established three different resonance forms for perezone employing theoret-
ical calculations), to very recent work (2020, onπ–π interactions, the computational
characterization of 1 and analogs, to the conformational analysis by VCD or NMR),
has been presented. Finally, the synthesis is described of interesting metal complexes
of perezone derivatives that are due to be evaluated for cancer cell cytotoxic activity.
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1 Introduction

Xanthium species (cockleburs) are a genus of flowering plants of the family Aster-
aceae. This genus, consisting of 25 species, is now distributed in many parts of the
world but it originated from South America [1]. With a long history of traditional
ethnomedical use, Xanthium species have been recognized as being of significant
value to manage various diseases. As a typical example, Xanthium strumarium, also
known as “Cang Er Zi” in traditional Chinese medicine, has been used for treating
nasal problems and congestion [2]. Also, all parts ofX. strumarium have been recom-
mended traditionally to treat leukoderma, poisonous bites of insects, epilepsy, ear
infections, rheumatism, tuberculosis, and urinary and gastric disorders [2, 3]. In
Bolivia, a root decoction ofX. spinosum (spiny cocklebur) is taken to treat arterioscle-
rosis and hypertension, while certain communities in North America have used a leaf
decoction of this species for snakebites and lung problems [4]. The genus Xanthium
biosynthesizes bioactive molecules such as terpenoids, phenols, sulfur and nitrogen-
containing compounds, sterols, flavonoids, quinones, coumarins, fatty acids, and
miscellaneous substances [5–10]. In particular, terpenoids have been regarded as the
major constituents and display many bioactivities. For example, purified sesquiter-
penoid derivatives from X. strumarium significantly inhibited the proliferation of
AGS cells by TRAIL-resistance overcoming activity [11], while monoterpene gluco-
sides from this plant have anti-inflammatory activity [12]. Crude extracts, fractions
as well as secondary metabolites obtained from the genus Xanthium have exhibited
a myriad of biomedical-related properties, inclusive of cytotoxic, antioxidative, anti-
inflammatory, antibacterial, antifungal, antidiabetic, and antiangiogenic activities
[11, 13–16].
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During the past seven decades, experimental studies on Xanthium species have
increased greatly. In parallel with this, previous review articles have afforded only
specific descriptions of X. strumarium [2, 3], but a comprehensive overview for the
whole genus Xanthium is missing. The current contribution aims to fill this gap, by
providing in-depth information on the phytochemical and biological aspects of this
genus.

2 Phytochemical Investigations

In recognition of the contribution of natural products to drug discovery programs,
searching for biologically active secondary metabolites from herbal plants has
received great attention over the last two centuries by laboratory scientists. In parallel
with this, the procedures for the isolation, purification, and structural determina-
tion of these isolated compounds have improved as a result of significant advances
in chromatographic techniques, such as thin-layer chromatography (TLC), column
chromatography (CC), gas chromatography (GC), and high-performance liquid chro-
matography (HPLC), as well as spectroscopic approaches for structural elucidation,
such as nuclear magnetic resonance (NMR), andmass spectrometry (MS), e.g., Refs.
[17–24].

With respect to the genusXanthium, phytochemical investigations have focused on
various plant parts of 15 species, including X. brasilicum, X. canadense, X. cathar-
ticum, X. cavanillesii, X. chinense, X. indicum, X. italicum, X. macrocarpum, X.
mongolicum, X. orientale, X. pennsylmnicum, X. pungens, X. sibiricum, X. spinosum,
and X. strumarium (Fig. 1).

To the maximum extent possible, this contribution attempts to summarize all of
the isolatedmetabolites fromXanthium species, primarily based upon the outcome of
modern chromatographic and spectroscopic methods. Based on their similar struc-
tural classes and with each in alphabetical order (Table 1), 300 isolated metabo-
lites have been compiled, consisting of terpenoids (1–147) (Figs. 2 and 3), simple
phenols (148–183) (Fig. 4), sulfur- and nitrogen-containing compounds (184–212)
(Fig. 5), lignans (213–250) (Fig. 6), sterols (251–266) (Fig. 7), flavonoids (267–
273), quinones (274 and 275), coumarins (276–277), fatty acids (278–288), and other
miscellaneous compound types (298–292) (Fig. 8), along with isolated compounds
from endophytic fungi associated with Xanthium species (293–300) (Fig. 9). In addi-
tion, 30 compounds have been identified from the volatile oils of Xanthium species
(Fig. 10).
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Fig. 1 The main Xanthium species subjected to phytochemical and biological studies

2.1 Terpenoids

2.1.1 Sesquiterpenoids

Xanthanolides

Sesquiterpenoids are the main class of isolated compounds obtained from plants
in the genus Xanthium. Such compounds have been found to be based on various
skeletons, but xanthanolides are predominant. A group of 78 xanthanolides (1–78)
is included in Table 1 [4, 8, 9, 11, 15, 16, 25–63].

As shown in Fig. 2, an important feature of xanthanolide structures arises from
their stereochemistry. Methylation normally occurs at C-10 ((S)-configuration),
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whereas (S)- or (R)-configurations can be found at C-7 and C-8. Xanthium xanthano-
lides are also substituted with an aliphatic side chain at C-1, a double bond (or
oxirane ring) at C-1 and C-5, and an exo-methylene (or methyl group) at C-11.
Numerous compounds, such as 4-epi-isoxanthanol (21), 4-epi-xanthanol (22), 8-epi-
xanthatin (24), 8-epi-xanthatin-1β,5β-epoxide (26), 1α,5α-epoxyxanthatin (27), 2-
hydroxytomentosin (34), 4-oxo-bedfordia acid (51), tomentosin (67), xanthatin (70),
xanthinin (71), xanthinosin (72), and xanthumin (77), have been isolated frequently
and occur abundantly. As a representative example, xanthumin (77) is a major
secondary metabolite from Xanthium species, and it has been reported to be present
in X. cavanillesii aerial parts, X. macrocarpum leaves and fruits, X. mongolium aerial
parts and whole plants, X. orientale aerial parts and whole plants, X. sibiricum roots
and aerial parts, X. spinosum epigeal parts, leaves, aerial parts, and whole plants, X.
strumarium burs, leaves, fruits, aerial parts, and whole plants [15, 16, 26, 28–32, 38,
39, 43, 45–47, 49, 52–59]. It should be noted that while Ref. [49] refers to “Xanthium
mogolium Kitag”, according to several plant taxonomic databases its correct species
name is “mongolium”.

Using silica gel CC, TLC, and HPLC for compound purification, the novel
xanthanolide, 2-acetoxy-4,5-epoxyxanthanolide-1,4-endoperoxide (1), was isolated
from an Et2O-MeOH-CH2Cl2 (1:1:1) extract of X. pungens aerial parts [25]. Besides
several known secondary metabolites, the 90% MeOH extract of X. spinosum aerial
parts was found to contain two new xanthanolides, anhydrodehydroivalbin (2) and
cyclospinosolide (4), while a new analog, 4-O-dihydroinusoniolide (10), was isolated
from the 90% MeOH extract of X. strumarium aerial parts [26]. A combined silica
gel CC and HPLC procedure led to the isolation of two new xanthanolides, bis-
norxanthanolide (3) and 11αH,13-dihydroxanthumin (16) from a CHCl3 extract of
X. cavanillesii aerial parts [27]. Deacetylxanthanol (5) was documented to occur
in X. orientale whole plants and X. strumarium leaves and aerial parts [11, 26, 28],
while three new naturally occurring xanthanolides, deacetylxanthiuminol (6), 1α,5α-
epoxy-1,5-dihydroxanthatin (27), and 1α,5β-epoxy-1,5-dihydroxanthatin (28), were
detected in X. spinosum aerial parts for the first time [29].

Xanthium sibiricum is an annual herb that has been listed in traditional Chinese
medicine for the treatment of various diseases, such as leukoderma, scrofula,
headache, and cancer [30]. A phytochemical investigation of the 95% EtOH extract
of its roots has resulted in the isolation and NMR structure determination of four
known xanthanolide derivatives, namely, 2-deacetyl-11β,13-dihydroxyxanthinin
(7), 2-desoxy-6-epi-parthemollin (8), 11α,13-dihydro-4H-xanthalongin (14), and
11β,13-dihydroxanthatin (18), and in particular, the six new analogs norxan-
thantolides A–F (42–47) [30]. Repeated chromatographic purification over silica
gel columns of a petroleum ether-Et2O-MeOH (1:1:1) extract of X. strumarium
aerial parts yielded three new xanthanolides, 1β,4β,4α,5α-diepoxyxanthat-11(13)-
en-12-oic acid (9), 11α,13-dihydroxanthatin (12), and 4β,5β-epoxyxanthatin-1α,4α-
endoperoxide (32) [31]. Likewise, in searching for potential anticancer agents from
X. strumarium species, two new xanthanolides, 11α,13-dihydroxanthinin (14), and
11α,13-dihydroxanthuminol (17) were obtained from a MeOH extract of its leaves
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[11]. The MeOH extract of the aerial parts of the medicinal plant X. cathar-
ticum has been subjected to chromatographic separation. Besides several known
compounds, three new xanthanolides, 11α,13-dihydro-8-epi-xanthatin (13), 1α,5α-
epoxy-1,5,11α,13-tetrahydro-8-epi-xanthatin (29), and 1α,5β-epoxy-1,5,11α,13-
tetrahydro-8-epi-xanthatin (30), were characterized [33]. A phytochemical study of
the petroleum ether-Et2O (1:1) extract ofX. indicum aerial parts led to the isolation of
13 xanthanolides, two of which, 2-epi-xanthumin (20) and 8-epi-xanthatin-1β,5β-
epoxide (26), were isolated from Nature for the first time [36]. 8-epi-Xanthatin-
1α,5α-epoxide (25) and 1β-hydroxy-5α-chloro-8-epi-xanthatin (33) are two hith-
erto unreported metabolites that were isolated from a crude MeOH extract of X.
sibiricum aerial parts [9]. The chemical shifts of the unique 5-CHCl group of 33
were found at δH 4.05 (X-part of ABX system, Japp. = 7.5 Hz) and δC 65.4 ppm
(CDCl3) [9]. 2-Hydroxy-tomentosin (34) could be identified in several Xanthium
species, but its 1β,5β-epoxide 35 proved to be undocumented in the prior literature
and was purified from a petroleum ether-Et2O (2:1) extract of X. strumarium aerial
parts [41]. 2-Hydroxyxanthinosin (36) and 4-hydroxyxanthinosin (37), two metabo-
lites of xanthinosin (72), are characteristic of X. macrocarpum aerial parts [15]. Both
isoxanthanol (39) and xanthanol (68) were separated from X. spinosum and X. stru-
marium [26, 41, 48], but to date, xanthanol acetate (69) has been found only in X.
cavanillesii aerial parts [46]. Based on NMR and MS structure elucidation proce-
dures, three compounds isolated fromX. spinosum species, 2-O-β-d-glucopyranosyl-
11α,13-dihydro-8-epi-deacetylxanthiuminol (48), 4-O-β-D-glucopyranosyl-11α,13-
dihydro-8-epi-deacetylxanthiuminol (49), and 2-oxo-4-O-acetyl-desacetylxanthanol
(50), were determined as three new xanthanolides [43, 50]. In efforts to find bioactive
compounds from the genus Xanthium, xanthipungolide (73) was obtained as a newly
isolated compound from X. pungens aerial parts, and it was then also detected in
the aerial parts of X. brasilicum [25, 35]. The novel xanthanolide, xanthnon (74) is
present in X. sibiricum aerial parts, whereas the two novel analogs, xantholides A
(75) and B (76), were determined as constituents of X. canadense roots [47, 63].

Of particular interest, phytochemical work on Xanthium species demonstrated
the occurrence of members of an unusual class of dimeric xanthanolides. Thus, by
a combination of NMR analysis and ECD measurements, the chemical structures of
mongolides D (40) and E (41) were elucidated as two uncommon dimeric xanthano-
lides, isolated from X. mongolium dried aerial parts [49]. These two compounds
only differed at C-2′ and C-3′ (Fig. 2). Similarly, new analogs 52–66 were isolated,
in which pungiolides A–C (52–54), pungiolides D (55) and E (56), and pungiolides
F–O (57–66) have been obtained and characterized from X. pungens, X. sibiricum,
and X. chinense, respectively, for the first time [8, 9, 25, 51].

Eudesmanolides

Phytochemical investigations of Xanthium species have shown eudesmanolides
as a second prominent group of Xanthium sesquiterpenoids. A listing of 11 of
these secondary metabolites (79–89) is provided in Table 1 [25, 30, 36, 45,
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64]. Besides representatives of the xanthanolides, X. pungens also accumulates
high concentration levels of eudesmanolides, and 12-carboxyeudesma-3,11(13)-
diene (79), (2R,4αR,5R,8αS)-decahydro-5-hydroxy-4α-methyl-8α-bis(methylene)-
2-naphthaleneacetic acid (80), judaicin (83), and 3-oxocostusic acid (84) have been
found only in this species [25]. Isoalantolactone (82) and β-selinene (85) occur in
severalXanthium species, but twowell-knowncompounds, seucoeudesmanolide (86)
and 8α-seucoeudesmanolide (87), were isolated only from X. indicum aerial parts
thus far [36, 45, 64]. Phytochemical work on a 95% EtOH extract of the fruits of
X. sibiricum coupled with NMR spectroscopic interpretation established sibirolides
A (88) and B (89) as two new naturally occurring 3/5/6/5 tetracyclic eudesmane
sesquiterpene lactones [30].

Eremophilanolides

Eremophilanolides are the third most common class of sesquiterpenes isolated from
the genus Xanthium. Herein is compiled a list of seven Xanthium eremophilanolides
90–96 (Table 1 and Fig. 2) [37, 42, 64, 65]. Significantly, most of them were char-
acterized as new isolates not described before in the literature, except for compound
96. Eremophil-1 (10), 11(13)-dien-12,8β-olide (90), and (11R)-eremophil-1(10)-en-
12,8β-olide (91) were isolated from X. canadense roots initially, and found later in
X. sibiricum aerial parts [42, 64]. Four isomers, which were named sibiriolides A–D
(92–95), were newly isolated compounds from a 95% EtOH extract of X. sibiricum
aerial parts [42, 65].

Megastigmanes

A further subclass of sesquiterpenoids isolated from the genus Xanthium to be
mentioned are the megastigmane derivatives (97–104) [39, 45, 51, 54, 66, 67]. These
compounds, present in both the free form and as glycosides, have been found in five
Xanthium species, namely, X. chinense, X. mongolicum, X. sibiricum, X. spinosum,
and X. strumarium (Table 1 and Fig. 2). Thus, dehydrovomifoliol (97) was detected
in X. mongolicum whole plants and X. spinosum leaves, and dihydrophaseic acid
sodium salt 4′-O-β-d-glucopyranoside (99), (3S,5R,6S,7E)-5,6-epoxy-3-hydroxy-7-
megastigmene-9-one (100), grasshopper ketone (101), (6R,9S)-3-oxo-α-ionol β-d-
glucopyranoside (102), phaseic acid (103), and (6S,9R)-vomifoliol (104) have been
obtained from plants of the genus Xanthium. In particular, compound 98 as obtained
from X. sibiricum fruits, proved to be a new derivative of compound 103, and its
absolute configuration was assigned unambiguously as (2E,4E,1′S,2′R,4′S,6′R) by
means of X-ray diffraction analysis [66].
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Guaianolides, Germacranolides, and Other Sesquiterpenoids

Xanthium sesquiterpenoids have representatives of the guaianolides (105–106),
germacranolides (107 and 108), and of other sesquiterpenoid classes (109 and 110)
[25, 28, 30, 33, 36, 45, 47]. This is the first time that isoguaiene (106), germa-
crene D (107), linderanlide C (108), and 5-azulene acetic acid (109) have been
detected within the genus Xanthium. Besides sesquiterpene lactone-type xanthano-
lides, an Et2O-MeOH-CH2Cl2 (1:1:1) extract of the X. pungens aerial parts also
contained a new guaianolide, 4β-hydroxypseudoguaia-11(13)-en-12-oic acid (105)
[25]. Likewise, the daucane sesquiterpene lasidiol p-methoxybenzoate (110) was
isolated initially from X. catharticum roots and subsequently found in the whole
plants of X. mongolicum and X. orientale [28, 33, 45].

2.1.2 Monoterpenoids

The genus Xanthium is also a source of monoterpenoids. A list of 13 compounds of
this type (111–123) is given in Table 1, with their structures shown in Fig. 3 [6, 12, 39,
54, 66, 68]. Of the monoterpenoids of Xanthium species, geranyl derivatives repre-
sent the main type, with or without glycosylation at the terminal carbons. Members
of this class occur in the aerial parts of X. chinense, X. sibiricum, X. spinosum, and
X. strumarium. Applying a sequential separation protocol with macroporous resin
D101, polyamide (30–60 mesh), and reversed-phase ODS HPLC and HPLC for
isolation, two new monoterpenoid glycosides, (E)-2-methyl-6-methyleneocta-2,7-
dien-1-ol β-d-apiofuranosyl-(1 → 6)-β-d-glucopyranoside (115) and (Z)-2-methyl-
6-methyleneocta-2,7-dien-1-ol β-d-apiofuranosyl-(1 → 6)-β-d-glucopyranoside
(116), in addition to three known compounds, geranyl 6-O-β-d-apiofuranosyl-
β-d-glucopyranoside (111), myrtenol 6-O-β-d-apiofuranosyl-β-d-glucopyranoside
(119), and neryl 6-O-β-d-apiofuranosyl-β-d-glucopyranoside (120), were isolated
from the 95%EtOH extract ofX. chinense fruits [6]. A phytochemical study of a 70%
EtOH extract of X. sibiricum fruits led to the isolation and spectroscopic determina-
tion of a pair of new diastereomers, (6E)-3-hydroxymethyl-7-methylocta-1,6-dien-
3-ol 8-O-β-d-glucopyranoside (112) and (6Z)-3-hydroxymethyl-7-methylocta-1,6-
dien-3-ol-8-O-β-d-glucopyranoside (113), along with a new analog, 3β-norpinan-
2-one 3-O-β-d-apiofuranosyl-(1 → 6)-β-d-glucopyranoside (121) [68]. A further
study ofX. sibiricum fruits identified a pair of enantiomericmonoterpenoids, namely,
(+)- and (–)-(5Z)-6-methyl-2-ethenyl-5-hepten-1,2,7-triol (117) and (118) [66]. The
well-known monoterpenoid loliolide (114) is one of the chemical constituents of X.
spinosum leaves and X. strumarium fruits [39, 54], and two new geranyl derivatives,
xanmonoters A (122) and B (123) were reported in X. strumarium fruits [12].
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2.1.3 Diterpenoids

Diterpenoids are a further class of terpenoids to have been isolated from Xanthium
species. From the literature, inTable 1 the chemical structures of 14 compounds (124–
137) are compiled [6, 36, 50, 69–72]. All of these compounds were isolated from the
aerial parts of Xanthium species. Except for phytol (137), the remaining compounds
124–136 are formed by glycosylation at C-2 of an ent-kaurane diterpene nucleus
(Fig. 3). On occasion, esterification at C-2, as well as sulfation at C-3 and C-4 of the
glycosylmoieties occurs. Thus, atractyloside (124) and carboxytractyloside (125) are
the main diterpenoid constituents in several Xanthium species, but their 4′-desulfated
derivatives 126 and 127 are two new secondary metabolites that were characterized
from the aerial parts of X. spinosum [6, 50, 69–71]. 3′,4′-Desulfated atractyloside
(128) is a known compound, but 3′,4′-didesulfated carboxytractyloside (129) and
its 3′,4′-didesulfated carboxytractyloside derivative (130), which were first isolated
from the burs of X. pungens, constitute two further new natural products [71]. The
70% aqueous EtOH extract of X. strumarium fruits was found to contain three new
rearranged ent-kauranoid glycosides, fructusnoids A–C (131–133). Fructusnoids D
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(134) and E (135), isolated from the 95%EtOH extract ofX. chinense fruits [6], show
the same structural pattern as compounds 131 and 132. 2β-O-β-d-Glucopyranosyl-
15α-hydroxy-kaur-16-en-18,19-dicarboxylic acid (136) is similar to isolates 124–
130, which were isolated from the MeOH residue of X. spinosum aerial parts [50].

2.1.4 Triterpenoids

Triterpenoids are a class of compounds displaying a wide range of structural types.
Members of this class, comprising the isolated compounds 138–147, have been found
in several species of the genus Xanthium, such as X. canadense, X. orientale, X.
sibiricum, and X. strumarium (Table 1 and Fig. 3) [5, 13, 28, 58, 64, 74, 75]. α-
Amyrin (138) and squalene (145) have been observed in the leaves of X. strumarium
[13, 58], whereas betulin (139) and betulinic acid (140) were detected in both X.
orientale whole plants and X. sibiricum roots [5, 28]. Lupeol (142) and oleanolic
acid (144) are triterpenes found in X. orientale whole plants, while the roots and
the leaves of X. sibiricum also contain erythrodiol (141) and lupeol palmitate (143),
respectively [5, 28, 75]. Taraxerol (146) and its monoacetate (147) are distributed
widely among various plant genera, but in Xanthium, they were only found in X.
canadense roots [64].

2.2 Simple Phenols

Accumulating evidence has shown that monophenolic compounds with simple struc-
tural patterns are a significant characteristic of Xanthium plants. A detailed list of
66 isolated compounds (148–183) is shown in Table 1 and their formulas are repre-
sented in Fig. 4 [5, 7, 13, 30, 34, 45, 51, 54, 67, 71, 76–84]. Secondary metabo-
lites with substitutions of caffeoyl units at sugar carbons, such as in compounds
152–163, are the main representatives of this class. For example, Lee et al.
have isolated ten simple phenols, including 2,4-bis(4-hydroxybenzyl)phenol (148),
caffeic acid (149), coniferaldehyde (157), 2,4′-dihydroxyphenyl methane (164), 4,4′-
dihydroxydiphenyl methane (165), p-hydroxybenzaldehyde (172), methyl caffeate
(175), 3-methyl-4,4′-dihydroxydiphenyl methane (179), vanillin (182), and vanillic
acid (183), from a MeOH extract of X. strumarium seeds [34]. Further chro-
matographic separations on X. strumarium roots also led to the identification of
various additional known simple phenolic compounds, such as 5-O-caffeoylquinic
acid (153), 5-O-caffeoylquinic acid methyl ester (154), 1,4-di-O-caffeoylquinic acid
(159), 1,5-di-O-caffeoylquinic acid (160), 3-hydroxy-1-(4-hydroxy phenyl)-propan-
1-one (170), methyl-3,5-di-O-caffeoylquinate (177), potassium 3-O-caffeoyl quinate
(180), and protocatechuic acid (181) [7, 76, 77, 79]. Suchphenolic compounds further
occur inX. cavanillesii,X. chinense,X.mongolicum,X. occidentale, andX. sibiricum.
For instance, caffeic acid choline ester (150) and 2,3-dihydroxy-1-(4-hydroxy-3-
methoxyphenyl)-propan-1-one (166) were found to be present in X. sibiricum fruits
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[66, 67], while the roots of this species contained caffeic acid ethyl ester (151),
3,4-dihydroxybenzoic acid ethyl ester (167), and 7-(4-hydroxy-3-methoxyphenyl)-
1-phenylhept-4-en-3-one (171) [5, 30]. Besides their presence in X. sibiricum fruits,
4-O-caffeoyl quinic acid methyl ester (152) and chlorogenic acid methyl ester (156)
have been isolated from X. chinense fruits [51, 67, 71]. Phytochemical analysis of
an ethanol extract of X. cavanillesii fruits yielded 5-di-O-caffeoylquinic acid (162),
4,5-di-O-caffeoylquinic acid (163), and 1,3,5-tri-O-caffeoylquinic acid (174) [82].
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In the genus Xanthium, the compound methyl p-benzoate (176) has only been found
in X. mongolicum whole plants [45].

2.3 Sulfur-Containing Compounds

The plants of genus Xanthium have so far been found to possess sulfur-containing
compounds with the main types being xanthiazones (184–199) [7, 10, 34, 51, 68,
77, 80, 85–90], xanthienopyrans (200–202) [10, 34, 54, 66, 86, 91], and a thiophene
(203) [10, 66]. All of these metabolites (Fig. 5) have been first isolated for the first
time from members of the genus Xanthium, except for compound 200 (Fig. 2). As
shown in Table 1, sulfur-containing compounds occur occasionally in X. chinense
and X. pungens but are more frequently observed in X. sibiricum and X. strumarium.
Generally, Xanthium xanthiazones display substitutions of the hydroxy group at C-2
and the saccharide or pyrrolidinone moieties at C-7 (Fig. 2). Glucopyranosyl and
apiofuranosyl-(1 → 6)-O-d-glucopyranosyl groups can be seen as characteristic of
glycone units of Xanthium xanthiazones. The fruits of X. sibiricum species contain
the four new xanthiazones 2-hydroxy-xanthiazone (184), 7-hydroxymethyl-8,8-
dimethyl-4,8-dihydrobenzo[1,4]-thiazine-3,5-dione-11-O-[β-d-apiofuranosyl-(1→
6)-O-d-glucopyranoside] (189), xanthiazinone (191), and xanthiazinone D (198), as
well as three new racemic natural products, (±)-xanthiazinone A (192 + 193), (±)-
xanthiazinone B (194 + 195), and (±)-xanthiazinone C (196 197) [10, 68, 85–87].
These racemic mixtures were separated into their enantiomers by means of enan-
tioselective HPLC, with the structures proved by X-ray crystallography. However,
according to a recent publication, the chemical structure of xanthiazinone (191)
had to be revised as (±)-xanthiazinone A (192 + 193) [10]. Four other new deriva-
tives, 2-hydroxy-7-hydroxymethyl-8,8-dimethyl-4,8-dihydrobenzo[1,4]thiazine-
3,5-dione-11-O-β-d-glucopyranoside (185), 7-hydroxymethyl-8,8-dimethyl-4,8-
dihydrobenzo[1,4]-thiazine-3,5-dione (186), 7-hydroxymethyl-8,8-dimethyl-
4,8-dihydrobenzo[1,4]thiazine-3,5-dione-11-O-β-d-glucopyranoside (187), and
7-hydroxymethyl-8,8-dimethyl-4,8-dihydrobenzo[1,4]thiazine-3,5-dione-(2-O-
caffeoyl)-β-d-glucopyranoside (188) have been identified as constituents of X.
strumarium fruits [77, 80, 89].
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In 2008, Lee et al. isolated the two new metabolites xanthialdehyde (190) and
(–)-xanthienopyran (202) from X. strumarium seeds [34], while two new other
compounds, xanthiside (199) and (+)-xanthienopyran (201), were detected in X.
pungens fruits [91]. Being structurally related to thiophene, the new metabolite
sibiricumthionol (203) was isolated from X. sibiricum fruits [10, 66].

2.4 Nitrogen-Containing Compounds

Nitrogen-containing compounds have been detected in the two plants Xanthium
strumarium and X. sibiricum. As shown in Table 1 and Fig. 5, compounds 204–
209 and 210–212 are from the classes of cyclic amides and nitrogen heterocyclic
structural classes, respectively [7, 34, 67, 68, 92]. Utilizing RP-18 column chro-
matography for the final purification step, the nucleoside cytidine (204) was isolated
from the EtOAc fraction of X. strumarium [7]. Bioassay-guided separation of the
MeOH extract of X. strumarium seeds afforded 28 compounds, including succin-
imide (208) and the two nitrogen-containing heterocyclic compounds indole-3-
carboxaldehyde (211) and indole-3-carboxylic acid (212) [34]. From X. sibiricum
fruits, two nitrogen heterocyclic compounds N-(1′-d-deoxyxylitolyl)-6,7-dimethyl-
1,4-dihydro-2,3-quinoxalinedione (205) and 5-hydroxypyrrolidin-2-one (207), and
the nucleoside adenosine (210) were isolated [66, 86], whereas two other pyrimi-
dine derivatives 5-methyluracil (206) and uracil (209) were found in the roots of this
species [92].

2.5 Lignans

The genus Xanthium may be considered an abundant source of numerous lignan
skeletons. Altogether, 38 secondary metabolites of this class (213–250) are included
in Table 1 [5, 30, 34, 45, 54, 85, 93–95]. Lignans are found in two species, in partic-
ular, X. strumarium and X. sibiricum, and are differentiated by their main structural
types, such as a benzofuran (213), a phenylpropanoid (215), a coumarino-lignoid
in 217, and a furofuran in 236 (Fig. 6). Based on comparison with the literature,
14 known lignans were isolated and identified from a 70% EtOH extract of X.
sibiricum fruits, including balanophonin A (214), (1S,2R)-1,2-bis(4-hydroxy-
3-methoxyphenyl)-1,3-propanediol (215), chushizisin E (216), (–)-(7R,8S)-
dehydrodiconiferyl alcohol (219), (7R,8S)-dihydrodehydrodiconiferyl alcohol
4-O-β-d-glucopyranoside (223), diospyrosin (224), (–)-1-O-β-d-glucopyranosyl-2-
{2-methoxy-4-[1-(E)-propen-3-ol]phenoxyl}-propane-3-ol (229), (−)-(2R)-1-O-β-
d-glucopyranosyl-2-{2-methoxy-4-[(E)-formylviny1]phenoxyl-propane-3-ol (230),
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1-(4-hydroxy-3-methoxy)-phenyl-2-[4-(1,2,3-trihydroxypropyl)-2-methoxy]-
phenoxy-1,3-propandiol (231), 2-(4-hydroxy-3-methoxyphenyl)-3-(2-hydroxy-
5-methoxyphenyl)-3-oxo-1-propanol (232), leptolepisol D (234), (–)-pinoresinol
(236), (–)-simulanol (239), and threo-dihydroxy-dehydrodiconiferyl alcohol (241)
[93]. Furthermore, a 70% EtOH extract of the roots of X. sibiricum contained
cleomiscosins A (217) and C (218), (–)-9,9′-O-di-(E)-feruloyl-seco-isolariciresinol
(225), jatrocin B (233), and syringaresinol (240) [92]. Of particular interest
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are the enantiomeric lignans of the benzofuran type. Thus, (+)- and (–)-7′-
dehydrosismbrifolin (220) and (221) were isolated from a 95% EtOH extract of
X. sibiricum fruits, whereas utilizing an enantioselective HPLC technique for the
final step of the chromatographic process, a pair of rare sesquineolignans, (+)-
(237) and (–)-sibiricumin A (238) were isolated from a 95% EtOH extract of X.
sibiricum roots [30, 94]. In an ongoing phytochemical study by Chen et al., the
benzofuran balanophonin (213) and the furofuran lignan (–)-pinoresinol (236)
were detected in X. strumarium fruits [54]. The new benzofuran-type lignan,
fructusol (228), in addition to the six known lignans (1S,2R)-1,2-bis(4-hydroxy-3-
methoxyphenyl)-1,3-propanediol (5), (+)-(7S,8R)-dihydrodehydroconiferyl alcohol
(rel-(2α,3β)-7-O-methylcedrusin) (222), erythro-guaiacylglycerol-β-coniferyl alde-
hyde ether (226), erythro-guaiacylglycerol-8-O-4′-(coniferyl alcohol) ether (227),
threo-guaiacylglycerol-β-coniferyl aldehyde ether (243), threo-guaiacylglycerol-8-
O-4′-(coniferyl alcohol) ether (244), and threo-1-phenyl-(4′-hydroxy-3′-methoxy)-
2-phenyl-(4′′-hydroxy-3′′-methoxy)-1,3-propanediol (245), were isolated from the
CHCl3-MeOH (1:1) extract of X. strumarium seeds [85]. Using HPLC for chromato-
graphic separations and interpretation of CD spectra to solve their stereochemistry
thus led to the isolation and characterization of five new lignans, xanthiumnolics
A–E (246–250) from a 70% aqueous EtOH extract of X. strumarium fruits [95].

2.6 Sterols

Steroids occur naturally in both plants or animals. Sterols and related compounds
originating from plants when used as nutritional supplements may help to modulate
cholesterol absorption in humans [99]. Xanthium species, especially the two taxa X.
strumarium and X. sibiricum, are good sources of these compounds. By means of
NMR analysis, 16 compounds (251–266) were assignable to the sterol group (Table
1 and Fig. 7) [5, 13, 28, 34, 45, 54, 58, 60, 71, 74, 75, 78]. Three common phyto-
chemicals, daucosterol (252), β-sitosterol (261), and β-stigmasterol (263) have been
isolated from Xanthium plants. For example, compound 261 has been found to occur
in extracts of X. mongolicum whole plants, X. orientale aerial parts, X. sibiricum
roots and fruits, and X. strumarium seeds, fruits, and aerial parts [5, 34, 45, 54,
60, 74, 78, 92]. In contrast to these three compounds, their derivatives 14-methyl-
12,13-dehydro-sitosterol-heptadeconate (251), 7α-hydroxy-β-sitosterol (256), 6′-
palmitoxyl-β-daucosterin (259), and stigmast-4-ene-3β,6α-diol (265) were obtained
only from the leaves or the fruits of X. strumarium [13, 54]. It has been found that X.
sibiricum is amajor source of sterols. 5α,8α-epi-Dioxy-(22E)-ergosta-6,22-dien-3β-
ol, also known as ergosterol peroxide (253), has been found to be present in both the
roots and the stems of this species [45, 92]. In contrast, 6β-hydroxystigmast-4-en-3-
one (254), 6β-hydroxystigmast-4,22-dien-3-one (255), 7-ketositosterol (257), 3-oxo-
�(4,5)-sitostenone (258), β-sitostenone (260), and stigmast-4-en-6-ol-3-one (266)
were purified only from the roots [5, 92]. The known compound β-stigmasteryl-β-d-
glucoside (264) was initially detected in X. sibiricum stems, and then also observed
in X. strumarium seeds [34, 75].
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2.7 Flavonoids, Quinones, Coumarins, Fatty Acids,
and Miscellaneous Compounds

2.7.1 Flavonoids

Flavonoids are very widely distributed in the plant kingdom, e.g. Ref. [100]. Phyto-
chemical work on Xanthium plants has shown the presence of isoflavones 267–269
and flavones 270–273 (Table 1 and Fig. 8) [7, 15, 45, 54, 71, 80]. Together with
sulfur-containing compounds, the 75% aqueous EtOH extract of the ripe fruits of
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X. strumarium contained the isoflavones formononetin (267) and ononin (269) [80],
while luteone (268) was isolated from X. mongolicumwhole plants [45]. The flavone
jaceidin (270) was found to be present in a 0.0004% yield in X. macrocarpum fruits
[15]. Among Xanthium species, X. strumarium has been widely investigated phyto-
chemically. Its fruits were reported to contain the flavone quercetin (272) and the
twoflavone glycosides patuletin-3-glucuronide (271) and quercetin-3-O-glucuronide
(273) [7, 45].

2.7.2 Quinones and Coumarins

In parallel with the main secondary metabolites mentioned above, Xanthium plant
extracts contain also compounds of the quinone and coumarin type. In a recent
publication, the anthraquinone emodin (274) was isolated from X. orientale whole
plants [28]. After sequential column chromatography isolation steps, a crystalline
compound from a 75% EtOH extract of X. sibiricum roots was identified as the new
quinone 5-hydroxy-3,6-dimethoxy-7-methyl-1,4-naphthalenedione (273) (Fig. 8)
[5]. The whole plants of X. orientale and the roots of X. sibiricum both were
found to produce the coumarin scopoletin (276), while the whole plants of X.
mongolicum and the stems ofX. sibiricum afforded another coumarin, scopolin (277)
[5, 28, 45, 75, 92].

2.7.3 Fatty Acids and Miscellaneous Compounds

Fatty acid derivatives are a further compound type present in Xanthium species. On
the basis of chromatographic isolation work and NMR structural determinations, 11
such compounds (278–288) are included inTable 1 and illustrated inFig. 8.Mostwere
obtained from nonpolar fractions of the five plants X. canadense, X. mongolicum, X.
orientale, X. sibiricum, and X. strumarium [13, 28, 45, 60, 71, 74, 75, 78, 92, 96].
X. sibiricum fruits contain fumaric acid ethyl ester (278) and succinic acid (286),
whereas heptacosanoic acid (280) and nonadecanoic acid (283) were reported as two
constituents of its stems and roots, respectively [71, 75, 78, 92]. Apart from the main
bioactive compounds, the aerial parts ofX. strumarium species contain hexadecanoic
acid (279) and pentatriacontan-1-ol (285), while the whole plants of X. orientale
afforded methyl hexadecanoate (282), oleic acid (284), and triacontanol (287) [13,
28, 60, 74]. (3Z)-Hexenyl-β-d-glycoside (281) was found in X. mongolicum whole
plants [45]. A potential ovicidal metabolite with a long alkyne sidechain was isolated
from X. canadense roots, with the structure tridec-1-ene-3,5,7,9,11-pentayne (288)
[96].

In addition to other constituents, in turn X. sibiricum aerial parts were shown to
contain 3-cycloheptene-1-acetic acid (289) [47]. X. strumarium seeds were found
to contain two molecules, (2S,3R)-2,3-dihydroxy-2-methylbutyrolactone (290) and
5-(hydroxymethyl)furfural (291) [34], while its fruits showed the presence of the
free sugar raffinose (292) [7, 79].
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2.8 Compounds from Endophytic Fungi Associated
with Xanthium Species

Endophytic fungi are typical symbiotic microorganisms present in plants and
often accumulate biologically active constituents with various potential roles [21].
Recently, alternuisol (293) and alternariol (294) were shown to be two major phyto-
toxins of the fungusAlternaria sp. infectingX. italicum leaves (Table 1 andFig. 9) [1].
These two compounds at a concentration of 10.0 mg/cm3 showed 11 and 75% inhi-
bition, respectively, of the root growth of the monocotyledonous plant Pennisetum
alopecuroides. Two constituents from the fungus Alternaria zinniae that infected X.
occidentale leaves, brefeldinA (295), andα,β-dehydrocurvularin (296), were investi-
gated against the larvae ofArtemia salina (brine shrimp). It was found that compound
295 (at. 10–5M) caused 100% lethality of the test organism, while compound 296was
inactive at the concentration level used [97]. The endophytic fungus Eupenicillium
sp. LG41 was isolated from X. sibiricum roots and its EtOAc extract afforded four
compounds, namely, eujavanicol A (297), eupenicinicol A (298), and eupenicinicols
C (299), and D (300) [98]. The latter two compounds were new natural products.
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2.9 Volatile Oil Constituents of Xanthium Species

Members of the genus Xanthium species have been shown to produce volatile oils
containing a variety of organic compounds. Table 2 presents the percentages of the
main components in Xanthium volatile oils (>5.0%) derived by GC–MS analysis.
Terpenoids were found as the main compounds present in Xanthium essential oil
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Table 2 Essential oil constituents of representative Xanthium species

Species Collection Part(s) used Main constituents Ref.

X. strumarium North America Aerial parts Limonene (301) (48.23%),
myrcene (302) (14.31%), and
germacrene D (303) (13.92%)

[111]

Egypt Leaves 1,5-Dimethyltetralin (304)
(14.17%), α-eudesmol (309)
(10.60%), (–)-spathulenol (310)
(7.54%), borneol (311) (6.59%),
ledene alcohol (312) (6.46%),
and isolongifolene (313) (5.06%)

[101]

Zabol/Iran Leaves cis-β-Guaiene (305) (34.2%),
limonene (301) (20.3%), and
borneol (311) (11.6%)

[102]

Khoramabad/Iran Leaves Limonene (301) (24.7%),
borneol (311) (10.6%),
β-cubebene (314) (6.3%), and
bornyl acetate (315) (5.9%)

[112]

Stems Bornyl acetate (315) (19.5%),
limonene (301) (15.0%),
β-selinene (316) (10.1%),
borneol (311) (7.9%),
desmethoxy-encecalin (317)
(6.0%), terpinene-4-ol (318)
(5.4%), and α-cadinol (319)
(5.3%)

Cuba Stems and leaves Arachidonic acid ethyl ester
(320) (9.5%), and benzoic acid
methyl ester (321) (7.1%)

[113]

X. italicum China Aerial parts Limonene (301) (51.61%),
germacrene B (306) (6.98%),
δ-cadinol (322) (5.94%), and
β-pinene (323) (5.6%)

[114]

X. italicum Serbia Stems Germacrene D (303) (12.8%),
methyleugenol (324) (5.4%), and
β-cubebene (314) (5.0%)

[103]

Fresh fruits Germacrene B (306) (28.7%),
shyobunol (325) (16.7%), and
α-humulene (326) (8.4%)

Mature fruits Germacrene B (306) (31.3%) and
α-humulene (326) (11.8%)

X. sibiricum Shanghai/China Fruits Linoleic acid (307) (80.24%) and
9,12-octadecadienoic acid ethyl
ester (327) (5.97%)

[105]

Hebei/China Fruits Linoleic acid (307) (70.75%),
and palmitic acid (328) (10.25%)

(continued)
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Table 2 (continued)

Species Collection Part(s) used Main constituents Ref.

X. mongolicum Shandong/China Fruits Linoleic acid (307) (77.71%),
and palmitic acid (328) (7.84%)

X. canadense Japan Leaves Germacrene D (303) (28.5%),
and (Z)-3-hexen-1-ol (329)
(5.3%)

[104]

X. cavaillesii Argentina Aerial parts Limonene (301) (43.6%), and
aromadendrene (330) (4.6%)

[106]

samples. In a recent report, limonene (301) (48.23%), myrcene (302) (14.31%), and
germacrene D (303) (13.92%) (Fig. 10) were identified as the main components in
the essential oils of North AmericanX. strumarium aerial parts [111].Xanthium stru-
marium species are widely distributed throughout the world. Its leaf volatile oil, from
a specimen collected in Egypt, contained the main component 1,5-dimethyltetralin
(304) (14.17%), as compared with cis-β-guaiene (305) (34.2%) and limonene (301)
(24.7%) in samples collected from the Zabol and Khoramabad areas of Iran [101,
102]. Germacrene D (303) varied from 12.8% in Serbian X. italicum stems to 28.5%
in Japanese X. canadense leaf volatile oil [103, 104]. It was shown that germacrene
B (306) reached up to 28.7–31.3% in the essential oils of the fresh and mature fruits
of Serbian X. italicum [103]. Linoleic acid (307) is present in over 70% of the fruit
volatile oils of Chinese X. mongolicum and X. sibiricum [105]. X. cavanillesii essen-
tial oil was found as a major component in the monoterpene limonene (301) (43.6%)
[106].

Phytochemical analysis utilizing HPLC is one of the fastest procedures avail-
able to identify and confirm the presence of each component in plant extracts
(e.g., Refs. [18, 107]). Han et al. reported 2007 that the HPLC–DAD–MSn anal-
ysis of an n-butanol fraction of X. strumarium fruits indicated the presence of
several caffeoylquinic acid derivatives, namely, 1-O-caffeoylquinic acid (308), 3-O-
caffeoylquinic acid (155), chlorogenic acid (153), 4-O-caffeoylquinic acid (cynarin)
(158), 1,3-O-dicaffeoylquinic acid (158), 1,4-O-dicaffeoylquinic acid (159), 1,5-
O-dicaffeoylquinic acid (162), 1,3,5-O-tricaffeoylquinic acid (174), and 3,4,5-O-
tricaffeoylquinic acid [108].Using theUF-HPLC-PDA,Wang et al. (2015) confirmed
that derivatives of caffeoylquinic acid are constituents of X. strumarium fruits [109].
X. strumarium and X. sibiricum seem to have a close relationship since an HPLC–
ESI–MS/MS investigations of the 50% MeOH extract of X. sibiricum fruits showed
caffeoylquinic acid derivatives as the main components [110].
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3 Biological Activities

3.1 Cytotoxic Activity

Sesquiterpenoids derived from Xanthium species have been subjected to various
growth inhibition investigations using cancer cell lines. For example, the five
sesquiterpenoids deacetylxanthanol (5), lasidiol p-methoxybenzoate (110) (16 μM),
11α,13-dihydroxanthinin (14), 11α,13-dihydroxanthuminol (17) (20 μM), and
xanthinosin (72) (8 μM) inhibited the proliferation of AGS cells, to demonstrate
TRAIL-resistance overcoming activity [11].

In a cytotoxicity assay against SNU387 cells, two monomeric xanthanolides (25
and 33) and two dimeric xanthanolides (55 and 56) had the following IC50 values:
1β-hydroxy-5α-chloro-8-epi-xanthatin (33) (IC50 5.1μM) > 8-epi-xanthatin-1α,5α-
epoxide (25) (IC50 9.6μM) > pungiolide E (56) (IC50 11.7μM) > pungiolide D (55)
(IC50 14.6μM) [9]. Themonomeric isomers 25 and 33with respective IC50 values of
9.5 and 20.7 μM against A-549 cells were also more active than the dimeric isomers
55 and 56 (deemed as inactive, IC50 > 40 μM) [9]. Compound 33 also significantly
inhibited the growth of SK-Hep-1, HepG2, SMMC-7721, and Huh-7 cells, having
IC50 values of 1.57, 1.63, 2.40, and 2.12 μM, respectively [115].

With the presence of an α-methylene-γ-lactone moiety in their structure, the
three sesquiterpenoids 8-epi-xanthatin-1β,5β-epoxide (26), tomentosin (67), and
eremophil-1,11(13)-dien-12,8β-olide (90) showed discernible cytotoxic effects
against the five human cancer cell lines Huh-7, KB, Jurkat, BGC-823, and KE-
97, with IC50 values ranging from 1.1 to 18.0 μM, as compared with those for the
standard compound staurosporine (IC50 0.15–0.58 μM) [42].

Xanthatin (70) contains an α-methylene-γ-lactone moiety, which might also be
responsible for its cytotoxicity against HeLa cells (IC50 value of 4.92 μM), but it
was noted that this compound displayed less potent cytotoxicity to noncancerous
HEK 293T and BEAS-2B cells [116]. On searching for bioactive constituents from
X. strumarium leaves, the four isolated compounds xanthatin (70), squalene (145),
stigmasterol (263), and β-sitosterol-O-glucoside (252) inhibited HL-60 cell prolif-
eration with IC50 values in the order: 145 (7.09 μg/cm3) < 252 (24.91 μg/cm3)
< 263 (50.07 μg/cm3) < 70 (52.50 μg/cm3), while the standard compound dimi-
nazene aceturate gave an IC50 value of >128μg/cm3 [58]. The sesquiterpene lactone
xanthantin (70), once again showed cytotoxicity againstHep-G2andL1210 cellswith
IC50 values of 49.0 μM and 12.3 μM, respectively [58]. Two dimeric xanthanolides,
mongolides D (40) and E (41) displayed IC50 values of 8.46 μM and 19.20 μM
against the MDA-MB-231 breast cancer cell line, which were less potent than that
for xanthinin (71) (IC50 3.57 μM) [49].

Members of other compound classes isolated from Xanthium species have been
evaluated for their cytotoxicity against cancer cell lines. Among 16 isolates from
X. orientale, He et al. reported that a xanthanolide (70), a triterpenoid (140), and
a quinone (274) displayed respective IC50 values of 11.3–13.2, 53.4–58.5, and 80–
120μM against the two human cancer cell lines Hep-G2 and A-549 [28]. The simple
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phenol 168 caused a 50% growth inhibition of U937 cells at a high concentration of
300 μM [84].

3.2 Antioxidative Activity

The antioxidative activity of Xanthium extracts has been attributed to the presence of
constituents such as simple phenols, sulfur-containing compounds, sterols, and other
derivatives [13, 34, 81]. 1,3-Di-O-caffeoylquinic acid (158), also known as cynarin,
strongly inhibited radiation-induced oxidation of chlorogenate via the prevention
of free radical attack [81]. (–)-Xanthienopyran (202), purified from X. strumarium,
gave an IC50 value of 1.72 μg/cm3 and hence exhibited inhibition of superoxide
anion generation from human neutrophils induced by formyl-l-methionyl-l-leucyl-
l-phenylalanine, as compared to the reference compound, diphenyleneiodonium
(IC50 0.16 μg/cm3) [34]. The triterpenoid, α-amyrin (138), the sterol, 14-methyl-
12,13-dehydro-sitosterol-heptadeconate (251), and the fatty acid, hexadecanoic acid
(279) all showed weak DPPH radical-scavenging capacity, with IC50 values ranging
from 76.2 to 106.4 μg/cm3, with the reference compound ascorbic acid affording a
comparative IC50 value of 11.41 μg/cm3 [13].

3.3 Anti-Inflammatory Activity

In an inflammation-related assay, the three xanthanolides, 4-oxo-bedfordia acid (51),
xanthatin (70), and xanthinosin (72) were evaluated as inhibitors of nitric oxide
synthesis, in the following order of potency (IC50/μM): 70 (0.47) > 72 (11.12) >
51 (136.5). The activity of compounds 70 and 72 in this assay may be explained
by the presence of a lactone ring conjugated with an exomethylene moiety in each
case while a free carboxylic acid group occurs in the marginally active compound 51
[16]. The two novel monoterpene glucosides, xanmonoters A (122) and B (123), also
showed IC50 values of 17.4 and 22.1 μM, respectively, in inhibiting NO production,
as comparedwith the positive control aminoguanidine (IC50 3.6μM) [12]. The lignan
xanthiumnolic E (250) exhibited anti-inflammatory activity in terms of lipopolysac-
charide (LPS)-induced NO production with an IC50 value of 8.73 μM, while its
analogs 246–249 displayed less potent IC50 values of 15.6–47.6 μM, in comparison
to aminoguanidine (IC50 1.25 μM) that was used as the positive control [95]. More
recently, 14 isolated compounds from X. sibiricum fruits have been investigated with
respect to their anti-inflammatory activity as determined by the inhibition of NO
production [10]. Among them, two thiazinediones, 2-hydroxy-xanthiazone (184)
and (+)-xanthiazinone B (194), had comparable IC50 values to the positive control
dexamethasone (IC50 10.5 μM). In an anti-inflammatory assay as determined by 5-
LOX inhibition, ziniolide (78) from X. spinosum roots and the reference compound
apigenin, showed comparative IC50 values of 69 and 20 μM, respectively [4].
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3.4 Antibacterial and Antifungal Activities

There have been many studies reported on the evaluation of the antibacterial and
antifungal activities of isolated compounds from Xanthium species. Apart from
anti-inflammatory activity, compounds 138, 251, and 279 were further subjected
to growth inhibition tests against Staphylococcus aureus, Escherichia coli, Pseu-
domonas aeruginosa, Candida albicans, and Kluyveromyces marxianus. The results
indicated that 138 exhibited the greatest effect (MIC 6.25–12.5 μg/cm3), followed
by 251 and 279 (MIC 6.25–50 μg/cm3) in comparison to the antibacterial positive
control ciprofloxacin (MIC 6.25 μg/cm3) [13]. In contrast, the three compounds
184, 186, and 228 failed to inhibit C. albicans (MIC90 > 128 μg/cm3) [85].
Among the tested xanthanolides 21, 22, 36–37, 51, and 70–72, the well-known
compound 70, containing an α,β-unsaturated carbonyl group in the cyclopentanone
ring showed antifungal activity against C. albicans and C. glabrata, while the
remaining compounds were inactive [15]. Compound 70 was also tested against
Bacillus sp. withMIC values of 12.5–100 μg/cm3, and with 25–100 μg/cm3 against
Candida sp., Pichia sp., Saccharomycopsis sp., and Torulaspora sp. [58]. The two
common sterols 252 and 261 isolated from X. sibiricum roots seem promising
antibacterial agents since they had remarkableMIC values of 0.35 and 0.17 μg/cm3

against E. coli, and better than that of new anthraquinone 275 (MIC 2.78 μg/cm3)
and the positive control ciprofloxacin (MIC 0.69 μg/cm3) [5]. The functional group
at C-11 seems to be responsible for the differential antibacterial results of the two
compounds eupenicinicols C (299) and D (300), of which 300 exhibited potent
antibacterial activity against S. aureus with a MIC value of 0.1 μg/cm3, while
compound 299 was inactive [98].

3.5 Antidiabetic Effects

Herbalmedicines are usedworldwide in ethnomedicine as often effective alternatives
in diabetes treatmentmodalities. In this regard, Hsu et al. evaluated the hypoglycemic
activity of isolated compounds fromX. strumarium, especially caffeic acid (149) [13].
This compound (at 0.5–3.0 mg/kg, intravenous injection) caused a plasma glucose
decrease of 23.8 and 33.4% in streptozotocin-induced diabetic rats and NIDDM-rats
(rats with insulin-resistance), respectively, as compared with values for the positive
control metformin (100mg/kg for ZTZ-rats, 18.4% decrease; 10 mg/kg for NIDDM-
rats, 28.2% decrease, oral administration) [13]. In a study on aldose reductase inhibi-
tion, it was found that the number of caffeoyl groups among simple phenolic groups
provided different results. Thus phenol 174, containing three caffeoyl groups, exhib-
ited a rat lens AR (rhAR) inhibitory IC50 value of 0.12μM and a recombinant human
AR (rhAR) inhibitory IC50 value of 0.71μM, followed by compounds 158, 160, 162,
and 177 containing two caffeoyl groups (IC50 values of 0.19–1.90 μM for rAR and
IC50 values of 0.67–0.134 μM for rAR). Compounds 154 and 155 have one caffeoyl
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group each and had IC50 values of 3.11–9.24 μM for rAR and an IC50 value of
4.69 μM for rhAR [79].

3.6 Other Bioactivities

Pharmacological studies have also evaluated the activities of Xanthium secondary
metabolites in various miscellaneous biological studies. Xanthatin (70) isolated from
X. spinosum and the positive control paclitaxel displayed respective IC50 values
of 0.028 and 0.002 μM in an antiangiogenic assay [59]. Compound 70 induced
antitrypanosomal activity against Trypanosoma brucei brucei with an IC50 value
of 2.63 μg/cm3 in comparison to the standard drug diminazene aceturate (IC50

0.088 μg/cm3) [58]. In a brine shrimp lethality assay, the guaianolide ziniolide (78)
from X. catbarticum roots, showed a toxicological LC50 value of 14.0 ppm [33].
Thiazinedione 188 served to ameliorate nasal symptoms and decreased IgE levels in
allergic rhinitis mice [88]. The two ent-kaurene glycosides 124 (50–200 mg/kg) and
125 (50–150 mg/kg) did not affect the lung, heart, spleen, and the central nervous
system in mice [69].

3.7 Biological Activities of Extracts

Cytotoxicity assays of Xanthium species have mostly focused on X. strumarium
extracts. A methanol extract of X. strumarium seeds suppressed the growth of the
three cancer cell lines Jurkat, HepG2, and L929 with the respective IC50 values of
50.18, 112.9, and 163.0μg/cm3,while IC50 values of 48.73, 68.74, and 111.0μg/cm3

were found for its EtOAc fraction, respectively [117]. Piloto-Ferrer et al. investigated
both the cytotoxicity and in vivo antitumor evaluation of various extracts and fractions
of X. strumarium aerial parts, which were conducted using CT26WT murine colon
cancer cells [118]. A xanthatin-containing fraction (10μM) exhibited a reported IC50

value of 8.3μM, and three different extractives showed discernible growth inhibition
effects in a mouse xenograft study. In another report, a 70% ethanol extract of X.
strumarium fruits inhibited weakly the growth and proliferation of the HCC cell line,
with an IC50 value of 100 μg/cm3 [119]. In addition, the chloroform and methanol
extracts of X. strumarium fruits (50 μg/cm3) were evaluated as potential ATG4B
inhibitors to suppress the growth and metastasis of colorectal cancer cells (inhibited
30% of HCT116 cell migration and up to 50% for DLD-1 cells) [120].

Collectively, the biological test results including somepharmacological evaluation
data of extracts of Xanthium species constituents are summarized in Table 3.

When evaluated for potential anti-inflammatory activity, a 95% ethanolic extract
of X. strumarium leaves, at concentrations of 100, 200, and 400 mg/kg, caused a
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decrease of the edema volume stimulated by carrageenan after 12 days of treat-
ment, whereas an aqueous extract was only active in this regard at a concentra-
tion of 400 mg/kg [121]. The methanolic extract (300 μg/cm3) of X. strumarium
aerial also inhibited the production of inflammatory mediators NO (up to 97%) and
prostaglandin E2 (66%). The target of its action was identified as PDK1. In the
same manner, the methanol extract (400 μg/cm3) of X. sibiricum roots induced anti-
inflammatory activity by inhibiting LPS-stimulated NO production and inducible
nitric oxide synthase via suppressing the nuclear factor kB (NF-kB) and STAT3
pathways [122].

A 75% ethanolic extract (75 mg/kg) of X. strumarium fruits was investigated
in Freund’s complete adjuvant-induced arthritis model in rats, and found to reduce
the spleen index, COX-2 and 5-LOX levels, as well as levels of the proinflammatory
cytokines TNF-α and IL-1β, but it increased IL-1β levels [123]. Amethanolic extract
of X. strumarium aerial parts (300 μg/cm3) mediated anti-inflammatory action via
PDK1 enzyme inhibition in the NF-κB signaling pathway [124].

In terms of potential antioxidative activity, the chloroform (125 μg/cm3) and the
ethanol (100 μg/cm3) extracts of X. strumarium roots gave IC50 values of 24.85 and
29.81 μg/cm3 in a DPPH radical-scavenging assay and were comparable in potency
levels with those of the positive controls ascorbic acid (IC50 27.35 μg/cm3) and
BHT (IC50 26.01 μg/cm3) [125]. These two extracts were further shown to capture
hydrogen peroxide radicals with IC50 values of 9.23 and 10.18μg/cm3, respectively,
with the positive control being active at 8.89 μg/cm3 [125]. Likewise, a methanol
extract of X. strumarium fruits trapped the DPPH radicals up to 93.68% in a FRAP
antioxidative assay, and inhibited the α-glucosidase enzyme with an IC50 value of
15.25 μg/cm3 in an antidiabetic assay [126].

It was found that the acute (5 g/kg body weight for single oral dose) and suba-
cute (1.0 g/kg body weight for 28 days) administration routes of the chloroform
and hexane-soluble extracts of X. strumarium roots displayed no toxicity symp-
toms in Wistar rats [127]. However, a hepatotoxic effect of an aqueous extract of X.
strumarium fruits (7.5, 15.0, and 30.0 g/kg/day) may be due to its suppression of
mitochondrial function [128]. The aqueous extract of X. sibiricum fruits, even at the
highest dose tested of 100 μg/cm3, did not effect the blood cell membranes [129].

A crude 50% ethanol extract of X. strumarium leaves exhibited in vitro
antitrypanosomal activity against Trypanosoma evansi-infected mice, although a
1000 mg/kg dose of plant extract was toxic to the host animals [130].

4 Synthesis Aspects

As mentioned above, naturally occurring sesquiterpenoids of the xanthanolide type
are the largest group of compounds isolated so far from Xanthium. They have been
recognized as showing antitumor, anti-inflammatory, and antibacterial effects [16,
58]. Both monomeric and dimeric xanthanolides have been subjected to chemical
synthesis investigations.
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4.1 Synthesis of Monomeric Xanthanolides

Amajor component of Xanthium species is xanthatin (70) and therefore this became
a focus of synthesis work. It was synthesized for the first time according to Shishido’s
method. As outlined in Fig. 11, the synthesis route started from bicyclic lactone 331,
and needed 19 linear steps for completion [131].

The stereochemistry at C-8 of the bicyclic lactone 331was themain consideration.
Byopening the lactone ring, and the performance of aMitsunobu reaction, hydrolysis,
and lactonization, compound 331 was converted into the trans-fused lactone 334.
The formation of the C-2,C-3 side chain and the C-1,C-5 double bond in 337 was
achieved by adopting a Lewis acid-catalyzed carbonyl ene-reaction. Through several
reaction steps, the key bicyclic compound 339 was synthesized, which was further
phenylselenylated and subjected to oxidization-elimination to yield the α-methylene
lactone 340. The synthesis of xanthatin (70) was completed by a cross methathesis
(CM) reaction with an overall yield of 7.6% [131].

As outlined in Fig. 12 [132], Shindo et al. achieved a highly efficient synthesis
strategy of xanthatin (70) from the oxazolidinone 342 in 14 steps with an 8.7% yield.
The amide 343was obtained in high diastereoselectivity by asymmetric alkylation of
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342, and was then subjected to reduction to give 344. Diol 346, which was obtained
through an intriguing Pt-catalyzed asymmetric diboration of 344, was selectively
oxidized with TEMPO, subjected to a Wittig reaction, and lactonized to yield γ -
butenolide 347.

The use of an allylcopper reagent in the presence of trimethylsilyl chloride
(TMSCl) supported the transformation of 347 into the 1,4-adduct 348b. Subse-
quently, the key intermediate 349 without any epimerization at the C-10 position,
was produced through stereoselective 1,4-conjugate addition followed by deprotec-
tion, oxidation, and Seyferth-Gilbert alkyne synthesis. The ring-closing metathesis
of the intermediate 349 was performed using the Grubbs catalyst 350 to give the
seven-membered carbocycle 339, which then could be used to synthesize xanthatin
(70) in three steps following Shishido’s procedure.

The further monomeric xanthanolide, 8-epi-xanthatin (24), is a 5/7-cis-
xanthanolide. Martin et al. have synthesized this compound in 14 steps with a 5.5%
overall yield, as illustrated in Fig. 13 [133]. The synthesis commenced with the
conversion of the commercially available ester 351 into an unstable aldehyde that
was immediately subjected to the Corey-Fuchs olefination protocol in the presence
of 2,6-lutidine to provide the vinyl dibromide 352 over two steps. When 352 was
treated with excess n-butyllithium, and then triisopropylsilyl trifluoromethanesul-
fonate (TIPSOTf) and KCN, the reduction that followed with diisobutylaluminium
hydride (DIBAL-H) resulted in aldehyde 353 (37% yield). Toward this end, the



Biologically Active Constituents from Plants … 199

24 ((+)-8-epi-xanthatin)

Bu2BOTf
354, iPr2NEt

(60%), 3 steps
Br

Ots
Br

351 352

1) n-BuLi then TIPSOTf
2) KCN
3) DIBAL-H

(37%), 3 steps
(asymmetric aldol reaction)

353

TIPS

1) TsCl, Et3N, 4-DMAP
2) DIBAL-H
3) CBr4, Ph3P

(88%; dr = 95:5)

355

TIPS
N

O

Bn

OH O

2 steps

(59%)

356

TIPS
N

O O
TBS

O
1) MeMgBr
2) KHMDS, 357

(85%)

358

TIPS
OTf

O
TBS

OH

Pd(OAc)2 (10 mol%)
Ph3P, Et3N, CO
MeOH, DMF
(85%)

359

TIPS

O
TBS

O

O
TBAF

(78%)

O
O

360

341 (20mol%)

(83%)
(domino RCM/
CM reaction)

N
O

OO

Bn
354

Cl N(Tf)2

357

O

O
O

O

O O

O

Fig. 13 Martin’s synthesis of 8-epi-xanthatin (24)

boron enolate derived from oxazolidinone 354 reacted with aldehyde 353 to provide
alcohol 355 in 88% yield (dr > 95:5). In order to afford the γ -butyrolactone, 355
was first elaborated into enol triflate 358 through four steps. This was followed by
palladium-catalyzed carbonylation to give acrylate 359. 8-epi-Xanthantin (24) was
the result of a tandem ring-closing enyne metathesis/cross-metathesis reaction of
lactone 360.

4.2 Synthesis of Dimeric Xanthanolides

The dimeric xanthanolide, pungiolide D (55), has been synthesized from the
monomeric 8-epi-xanthatin (24) [134]. The Diels–Alder dimerization of 8-epi-
xanthatin (24)was performed in PhMe/EtOHat 110°C to afford the pentacyclic dimer
prepungiolide (362). Then, 362 underwent C-3′ epimerization to yield 363 during
the course of chromatographic purification. Upon heating at elevated temperature,
363 could be converted into pungiolide D (55) via an intramolecular ene cyclization.
Notably, compound 55 was also obtained from monomer 24 via a one-pot synthesis
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Fig. 14 Tang’s synthesis of pungiolide D (55)

under high temperature (180°C) in EtOH with a yield of 40%. The overall process
is outlined in Fig. 14.

5 Conclusions

The current chapter endeavors to provide useful information on the phytochemistry
and biological testing of Xanthium species. To date, 15 members of this genus,
including X. brasilicum, X. canadense, X. catharticum, X. cavanillesii, X. chinense,
X. indicum, X. italicum, X. macrocarpum, X. mongolicum, X. orientale, X. penn-
sylmnicum, X. pungens, X. sibiricum, X. spinosum, and X. strumarium have been
investigated in some detail phytochemically. Chemical constituents characterized by
Xanthium species have included terpenoids, simple phenols, sulfur- and nitrogen-
containing compounds, lignans, sterols, flavonoids, quinones, coumarins, and fatty
acids. Among 300 secondary metabolites reported to date, sesquiterpenoids of the
xanthanolide type are characteristic of the genus Xanthium. The dimeric xanthano-
lides, mongolides D (39) and E (40), pungiolides A–O (52–60), and thiazinediones
184–199 were new when first reported. Gas chromatography-mass spectrometric
analysis has shown the widespread presence of terpenoids in Xanthium essential oils,
while HPLC procedures have been useful to demonstrate the occurrence of caffeoyl
phenolic derivatives with the members of this genus. Xanthium plant extracts and
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several isolated compounds have been evaluated for their cytotoxicity and antioxi-
dant, antibacterial, antifungal, and antidiabetes activities. Constituents from the two
species X. spinosum and X. strumarium have been the main topics of such biological
examinations. Despite the fact that there have beenmany in vitro biological and some
in vivo pharmacological studies on Xanthium extracts and their purified constituents,
the basic knowledge of the mechanisms of cellular action involved is not yet very
well understood.
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1 Introduction

Desmos is a genus of nearly 60 trees and shrubs in the family Annonaceae [1]. The
early reports of the traditional uses of Desmos species centered mainly on plants
found in South Asia, with species from other areas of the world gradually being
investigated later [2]. Desmos species have a long history of medicinal applica-
tions and have been used to treat a variety of diseases. To give a typical example, D.
chinensis, locally named “Sai-Yut” in Thailand, has been employed for the alleviation
of pyretic and dysenteric diseases [3]. Furthermore,D. dumosus roots and leaves have
been utilized traditionally for their antimalarial, insecticidal, antirheumatic, anti-
spasmodic, and analgesic effects [4]. Flavonoids, alkaloids, miscellaneous phenolic
compounds, terpenoids, phytosterols, and other types of bioactive metabolites have
been found as constituents amongmembers of the genusDesmos. Various sub-groups
of flavonoids, in particular, have been recognized as typical constituents of Desmos
and these exhibit a variety of bioactivities. For example, dihydrochalcones from D.
chinensis displayed cytotoxicity against the growth of the MOLT-3, A549, HuCCA-
1, and HepG2 cancer cell lines [5], while an extract of this plant promoted inhi-
bition in a tyrosine kinase inhibitory assay [6]. Other types of biological reports
of crude extracts, fractions, and secondary metabolites obtained from this genus
include those of their antimicrobial, anti-HIV, antioxidative, anti-inflammatory, and
aromatase inhibition effects.

Although several reports on specialized secondary metabolites from medicinal
plants of genusDesmos have appeared in the literature, there have been no systematic
reviews to provide general information about this genus. Therefore, this overview
has been performed by identifying significant studies on the phytochemistry and
biological properties of purified constituents of the genusDesmos, using international
scientific sources, including The Plant List, and the Web of Science, SciFinder,
Google Scholar, Scopus, Science Direct, and PubMed databases as well as journals
from leading publishing companies, and also Ph.D. dissertations. The references
were obtained during the period from 1982 to the present.

2 Phytochemical Investigations

The search for bioactive compounds from natural sources involves using a combi-
nation of chromatographic methods (such as the use of silica gel, Sephadex LH-20,
RP-18, HPLC, GC–MS, and LC–MS) for isolation procedures and spectroscopic and
spectrometric techniques (such as NMR, MS, CD, UV, and IR) for structure eluci-
dation [7–16]. Based on the use of these well-established methods, phytochemical
studies on Desmos species have resulted in the purification and characterization of
various classes of secondary metabolites. A total of 211 constituents are summa-
rized in Table 1 and in Figs. 2, 3, 4, 5, and 6. The names of these compounds are
listed in alphabetical order. Phytochemicals derived from Desmos species include
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flavonoids (1–82) (Fig. 2), alkaloids (83–128) (Fig. 3), miscellaneous phenols (129–
156) (Fig. 4), polyoxygenated cyclohexane and cyclohexene derivatives (156–168)
(Fig. 4), terpenoids (169–187) (Fig. 5), phytosterols (188–192) (Fig. 5), oxepinones
(193–197) (Fig. 6), amides (198–203) (Fig. 6), fatty acids (204–207) (Fig. 6), and
other compound types (208–211) (Fig. 6).

2.1 Flavonoids

2.1.1 Flavones

Flavonoids are the most commonly reported metabolites from Desmos species.
Among 82 isolated compounds of this type (Table 1), 29 (1–29) may be classified in
the flavone group and were found to be present in six Desmos species, namely, D.
chinensis (Fig. 1a), D. cochinchinensis (Fig. 1b), D. dasymaschalus, D. dumosus, D.
pedunculosus, and D. rostrata [2, 3, 5, 17–35]. As shown in Fig. 2, flavones from
Desmos occur in both monomeric and dimeric forms and may be substituted by
hydroxy, methyl, methoxy, glycosyl, and formyl groups. Chrysin (2), desmosflavone
(9), isounonal (16), matteuorien (17), mosloflavone (18), negletein (19), and unonal
(27) were all detected in at least two species each. Alpinetin (1), desmethoxykanugin
(4), and 5,7-dihydroxy-6-methyl-8-formylflavone (10) are constituents observed in
anEtOAcextract of the air-dried twigs ofThaiD.dasymaschalus (syn.Dasymascalon
dasymaschalum) [17]. Chrysin (2) was isolated from both D. chinensis whole plants
and D. cochinchinensis leaves and flowers [2, 18–20], while its derivative cryp-
tochrysin (3) was only characterized from D. dumosus leaves, to date [21]. Five
compounds (5–9), namely, desmorostratone (5), desmoscochinflavones A (6) and B

Fig. 1 Typical Desmos species: a Desmos chinensis and b Desmos cochinchinensis
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(7), desmosdumotin B (8), and desmosflavone (9) were identified as new naturally
occurring flavones and were isolated from D. rostrata stem bark, D. cochinchi-
nensis leaves, D. dumosus roots, and D. cochinchinesis fruits, respectively [18,
22, 23, 26]. The leaves of D. chinensis proved to be a rich source of flavones, in
which eight known compounds, including 5,6-dihydroxy-7-methoxyflavone (11),
6,7-dimethoxy-5-hydroxyflavone (12), eucryphin (15), isounonal (16), matteuorien

O

O
R5

R6

R7

R1

R2

R4

1 R1 = R3
= R5 = R6 = R7 = H, R2 = OH, R4 = OCH3

2 R1 = R3 = R5 = R6 = R7 = H, R2 = R4 = OH
3 R1 = CH3, R2 = R4 = OH, R3 = R5 = R6 = R7 = H
6 R1 = X1, R2 = R4 = OH, R3

= R5 = R6 = R7 = H
7 R1 = X2, R2 = R4 = OH, R3

= R5= R6 = R7 = H
9 R1 = R3 = CH3, R2 = OCH3, R4 = OH, R5 = R6 = R7 = H
10 R1 = CHO, R2 = R4 = OH, R3 = CH3, R5 = R6 = R7 = H
11 R1 = R5 = R6 = R7= H, R2 = OCH3, R3 = R4 = OH
12 R1 = R5 = R6 = R7 = H, R2 = R3 = OCH3, R4 = OH
13 R1 = R2 = OCH3, R3 = R5 = R6 = R7 = H, R4 = OH
14 R1 = R3 = CH3, R2 = OCH3, R4 = R5 = R6 = R7 = H
16 R1 = CH3, R2 = R4 = OH, R3 = CHO, R5 = R6 = R7 = H
17 R1 = R3 = CH3, R2 = R4 = OH, R5 = R6 = R7 = H
18 R1 = R5 = R6 = R7 = H, R2 = R3 = OCH3, R4 = OH
19 R1 = R5 = R6 = R7 = H, R2 = OCH3, R3 = R4 = OH
20 R1 = R5 = R6 = R7 = H, R2 = R4 = OH, R3 = OCH3
21 R1 = R3 = H, R2 = R4 = R6 = R7 = OH, R5 = α-O-L-Rha
23 R1 = X3

, R2 = X4, R3 = CH3, R4 = OH, R5 = R6 = R7 = H
25 R1 = CH3, R2 = X4, R3 = X3, R4 = OH, R5 = R6 = R7 = H
26 R1 = R3 = R5 = R6 = R7 = H, R2 = OCH3, R4 = OH
27 R1 = CH3, R2 = R4 = OH, R3 = CHO, R5 = R6 = R7 = H
28 R1 = CH3, R2 = OCH3, R3 = CHO, R4 = OH, R5 = R6 = R7 = H
29 R1 = CHO, R2 = OCH3, R3 = CH3, R4 = OH, R5 = R6 = R7 = H

R3

O

O
O

O O

O

4

O

O

O

5
O

O

O

O

8
OH

O

ORha
OOH

HO

15

O OH

OHOH

Rha =

O

O

HO

OH

HO

OH

O

O

22

O

O

HO

OH

HO

OH

O

O

OH

24

O O

Fig. 2 Flavonoids from the genus Desmos



Biologically Active Constituents from Plants of the Genus Desmos 233

O

O
R5

R6

R7

R1

R2

R4
R3

30 R1 = R3 = H, R2 = R4 = R6 = R7 = OH, R5 = α-O-L-Rha
32 R1 = CH3, R2 = OCH3, R3 = CHO, R4 = OH, R5 = R6 = R7 = H
33 R1 = R3 = CH3, R2 = R4 = OH, R5 = R6 = R7 = H
35 R1 = R3 = CH3, R2 = OCH3, R4 = OH, R5 = R6 = R7 = H
36 R1 = CH3, R2 = R4 = OH, R3 = CHO, R5 = R6 = R7 = H
37 R1 = R5 = R6 = R7 = H, R2 = R4 = OH, R3 = X2

38 R1 = R5 = R6 = R7 = H, R2 = R4 = OH, R3 = X5

40 R1 = CHO, R2 = OH, R3 = CH3, R4 = OCH3, R5 = R6 = R7 = H
41 R1 = R3 = X6, R2 = R4 = OH, R5 = R6 = R7 = H
42 R1 = R5 = R6 = R7 = H, R2 = OCH3, R3 = R4 = OH
43 R1 = CHO, R2 = R4 = OH, R3 = CH3, R5 = R6 = R7 = H
47 R1 = R2 = R4 = OH, R6= OCH3, R3 = R5= R7 = H
48 R1 = R5 = R6 = R7 = H, R2 = R4 = OH, R3 = X6

49 R1 = CHO, R2 = R4 = OH, R3 = CH3, R5 = R6 = R7 = H
50 R1 = CH3, R2 = R4 = OH, R3 = CHO, R5 = R6 = R7 = H
51 R1 = X6, R2 = OH, R3 = R5 = R6 = R7 = H, R4 = OCH3
52 R1 = CH3, R2 = OCH3,R3 = R5 = R6 = R7 = H, R4 = OH
54 R1 = R3 = R5 = R6 = R7 = H, R2 = R4 = OH
55 R1 = R3 = R5 = R6 = R7 = H, R2 = BzO, R4 = OH

O

O

R1

HO

OH
R2

OH

34 R1 = CHO, R2 = CH3
39 R1 = R2 = CH3
45 R1 = CH3, R2 = CHO

O

O

O
O

OH

44 R1 = R2 = OCH3, R3 = OH
53 R1 = X6, R2 = OCH3, R3 = OH

31

O

OOH

O

O

O

O

OH O

46

OH
OH

X1 = X2 =
HO

OH
O

O

OH

OH
X3 =

O

OX4 = BzO =
O

O

O

Fig. 2 (continued)



234 N. T. T. Linh and N. T. Son

O

O R

HO
OH

56 R = OAc
57 R = H
64 R = OH

O

OH X7

58

HO O

OH X7

59

HO

O

R4

R2
R1

R5
R3

60 R1 = CHO, R2 = R5 = OH, R3 = CH3, R4 = OCH3
61 R1 = R3 = CH3, R2 = R4 = OCH3, R5 = OH
62 R1 = CHO, R2 = R4 = OCH3, R3 = CH3, R5 = OH
63 R1 = CHO, R2 = OH, R3 = H, R4 = R5 = OCH3
65 R1 = CHO, R2 = OH, R3 = CH3, R4 = R5 = OCH3
66 R1 = CHO, R2 = R5 = OH, R3 = H, R4 = OCH3

O

R1
R2

R3

R4

R5

67 R1 = R3 = OH, R2 = R4 = H, R5 = OCH3
69 R1 = OCH3, R2 = H, R3 = R5 = OH, R4 = X8

70 R1 = R5 = OH, R2 = CH3, R3 = OCH3, R4 = CHO
71 R1 = R3 = BzO, R2 = R4 = H, R5 = OH
72 R1 = R5 = OH, R2 = CHO, R3 = OCH3, R4 = CH3

O

O

O

O

68

76 R1 = R4
= CH3, R2 = R3 = OCH3, R5 = R6 = OH

77 R1 = R3 = OCH3, R2 = R6 = H, R4 = R5 = OH
78 R1 = R3 = OCH3, R2 = R4

= CH3, R5 = R6 = OH
79 R1 = R2 = R3 = OCH3, R4

= H, R5 = R6 = OH
80 R1 = R3 = OCH3, R2 = R4

= H, R5 = R6 = OH
81 R1 = R5 = OH, R2 = R4 = R5 = H, R3 = OCH , R6 = OH
82 R1 = R3 = OCH3,

3,
R2 = CH3, R4 = H, R5 = R6 = OH

R5

R2

R1

R4

R3

O

R6

O

OHR

OH OH

73 R = OCH3
74 R = OH

O

OHO

OH

75
OH

X5 =

OH

OH

X6 =
HO HO

X8 =
OH

BzO = O

OHHO

O

O

X7 =

O

O O

O

Fig. 2 (continued)



Biologically Active Constituents from Plants of the Genus Desmos 235

(17), mosloflavone (18), negletein (19), quercitrin (21), and unonal (27), were identi-
fied (Table 1). Notably, four new biflavones, saiyutones A–D (22–25), were isolated
from a CH2Cl2 extract of D. chinensis leaves, collected in Thailand [3]. Similarly, a
newderivative of compound 27, isounonal-7-methyl ether (29),was precipitated from
the CH2Cl2 extract of D. chinensis stem bark as a pale-yellow solid [5]. Moreover,
another known compound, namely, unonal-7-methyl ether (28), was also detected
[5].

2.1.2 Flavanones

Further to chromatographic column separation and NMR structural determination
work on Desmos species, altogether 26 flavanones have been obtained, and these
are summarized in Table 1. Desmos flavanones were detected in various parts of
D. chinensis, D. cochinchinensis, D. dasymaschalus, D. dumosus, and D. gran-
difolius [2, 5, 18, 20, 21, 24–30, 34–40, 42]. Most of these isolated flavanones
are present in the form of the 2S- configuration, and glycosylation occurs occa-
sionally. Among Desmos flavanones, some compounds isolated have been found
more frequently than others. For instance, demethoxymatteucinol (33) is char-
acteristic of D. chinensis roots and seeds, D. cochinchinensis whole plants and
fruits, D. dumosus roots and twigs, and D. grandifolius roots [21, 24–26, 35–38].
Also, desmethoxymatteucinol-7-methyl ether (35) occurs in D. chinensis roots, D.
cochinchinesis roots and fruits, and D. dumosus roots [24, 35, 37, 40], while lawinal
(50) was found to be present in D. chinensis stem bark and seeds, D. cochinchi-
nensis roots and fruits, D. dumosus roots, and D. grandifolius roots [5, 24, 25,
27, 29, 37, 38]. In contrast, 13 constituents, including astilbin (30), (S)-5-hydroxy-
6,8,8-trimethyl-2-phenyl-2,3-dihydro-4H-chromene-4,7(8H)-dione (31), cochinine
A (32), dichamanetin (41), (2S)-5,7-dihydroxy-8-formyl-6-methylflavanone (43),
6-formyl-2,5,7-trihydroxy-8-methylflavanone (45), 8-hydroxynaringenin-4′-methyl
ether (47), isochamanetin (48), isolawinal (49), 5-O-methylchamanetin (51), 8-
methyl-5-hydroxy-7-methoxyflavanone (52), and pinocembrin (53), and its 7-O-
benzoate (54), were observed in the genus Desmos for the first time (Table 1).
Phytochemical investigations on Desmos species have also stimulated interest due
to the characterization of new flavanones. Thus, desmal (34) and desmosal (36)
are two new formyl flavanone derivatives, which were purified from the leaves
and seeds of D. chinensis, respectively [25, 39]. Two further new flavanones,
namely, (–)-(2S)-desmoscochinflavanones A (37) and B (38), have been purified
from an EtOAc extract of Chinese D. cochinchinensis leaves [18], whereas desmos-
flavanone II (40), an additional new flavanone, was isolated from its roots [41].
In turn, (+)-(2S)-desmosdumosone (39) is a new flavanone obtained from Thai D.
dumosus twigs, while two analogs with a 2R-configuration, (+)-(2R)-7,8-dimethoxy-
5-hydroxyflavanone (44) and (+)-(2R)-7-methoxychamanetin (53), were found to
be present in its leaves [21]. Desmosdumotin A (46) is a new flavanone isolated
from an EtOH (85%) extract of Chinese D. dumosus roots [42]. The assignment of
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compound 46 with the (2S,3R)-configuration was supported by single-crystal X-ray
crystallography [42].

2.1.3 Flavans

The flavans are an additional group of flavonoids from Desmos species, particu-
larly from D. chinensis, D. cochinchinensis, and D. longiflorus. Herein, a list of
11 isolated metabolites of this type is provided in Table 1 and Fig. 2 [2, 24, 29,
36, 40, 43]. Significantly, most of these were isolated from Nature for the first
time. Desmoflorin (57), and its derivatives 56 and 64, are new flavans obtained
from the stem bark of D. longiflorus [43]. Desmosflavans A (58) and B (59),
two new chalcone-flavan hybrid compounds from a CH2Cl2 extract of Thai D.
cochinchinensis leaves, were assigned with (2S,4S) and (2S,4R)-configurations,
respectively [2]. While searching for aromatase inhibitory agents from medicinal
plants, Prachyawarakorn et al. (2013) reported the isolation and NMR determi-
nation of the four new flavans, 5,7-dimethoxy-4-hydroxy-6,8-dimethylflavan (61),
5,7-dimethoxy-8-formyl-4-hydroxy-6-methylflavan (62), 4,5-dimethoxy-8-formyl-
7-hydroxyflavan (63), and 5-methoxy-8-formyl-4,7-dihydroxyflavan (66), in addi-
tion to two known analogs, 4,7-dihydroxy-5-methoxyl-6-methyl-8-formylflavan
(60) and 8-formyl-7-hydroxy-4α,5-dimethoxy-6-methylflavan (65), from a CH2Cl2
extract of Thai D. cochinchinensis roots. Using a combination of the Dess-Martin
periodiane reaction andECD spectroscopy, the configurations of these newly isolated
flavans were assigned as (2S,4R) at carbons C-2 and C-4 [40].

2.1.4 Chalcones and Dihydrochalcones

Among the flavonoids, the chalcone sub-group has a considerable number of biomed-
ical and food chemistry applications [12]. Based on their structural properties, chal-
cones derived from Desmos species can be divided into two major groups, namely,
chalcones67–74 and theα,β-dihydroxylated type,75–82 (Table 1 andFig. 2).Desmos
chinensis, D. cochinchinensis, D. dumosus, and D. rostrata are the main sources of
these chalcones [2, 4, 5, 19, 20, 22, 27, 33, 44, 45], while dihydrochalcones have
been found commonly in various parts of D. chinensis, D. cochinchinensis, and D.
dunalii [5, 24, 34, 46, 47].

Both D. chinensis and D. cochinchinensis contain the chalcone cardamonin (67)
[2, 19]. The novel cytotoxic chalcone, desmosdumotinC (68),was characterized from
D. dumosus roots andwas then detected inD. rostrata stembark [4, 22]. Similarly, the
chalcone 2′,4′-dihydroxy-3′-(2,6-dihydroxybenzyl)-6′-methoxychalcone (68) was
isolated from D. chinensis leaves for the first time [44]. Desmos dumosus roots
also contain two known chalcone derivatives, (2E)-(1-hydroxy-3-phenylallyl)-5-
methoxy-4,6,6-trimethylcyclohex-4-ene-1,3-dione (70), and 2-methoxy-3-methyl-
4,6-dihydroxy-5-(3′-hydroxy)cinnamoylbenzaldehyde (73) [27, 33]. Within the
genus Desmos, 2′-hydroxy-4′,6′-dibenzyloxychalcone (71) was found only in D.
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cochinchinensis leaves and flowers, whereas leridal chalcone (72) and 3-methyl-
2,4,6-trihydroxy-5-(3′-hydroxy)cinnamoylbenzaldehyde (74) are characteristic ofD.
chinensis stem bark and leaves, respectively [5, 20, 27].

Among the dihydrochalcones, eight such constituents have been identified to date.
Desmos dihydrochalcones are characterized by hydroxylation and/or methoxylation
at the aromatic carbons (Fig. 2). Chinendihydrochalcone (75), with hydrogenation at
carbonCβ (δC 69.9 ppm inCDCl3),was obtained as a newmetabolite thatwas isolated
from D. chinensis stem bark [5]. Abdullah and Awang (2005) reported a chromato-
graphic separation and NMR structure elucidation procedure leading to four dihy-
drochalcones from a CH2Cl2 extract of Malaysian D. dunalii leaves, including 4,2′-
dihydroxy-3′,6′-dimethyl-4′,5′-dimethoxydihydrochalcone (76), 4,2′-dihydroxy-
4′,6′-dimethoxy-3′,5′-dimethyldihydrochalcone (78), 4,2′-dihydroxy-4′,5′,6′-
trimethoxydihydrochalcone (79), 4,2′-dihydroxy-4′,6′-dimethoxydihydrochalcone
(80), and 2′,4′-dihydroxy-5′-methyl-4′,6′-dimethoxydihydrochalcone (82) [46].
Also, 2′,3′-dihydroxy-4′,6′-dimethoxydihydrochalcone (77) and 2,6-dihydroxy-4-
methoxydihydrochalcone (81) were found as typical dihydrochalcones present in
Vietnamese D. chinensis leaves and D. cochinchinesis fruits, respectively [24, 34].

2.2 Alkaloids

A large number of alkaloidal constituents have been reported both from the genus
Desmos andvarious other genera of the plant familyAnnonaceae [57]. Phytochemical
investigations on Desmos species have resulted in the isolation and determination of
46 alkaloidal metabolites (83–128) (Table 1 and Fig. 3). Desmos alkaloids belong to
various structural classes, but aristolactam derivatives are predominant. Aristolactam
derivatives occur in D. dasymaschalus and D. dumosus as well as in D. rostrata [1,
17, 21]. Very recently, Suthiphasilp et al. (2021) reported that besides flavonoids, the
EtOAc extract of Thai D. dumosus also contained seven aristolactam-type deriva-
tives, including 10-amino-3,6-dihydroxy-2,4-dimethoxyphenanthrene-1-carboxylic
acid lactam (83), aristolactam I (84), aristolactamBII (86), aristolactamBIII (87), 3,5-
dihydroxy-2,4-dimethoxyaristolactam (93), piperolactam D (98), and stismalactam
(99). Significantly, an α-glucosidase inhibitory EtOAc extract of Thai D. dasy-
maschalus twigs was found to contain five new aristolactams, dasymaschalolactams
A–E (88–92), in addition to six known analogs, enterocarpam-III (94), goniopedalin
(95), griffithinam (96), oldhamactam (97), taliscanine (100), and velutinam (101)
[21].

Aporphines 102–120 are a second class of alkaloids found amongDesmos species
[1, 17, 18, 32, 48, 49]. Desmos tiebaghiensis is thought to be a main source of
these derivatives. Leboeuf et al. (1982) applied an acid–base extraction method on
D. tiebaghiensis aerial parts that led to the isolation of ten aporphines, consisting of
(−)-anonaine (102), (−)-asimilobine (103), (+)-boldine (104), (−)-glaziovine (109),
(+)-isoboldine (110), (–)-laurotetanine (111), (+)-N-methyl lauroteranine (114), (+)-
N-methylcoclaurine (115), (−)-norushinsunine (116), and (+)-reticuline (119), with
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all of these alkaloids obtained from the genusDesmos for the first time [48]. The new
derivative, dasymachaline (105), and the known compound, dicentrinone (107), were
separated from D. dasymachalus leaves, while another known analog, duguevalline
(108), was isolated from its twigs [17, 49]. Nguyen et al. (2008) isolated the new
aporphine, desmorostratine (106), together with the known analog, predicentrine
(118), from the stem bark of Vietnamese D. rostrata [1]. Desmos cochinchinensis
twigs have been shown to contain the two aporphine alkaloids liriodenine (112) and
lysicamine (113) [18]. Along with the known compound, oxoanolobin (117), 3,9,11-
trimethoxy-1,2-methylenedioxyloxoaporphine (120) is a newmetabolite found inD.
chinensis branches [32].

Other types of alkaloids present in Desmos species include five protoberberines
(112–116) [1, 48, 50], a morphinandienone (127) [48], and a flavanone-type alkaloid
(128) [51]. Among them, discretineN-oxide (123) and desmosin (128) were obtained
as two new compounds fromD. rostrata stem bark andD. dumosus bark, respectively
[1, 51]. However, metabolite 128 is likely to be an artifact produced during the
isolation process [51].

2.3 Miscellaneous Phenols

Aromatic compounds bearing oxygen functionalities are a class of compounds that
are particularly important among metabolites of plants. Oxyfunctionalized aromatic
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compounds found inDesmos can be divided into twogroups: simple phenols129–136
and benzoic acid esters 137–156 (Table 1 and Fig. 4).
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2.3.1 Simple Phenols

Simple phenolic derivatives have been obtained mostly from D. chinensis, D.
cochinchinensis, D. dasymaschalus, D. dumosus, D. grandifolius, and D. pedun-
culosus [5, 17, 18, 24, 30, 31, 35, 37, 38, 40]. Benzoic acid (131) has been
observed in D. chinensis roots, D. cochinchinesis fruits, leaves and twigs, D.
dumosus roots, D. grandifolius roots [5, 17, 18, 24, 30, 31, 35, 37, 38], whereas
the remaining derivatives were isolated from the genus Desmos only on one
occasion each. Thus, acetophenone (129), 3-acetyl-2,4-dihydroxy-6-methoxy-5-
methylbenzaldehyde (130), benzyl alcohol (132), and 2-methoxybenzoic acid
(135) were reported in various plant parts of D. chinensis [5, 30, 52], while
4-hydroxybenzaldehyde (133), 2-hydroxybenzyl alcohol (134), and (2S,3S)-3-
(phenyloxiran-2-yl)methanol (136) were detected in D. dasymaschalus twigs, D.
cochinchinensis leaves, and D. pedunculosus aerial parts, respectively [17, 18, 31].

2.3.2 Benzoic Acid Esters

Compounds derived from Desmos species are also present in form of benzoic
acid esters. As tabulated in Table 1, this compound type has been isolated
from D. chinensis, D. cochinchinensis, D. dasymaschalus, D. dumosus, and D.
pedunculosus [3, 5, 17, 18, 21, 30, 31, 34, 53, 58]. The most abundant deriva-
tive, benzyl benzoate (145) is known to accumulate in D. chinensis leaves
and stem bark, D. cochinchinensis leaves, D. dasymaschalus twigs, D. dumosus
twigs, and D. pedunculosus aerial parts [17, 18, 21, 30, 31, 52], while 2-
methoxybenzyl benzoate (154) is a constituent of D. chinensis leaves, D. dasy-
maschalus twigs, and D. pedunculosus aerial parts [17, 30, 31, 34]. Phytochemical
studies conducted by Clement et al. (2017) led to the isolation and identification
of six benzoates from of a 90% aqueous methanol extract of the aerial parts of
the Vietnamese D. pedunculosus including (2S,3R)-2-benzoyloxy-1,3-dihydroxy-3-
phenylpropane (137), (2S,3R)-3-benzoyloxy-1,2-dihydroxy-3-phenylpropane (138),
(2S,3R)-3-chloro-2-hydroxy-3-phenylpropyl benzoate (147), (2S,3R)-2-hydroxy-
3-methoxy-3-phenylpropyl benzoate (149), (2S,3R)-2,3-dihydroxy-3-phenylpropyl
benzoate (150), and (2S,3S)-3-phenyloxiran-2-yl)methyl benzoate (156). Among
them, compounds 147, 149, and 150 have not been characterized as natural prod-
ucts previously [31]. The leaves and stem bark of D. chinensis was found to contain
a large number of benzoates, i.e., eight metabolites of this type (139–146) were
found in the leaves, with compounds 142 and 143 detected in the both leaves and
stem bark. While grandiuvarone A (151) is a known benzoate, but grandiuvarone B
(152) has been determined as a new analog, and both two compounds 151 and 152
were obtained from a methanol extract of D. chinensis leaves [53]. Benzoates were
further observed in other Desmos species, such as 2-phenylethyl benzoate (155) in
D. dasymaschalus twigs [17]. Together with the known compound 2-hydroxybenzyl
benzoate (153), desmoscochin benzoate (148) was obtained as a new compound
isolated from D. cochinchinensis leaves [18].
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2.4 Polyoxygenated Derivatives

Utilizing phytochemical and NMR structural procedures, polyoxygenated open-
chain and cyclic derivatives were determined as being present in certain Desmos
species. By applying quick column chromatography, a phytochemical study on the
MeOH and EtOAc extracts of Thai D. cochinchinensis leaves and flowers resulted
in the isolation and NMR spectroscopic elucidation of the five new compounds,
desmoscochinchinenes A–E (157–161), and the three known analogs, (1R,6S)-
herrevenol A (163), and flexuvarins C (165) and D (166) [20]. Furthermore, flexu-
varin B (164) was found in both D. cochinchinensis leaves and twigs, but zeylenone
(168) was detected only in the twigs [18]. Besides aristolactam derivatives, an α-
glucosidase inhibitory extract of D. dasymaschalus twigs proved to contain one
cyclohexane, (+)-crotepoxide (162), and one cyclohexene, (–)-zeylenol (167) [17].

2.5 Terpenoids

2.5.1 Sesquiterpenoids

Terpenoid derivatives (isoprenoids) are themost numerous and diverse class of chem-
ical compounds produced by plants. Desmos species are characterized by a high
proportion of this class that are sesquiterpenoids (Table 1 and Fig. 5). Two new
sesquiterpenoids, along with nine known analogs were isolated from aMeOH extract
of the TaiwaneseD. cochinchinensis leaves [54]. Their structures were elucidated by
means of spectroscopic analysis as alismoxide (169), cryptomeridiol (170), 4β,10α-
dihydroxyaromadendrane (171), 4β,10β-dihydroxyaromadendrane (172), 1β,7α-
dihydroxyeudesman-4-one (173, new), 4-epicryptomeridiol (174), 11-hydroxy-4α-
methoxyselinane (177), 10β-hydroxyisodauc-6-en-14-al (178), 5αH-megastigm-7-
ene-3α,4α,6β,9-tetrol (179, new), pipelol A (181), and selin-4(15)-ene-1β,11-diol
(182) [54]. The sesquiterpenoid patchouli alcohol (180) is a key material in certain
perfumes and is also a sesquiterpenoid found in the stems ofD. cochinchinensis [50].
α-Eudesmol (175) and its β-form 176 have been recorded to occur in D. chinensis
leaves and stem bark [52].

2.5.2 Triterpenoids and a Diterpenoid

A total of four triterpenoids including desmosinol (183), heynic acid (184),
15α-hydroxy-24-methylenelanosta-7,9-(11)-dien-3-one (185), and 24-methylene
cycloartan-3β,-21-diol (186), were isolated from Desmos species (Table 1).
Compounds 183 and 185 were reported as new compounds and were obtained from
D. cochinchinensis stems and D. longiflorus stem bark, respectively [55, 56]. Phytol
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(187) was sourced fromD. chinensis leaves and stem bark and is the only diterpenoid
found thus far in the genus Desmos [30, 52].

2.6 Phytosterols

Phytosterols are also common chemical constituents ofDesmos species (Table 1 and
Fig. 5). β-Sitosterol (189) is highly abundant in the plant kingdom and occurs in
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D. chinensis seeds, roots, and branches, D. cochinchinensis whole plants, fruits, and
stems,D. dumosus roots, andD. grandifolius roots [24–26, 32, 37, 38, 50].Moreover,
another common sterol, stigmasterol (192), could be purified from the extracts of D.
chinensis roots, D. cochinchinesis fruits,D. dumosus roots, andD. grandifolius roots
[24, 35, 37, 38]. The β-glucosylated form of compound 189, namely, daucosterol
(188), has been reported as being present in D. chinensis seeds [25]. Within this
compound class, stigmast-4-ene-3,6-dione (190) and stigmastane-3,6-dione (191)
were isolated as constituents of D. dumosus roots [33].

2.7 Oxepinones, Amides, Fatty Acids, and Other Compounds

The oxepinones that have been isolated from Desmos species are a rarely encoun-
tered chemical class of compounds within the family Annonaceae. Hence, four new
derivatives, (–)-(5R)-desmoscochinoxepinones A–D (193–196), were characterized
from D. cochinchinensis leaves, and the new analog, (–)-(5R)-grandiuvarone (197),
was observed in its twigs (Table 1 and Fig. 6) [18]. These metabolites contain a
seven-membered ring and share the same (5R)-configuration. Therefore, oxepinones
may have significance as chemotaxonomic indicators for the genus Desmos.

Additional phytochemical studies on Desmos species have led to reports of
six amides (198–203), four fatty acids (204–207), an isobenzofuran (208), two
coumarins (209 and 210), and a chromanol (211) (Table 1 and Fig. 6). All of
these metabolites have been purified in a species in the genus Desmos for the
first time. Among the group of amides, desmocyclopeptide (199) was determined
structurally as a novel cyclic peptide, and this originated from a MeOH extract
of the stem bark of the Vietnamese D. rostrata [22]. In addition, another new
compound, dunaliine A (200), was obtained in the form of a precipitate from a
CH2Cl2 extract of Malaysian D. dunalii leaves [47]. However, according to the
investigators involved, this compound is an artifact of compound 78 [47]. Among
compounds 204–207, desmosic acid (204) from D. cochinchinensis stems was new
when first isolated and, using spectroscopic methods, was determined to contain a
cis-double bond between carbons C-7 and C-8 [50]. Of the remaining compounds
(208–211), isobenzofuran 7-methoxyisobenzofuran-1(3H)-one (208) was present in
D. dasymaschalus twigs, while the two coumarins 8-methoxycoumarin (209) and
(+)-(1′R,2′R)-phebalosin (210) were purified from D. dumosus leaves, and the chro-
manol dl-2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-6-chromanol (211) was
separated from D. cochinchinensis stems [17, 21, 50]. In particular, compound 210
was elucidated as a new coumarin with a 1′R,2′R-configuration and with epoxidation
evident in the side chain.
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2.8 Essential Oil Components

Plant-derived essential oils are comprised of many active volatile small-organic
molecule components and may have commercial use in pharmaceuticals, foods, and
beverages, and household cleaning products [14, 59]. Aromatic plants are recognized
as rich sources of essential oils, and those from Desmos species have attracted some
attention. Table 2 and Fig. 7 summarize the GC–MS results for the major compo-
nents in some Desmos species essential oils, with monoterpenes and sesquiterpenes
being the main components that occur. Eugenol (212) (31.3%) and α-cyperone (213)
(10.5%) were found as the principal components in the essential oil of the leaves of
IndianD. chinensis, but the monoterpenoids limonene (214) (11.8%), germacrene D
(215) (11.5%), and α-pinene (216) (11.3%) were characteristic of the same species
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Table 2 Essential oil components from representative Desmos species

Species Collection Parts used Main constituents Ref.

D. chinensis South India Leaves Eugenol (212) (31.3%),
α-cyperone (213) (10.5%)

[61]

Hatinh, Vietnam Leaves Limonene (214) (11.8%),
germacrene D (215)
(11.5%), α-pinene (216)
(11.3%)

[64]

D. cochinchinensis Hatinh, Vietnam Leaves β-Caryophyllene (217)
(26.3%), germacrene D
(215) (14.6%), α-pinene
(216) (11.5%)

[60]

Nghean, Vietnam Stems β-Caryophyllene (217)
(16.9%),
bicyclogermacrene (218)
(11.6%)

[65]

Fruits β-Caryophyllene (217)
(20.9%), limonene (214)
(15.9%), germacrene D
(215) (12.5%)

D. dumosus Hatinh, Vietnam Leaves β-Caryophyllene (217)
(20.4%), germacrene D
(215) (15.1%), α-pinene
(216) (9.5%)

[60]

D. goezeanus Malanda, Australia Leaves Benzyl benzoate (219)
(40.1%), benzyl salicylate
(220) (15.3%),
bicyclogermacrene (218)
(10.0%)

[63]

Wongabel, Australia Leaves Benzyl salicylate (220)
(45.2%), benzyl benzoate
(219) (18.6%)

[63]

D. penduculosus Hatinh, Vietnam Leaves β-Elemene (221) (39.5%),
β-caryophyllene (217)
(13.9%), germacrene D
(215) (9.9%)

[60]

D. wardianus Tolga, Australia Leaves α-Pinene (216) (36.9%) [63]

grown in Vietnam [60, 61]. Dai et al. (2012, 2014) determined that germacrene D
(215) (9.9–15.1%) and β-caryophyllene (217) (13.9–26.3%) were the most abundant
compounds present in the essential oils of the Vietnamese plantsD. cochinchinensis,
D. dumosus, andD. penduculosus [60, 62]. α-Pinene (214) reached up to 36.9% in the
leaf essential oil of a Tolga, Australia sample ofD. wardianus, while benzyl benzoate
(219) (18.6–40.1%) and benzyl salicylate (220) (15.3–45.2%) were obtained as the
main compounds in D. goezeanus leaves collected from Malanda and Wongabel in
Australia [63].
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3 Biosynthesis and Synthesis Aspects

As stated earlier in this chapter, flavonoids are the predominant Desmos special-
ized metabolites and as a group have a wide spectrum of bioactivities. Therefore,
proposed biosynthesis routes and synthesis procedures of Desmos flavonoids have
been documented.
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The biosynthesis routes for the three new unusual flavonoids 22, 24, and 25 from
D. chinensis leaves were proposed by Ritiwong et al. (2011), as shown in Figs. 8 and
9 [3]. Thus, a newly identified biflavone with a 3–6′′ linkage through a methylene
group in (22) could be obtained from a combination of isounonal (16) and the o-
quinomethine of unonal (222) via nucleophilic addition and aromatization [3].

For the biosynthesis of the unusual structures saiyutone C (24) and saiyutone
D (25), an electrophilic addition may occur between 3-formyl-2,6-dihydroxy-4-
methoxy-5-methyldibenzoyl-methane (73) and the o-quinomethine of isounonal
(223) or unonal (222), respectively. The intermediates 224 and 226 could form the
respective key cyclic hemiketals 225 and 227, which then lead to 24 and 25 after
ring-opening. The process is outlined in Fig. 9 [3].

Desmosdumotin C (68) has been found in both D. dumosus roots and D.
rostrata stem bark and showed low micromolar growth inhibition of several
different cancer cell lines [27]. The synthesis of compound 68 starting from 2,4,6-
trihydroxyacetophenone (228) was carried out through three short simple steps [22].
The first step was methylation of 228 with MeI in the presence of tert-BuOK to
give compound 229 (72%). Then, the hydroxy group in 229 was replaced by a
methoxy group and reacted with trimethylsilyl diazomethane to produce compound
230 (60%). Chalcone 68 was obtained in good yield (91%) after condensation of
230 with benzaldehyde. After this, the flavonoids desmorostratone (5) and desmos-
dumotin B (8) were synthesized from 68 with only one step each in yields of 65%
and 71%, respectively. Desmorostratone (5) was obtained by treatment 68with SeO2

in dimethyl sulfate while the oxidative cyclization of 68 by DMSO/I2 in the presence
of a small amount of H2SO4 produced compound (8) as represented in Fig. 10 [22].

The potent anti-HIV chalcone, 2-methoxy-3-methyl-4,6-dihydroxy-5-(3′-
hydroxy) cinnamoylbenzaldehyde (73), was prepared by a synthesis route involving
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seven steps without the use of any protecting groups. The process started with 2,4,6-
trihydroxybenzaldehyde (231) as outlined in Fig. 11. Under acidic conditions, this
compound easily converted to 2,4,6-trihydroxytoluene (232), which then was acety-
lated using acetic acid to form 233. Compounds 234 and 235 were synthesized as
intermediate substances to produce compound 236. After removing one benzoyl
group in 236, the obtained key compound 237 was then treated with KOH/DMAP in
pyridine followed by a Baker-Venkataraman transformation [66] to yield chalcone
73 (63%) [45].

4 Biological Activities

4.1 Cytotoxic Activity

Cytotoxic assays using cancer cell lines have been the most frequently performed
type of biological testing on purified constituents of Desmos species. A cytotoxic
evaluation conducted byWu et al. (2002) indicated that the ED50 values obtained for
the new chalcone desmosdumotin C (68) against the growth of cancer cell lines were
in the order: HOS (ED50 2.5 μg/cm3) < MCF-7 (3.8 μg/cm3) < 1A9 (4.0 μg/cm3) <
HCT-8 (5.0μg/cm3) < vincristine-resistant KB (5.6μg/cm3) < epidermoid nasopha-
ryngeal carcinoma KB (6.5 μg/cm3) [4]. In another biological assessment, the new
hybrid flavan-chalcone, desmosflavanA (58), inhibited the growth of the HuC-CA-1,
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HepG2, A549, and MOLT-3 cancer cell lines with IC50 values in the range 0.29–
3.75 μg/cm3, in comparison to the chalcone cardamonin (67) (IC50 range 1.62–
27.0 μg/cm3), the new hybrid flavan-chalcone desmosflavan B (59) (IC50 range
1.71–27.0 μg/cm3), the flavone chrysin (2) (IC50 range 7.2–9.7 μg/cm3), and the
flavanone pinocembrin (54) (inactive) [2]. In the same manner, the D. chinensis
flavonoids 16, 27, 28, 29, 50, and 75 were also investigated for their antiproliferative
ability against the MOLT-3, A549, HuCCA-1, and HepG2 cancer cell lines. From
the data obtained, unonal-7-methyl ether (28) showed the most potent effect for the
MOLT-3 cell line, with an IC50 value of 7.16 μg/cm3 [5]. The new dihydrochalcone
75 exhibited moderate effects against the MOLT-3, HuCCA-1, and HepG2 cancer
cell lines, having IC50 values of 7.16–34.00 μg/cm3, respectively, but phenols 143
and 145 were inactive in this regard [5].

Other phytochemical classes of Desmos compounds such as triterpenoids, alka-
loids, and fatty acids were also evaluated for their cytotoxic activities [1, 50, 55]. As
a representative example, a triterpenoid from D. cochinchinensis stems, heynic acid
(184), displayed significant cytotoxic effects against the A549, MCF-7, and HT-29
cancer cell lines with ED50 values of 0.4, 0.4, and 3.0 μg/cm3, respectively [55].
Similarly, triterpenoid 186 showed positive data against the HT-29 and RPMI7951
cancer cell lines, with ED50 values of 3.0 and 4.0 μg/cm3, respectively [55]. In a
search for tumor inhibitors from D. cochinchinensis, it was noted that the new fatty
acid, desmosic acid (204), exhibited cytotoxic activity for the HT-29 human colon
cell linewith anED50 value of 4.0μg/cm3 [50]. Desmorostratine (106), isolated from
D. rostrata stem bark, was moderately cytotoxic to the KB cancer cell line (IC50 of
2.4 μM), in comparison with the positive control Taxotere (IC50 of 0.0002 μM), but
the other alkaloidal analogs tested (85, 118, 122, 123, and 125) were all inactive [1].

4.2 Antimicrobial Activity

Using agar disk diffusion and agar dilution methods, a chloroform extract of
Desmos chinensis leaves was evaluated for antibacterial activity against the Gram-
positive bacteria Staphylococcus aureus, Staphylococcus epidermidis, and Bacillus
subtilis and gave MIC values of 500–1000 μg/cm3. However, this extract inhib-
ited the dermatophytic fungi Trichophyton rubrum, Trichophyton mentagrophytes,
and Microsporum gypseum more effectively and gave MIC values of 31.25–
62.50 μg/cm3. In comparison, the hexane extract of the leaves of D. chinensis
also exhibited in vitro growth-inhibitory effects on the above-mentioned fungi, but
the methanol and water extracts failed to control the growth of the test microbial
species used [67]. The antifungal activity was studied further on this plant, and its
leaf dichloromethane extract possessed effects on the growth of the fungi Bipolaris
oryzae, Pyricularia oryzae, and Sclerotium rolfsii, with respective MIC values of
31.2, 3.9, and 15.6μg/cm3. The positive control compound propiconazole gaveMIC
values of 0.2 to 1.9 μg/cm3 against these same fungi [58].
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Apart from cytotoxic activity, compound 75 has demonstrated antifungal activity
against P. oryzae and Rhizoctonia solani, withMIC values of 15.6 and 31.2 μg/cm3,
respectively. Compounds 16 and 27 both possess a similar antifungal effect to 75 on
P. oryzae but failed to affect the growth of R. solani [5]. Several structural analogs
of benzoate esters have been employed as fungicides, due to their influence on
the sporulation process and mycelial growth [68]. Likewise, the newly obtained
natural benzoate ester, grandiuvarone B (152), showed potent antifungal activity on
Aspergillus flavus growth, with a MIC value of 0.01 μg/cm3, which was closely
comparable to compound 151 (MIC 0.02 μg/cm3). Moreover, compound 152 was
also reported to suppress the growth of the pathogenic bacterial strain Ralstonia
solanacearum [53].

4.3 Anti-HIV Activity

Certain chalcones have been recognized previously as being promising bioactive
agents, with anti-inflammatory, antihistaminic, antioxidant, and cytotoxic effects
[69]. In work performed by Wu et al. (2003), a number of Desmos chalcones were
evaluated for their anti-HIV activities. Among 16 tested compounds, chalcone 73
was found to be comparable in potency to the positive control azidothymidine (EC50

0.022 μg/cm3) against HIV-1 replication in the H9 lymphocytic cell line. This posi-
tive result can be explained by the presence of the C-2 methoxy group in the chal-
cone skeleton in 73 when compared with inactive compound 74. Flavanone 33, with
an EC50 value of 4.97 μg/cm3, showed a somewhat lesser anti-HIV potency than
flavanone 50 (EC50 2.30 μg/cm3) [27]. It has been suggested that the presence of a
formyl group may be preferential for this type of antiviral activity when compared
to a methyl group.

4.4 Aromatase Inhibitory Activity

An increase of estrogen levels in certain tissues may cause breast cancer, and this
pathological factor accounts for 75% of all breast cancer cases found in women
[70]. The aromatase enzyme is important in the aromatization process of andro-
gens to biosynthesize estrogens. Therefore, the reduction of estrogen levels by
inhibiting aromatase activity is regarded as a promising therapeutic approach for
breast cancer treatment [71]. From an investigation on aromatase inhibitors present
in Desmos plants, five flavonoid derivatives, 2, 54, 58, 59, and 67, were subjected to
testing in an aromatase inhibition assay. Except for the inactive cardamonin (67), the
remaining four compounds gave IC50 values ranging from 0.8 to 3.3 μM [2]. Other
flavonoids also demonstrated aromatase inhibitory activity, according to a report by
Prachyawarakorn et al. performed in 2013 [40]. Among eight compounds tested,
flavans 60, 63, and 66 inhibited the aromatase enzyme with respective IC50 values
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of 80, 90, and 40 nM, in comparison with the reference compound, letrozole (IC50

1.1 nM) [40].

4.5 α-Glucosidase Inhibition Activity

Flavonoids and oxepinones derived from Desmos species have been shown as the
main constituents of this genus that are able to inhibit α-glucosidase. The flavanone
dichamanetin (41) is a promising agent in this regard and gave an IC50 value of
0.2μM, while the two new flavones desmoscochinflavones A (6) and B (7) displayed
the same IC50 value of 0.9 μM, and oxepinone 197 was also active (IC50 3.1 μM).
Flavonoids 2, 26, 48, and 54 and oxepinones 193–196, with IC50 values ranging
from 2.9 to 158.2 μM, were more potent as α-glucosidase inhibitors than the posi-
tive control used, acarbose (IC50 170.7 μM) [18]. Furthermore, two derivatives, N-
trans-feruloyltyramine (201) and paprazine (203), have shown good α-glucosidase
inhibitory activities, with the respective IC50 values of 24.7 and 4.5μM, as compared
with that of the positive control acarbose (IC50 73.7 μM) [17].

4.6 Other Bioactivities

The oxygen radical absorbance capacity (ORAC) assay is a well-known and widely
used tool for determining the antioxidant capacity of natural product test samples.
Flavonoids 2 and 67 gave responses of 12.2 and 15.0 ORAC units in an antioxidative
assay, respectively [2]. In an in vitro anti-inflammatory activity test, metabolites 9,
27, 32, 33, 50, and 65 from D. cochinchinensis fruits exhibited nitric oxide (NO)
inhibition, with IC50 values ranging from 23.9 to 82.4 μM, for which the most
potent of these IC50 values was demonstrated for desmosflavone (9) [24]. Following
testing in a tyrosine kinase inhibition assay, a chloroform extract of D. chinensis
leaves showed a 34.3% inhibition at the concentration level used [6], and the pure
compound desmal (34) was found to be active in this same bioassay system with an
IC50 value of 2.5 μg/cm3 [39].

The nuclear factor of activated T cells (NFAT) transcription factor plays an impor-
tant role in immunopathological reactions including autoimmunity, transplant rejec-
tion, and inflammation [72]. Therefore, compounds showing inhibition of NFAT
transcription factor could be useful in the treatment of immune diseases. Thus, six
constituents ofD. chinensis leaveswere also investigated for their potential inhibitory
activities against NFAT transcription. Among them, flavone 19, with an IC50 value
of 3.89 μM, showed the most potent inhibitory effect, while flavone 42 was inactive
in this test system (IC50 > 50 μM). The phenolic compounds 77 and 154, having
respective IC50 values of 9.77 and 28.4 μM, showed more moderately potent NFAT
transcription inhibition [34].
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In terms of its potential antimalarial activity, an alkaloidal fraction of the entire
plant of D. rostrata, at a dose of 10 μg/cm3, induced 40% inhibition against a Plas-
modium falciparum strain, whereas its constituents 122, 123, and 125 notably showed
potent effects with the IC50 values of 1.6, 0.9, and 4.2μM, respectively [1]. An alka-
loid constituent, desmorostratin (106), also caused the inhibition of P. falciparum
growth (IC50 3.6 μM) (Table 3) [1].

Table 3 Biological activities of isolated compounds and plant extracts from the genus Desmos

Compound/Extract Model Effect Ref.

Cancer cell line cytotoxic activity

2 In vitro IC50 = 7.2–9.7 μg/cm3,
HuCCA-1 cells, HepG2, A549,
and MOLT-3 cells

[2]

28 In vitro IC50 = 7.16 μg/cm3, MOLT-3
cells

[2]

54 In vitro IC50 = 22.8 μg/cm3, MOLT-3
cells
IC50 > 50 μg/cm3, HuCCA-1
cells, HepG2, and A549 cells

[2]

58 In vitro IC50 = 0.29–3.75 μg/cm3,
HuCCA-1 cells, HepG2, A549,
and MOLT-3 cells

[2]

59 In vitro IC50 = 1.71–27.0 μg/cm3,
HuCCA-1 cells, HepG2, A549,
and MOLT-3 cells

[2]

67 In vitro IC50 = 1.62–27.0 μg/cm3,
HuCCA-1 cells, HepG2, A549,
and MOLT-3 cells

[2]

68 In vitro ED50 = 2.5 μg/cm3, HOS cells
ED50 = 3.8 μg/cm3, MCF-7 cells
ED50 = 4.0 μg/cm3, 1A9 cells
ED50 = 5.0 μg/cm3, HCT-8 cells
ED50 = 5.6 μg/cm3,
vincristine-resistant KB cells
ED50 = 6.5 μg/cm3, epidermoid
nasopharyngeal carcinoma KB
cells

[4]

75 In vitro IC50 = 7.16–34.00 μg/cm3,
MOLT-3, HuCCA-1, and HepG2
cells

[5]

85 In vitro Inactive (IC50 > 37 μM), KB
cells

[1]

106 In vitro IC50 = 2.4 μM, KB cells [1]

118, 122, and 125 In vitro Inactive (IC50 > 29 μM), KB
cells

[1]

(continued)
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Table 3 (continued)

Compound/Extract Model Effect Ref.

123 In vitro Inactive (IC50 > 28 μM), KB
cells

[1]

143 and 145 In vitro IC50 > 50 μg/cm3, MOLT-3,
HuCCA-1, and HepG2 cells

[5]

184 In vitro ED50 = 0.4 μg/cm3, A549 cells
ED50 = 0.4 μg/cm3, MCF-7 cells
ED50 = 3.0 μg/cm3, HT-29 cells

[55]

186 In vitro ED50 = 3.0 μg/cm3, HT-29 cells
ED50 = 4.0 μg/cm3, RPMI7951
cells

[55]

204 In vitro ED50 = 4.0 μg/cm3, HT-29 cells [50]

Antimicrobial activity

16 and 27 In vitro MIC = 15.6 μg/cm3, P. oryzae
MIC = 125 μg/cm3 (inactive), R.
solani

[5]

75 In vitro MIC = 15.6 μg/cm3, P. oryzae
MIC = 31.2 μg/cm3, R. solani

[5]

151 In vitro MIC = 0.02 μg/cm3, A. flavus [53]

152 In vitro MIC = 0.01 μg/cm3, A. flavus [53]

Anti-HIV activity

33 In vitro EC50 = 4.97 μg/cm3, H9
lymphocytic cells

[27]

50 In vitro EC50 = 2.30 μg/cm3, H9
lymphocytic cells

[27]

73 In vitro EC50 = 0.022 μg/cm3, H9
lymphocytic cells

[27]

74 In vitro Inactive in anti-HIV testing [27]

Aromatase inhibition activity

2, 54, 58, and 59 In vitro IC50 = 0.8–3.3 μM, aromatase
inhibition

[2]

60 In vitro IC50 = 80 nM, aromatase
inhibition

[40]

63 In vitro IC50 = 90 nM, aromatase
inhibition

[40]

66 In vitro IC50 = 40 nM, aromatase
inhibition

[40]

67 In vitro Showed no effect on aromatase
inhibition activity

[2]

(continued)
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Table 3 (continued)

Compound/Extract Model Effect Ref.

α-Glucosidase inhibition activity

2, 26, 48, 54, and 193–196 In vitro IC50 = 2.9–158.2 μM,
α-glucosidase inhibition

[18]

6 and 7 In vitro IC50 = 0.9 μM, α-glucosidase
inhibition

[18]

41 In vitro IC50 = 0.2 μM, α-glucosidase
inhibition

[18]

201 In vitro IC50 = 24.7 μM α-glucosidase
inhibition

[17]

203 In vitro IC50 = 4.5 μM, α-glucosidase
inhibition

[17]

Other bioactivities

2 In vitro ORAC units = 12.2,
antioxidative activity

[2]

9, 27, 32, 33, 50, and 65 In vitro IC50 = 23.9–82.4 μM, NO
inhibition

[24]

19 In vitro IC50 = 3.89 μM, inhibition of
NFAT transcription factor

[34]

34 in vitro IC50 = 2.5 μg/cm3, tyrosine
kinase inhibition

[39]

42 in vitro IC50 > 50 μM, inhibition of
NFAT transcription factor

[34]

67 In vitro ORAC units = 15.0,
antioxidative activity

[2]

77 In vitro IC50 = 9.77 μM, inhibition of
NFAT transcription factor

[34]

106 In vitro IC50 = 3.6 μM, antiplasmodial
activity

[1]

122 In vitro IC50 = 1.6 μM, antiplasmodial
activity

[1]

123 In vitro IC50 = 0.9 μM, antiplasmodial
activity

[1]

125 In vitro IC50 = 4.2 μM, antiplasmodial
activity

[1]

154 In vitro IC50 = 28.4 μM, inhibition of
NFAT transcription factor

[34]

Pharmacological activities of extracts

Chloroform extract of D.
chinensis leaves
(3.9–2000 μg/cm3)

In vitro
antimicrobial
activity

MIC = 500–1000 μg/cm3

against S. aureus, S. epidermidis,
and B. subtilis
MIC = 31.25–62.50 μg/cm3

against T. rubrum, T.
mentagrophytes, and M. gypseum

[67]

(continued)
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Table 3 (continued)

Compound/Extract Model Effect Ref.

n-Hexane extract of D.
chinensis leaves
(3.9–2000 μg/cm3)

In vitro
antimicrobial
activity

MIC = 31.25–62.50 μg/cm3

against T. rubrum, T.
mentagrophytes, and M. gypseum

[67]

Methanol and water extracts
of D. chinensis leaves
(3.9–2000 μg/cm3)

In vitro
antimicrobial
activity

Showed no activity against any of
S. aureus, S. epidermidis, B.
subtilis, T. rubrum, T.
mentagrophytes, and M. gypseum

[67]

Dichloromethane extract of
D. chinensis leaves
(200 μg/cm3)

In vitro antifungal
activity

MIC = 31.2 μg/cm3 against B.
oryzae
MIC = 3.9 μg/cm3 against P.
oryzae
MIC = 15.6 μg/cm3 against S.
rolfsii

[58]

Chloroform extract of D.
chinensis leaves (20 μg/cm3)

In vitro
antityrosinase
activity

Showed 34.3% of tyrosinase
inhibition

[6]

Alkaloidal fraction of D.
rostrata plants (10 μg/cm3)

In vitro
antiplasmodial
activity

Showed 40% inhibition against P.
falciparum strain

[1]

5 Conclusions

This contribution has provided an overviewofwork performed on the phytochemistry
and biological evaluation of the plant genusDesmos (familyAnnonaceae) for the first
time. Altogether, 211 isolated compounds have been documented, with flavonoids,
alkaloids, and miscellaneous phenolic compounds found to occur in plants of this
genus most frequently. Thus, 82Desmos flavonoids have been isolated, and these are
representative of diverse chemical subtypes and include flavones, flavanones, chal-
cones, and dihydrochalcones. Oxepinones are an unusual chemical class of isolated
compounds that have been isolated from certainDesmos species and previously have
been found only rarely in the family Annonaceae.

Sesquiterpenes seem to be the main compounds in Desmos species essential oils
sourced in Vietnam, but phenolic compounds and monoterpenes have been recorded
in volatile oil samples from species in this genus collected from different locations in
Australia. The purified constituents of Desmos species have shown a wide spectrum
of biological activities, such as cytotoxic, antimicrobial, anti-HIV, antioxidative,
anti-inflammatory, and aromatase inhibition effects. Despite numerous promising
in vitro biological studies conducted to date on these compounds, cellularmechanistic
investigations using purified Desmos constituents are yet to be performed.
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