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SUMMARY 

 

Cyanobacteria are cosmopolitan photosynthetic prokaryotes, which can form dense 

accumulations in aquatic environments. Some cyanobacterial species are able to synthesize a 
number of biologically active metabolites, including potent toxins (cyanotoxins), and may 

release them in the waters. The best known cyanotoxins are the microcystins (MCs), a family 

of cyclic heptapeptides sharing a common core structure, including about three hundred 

reported congeners. MCs are produced by several cyanobacterial genera, including Microcystis 
and Planktothrix. Cyanobacterial toxins may compromise the water quality and result in harm 

to invertebrates and vertebrates including humans. 

Among the harmful effects cyanobacterial bioactive metabolites may exert on organisms, a 

relatively poorly investigated one is the potential interference with the endocrine system. 
Compounds interfering with the endocrine system are called endocrine disruptors (EDs), and 

represent a current major concern. ED activity can happen through a variety of mechanisms, 

targeting different steps in the system’s functions and result in a variety of unwanted effects. 
Scientific literature about cyanobacteria as EDs is relatively limited, and mainly focused on the 
investigation of microcystin-LR (MC-LR), the main and most studied congener of the MC 

family. Several animal studies reported MC-LR as having estrogenic effect and reproductive 

toxicity, possibly related to ED activity. However, the role of MC congeners other than MC-
LR, as well as the relative role of MCs vs. other cyanobacterial bioactive metabolites, have not 

been clarified. The major mechanisms of cyanobacterial interference with endocrine pathways 

deserve clarification, too. 

This thesis’ work aimed to investigate cyanobacteria as EDs, with a focus on MCs’ role and on 
their mechanisms of action. A parallel aim was the structural elucidation of new MC congeners. 

Extracts from a collection of 27 cyanobacterial strains belonging to the Microcystis and 

Planktothrix genera, including MC-producing and non-MC-producing strains, were used for 

investigation. 

In vitro assays were used to investigate ED activity. In particular, reporter gene assays (RGAs) 

on nuclear estrogen, androgen and glucocorticoid receptors (Paper II), a human liver 

microsome (HLM) assay for 17β-estradiol biotransformation/phase I metabolism (Paper II), 

and the H295R steroidogenesis assay (Paper III) were used. The first assay focused on 
receptor-mediated mechanisms of ED activity, while the other two focused on non-receptor-

mediated mechanisms (i.e. interference with hormone metabolism or synthesis, respectively). 

In addition, a combination of simple and complementary chemical tools, such as liquid 

chromatography–mass spectrometry (LC–MS), nitrogen-15 (15N)-labeling and functional 
derivatization reactions were used for structural elucidation of MCs (Paper I). 

Cyanobacteria (both extracts and pure MCs) showed ED activity. Receptor-mediated 

mechanisms did not appear to be the main mechanisms of action for estrogenic activity, neither 
in presence nor in absence of MCs in the cyanobacterial extracts. For androgen and 

glucocorticoid receptors, further studies are needed. Pure MC-LR as well as a Microcystis 



VII 

 

aeruginosa strain that produced MC-LR, showed an effect on 17β-estradiol 
biotransformation/phase I metabolism products. In particular, while the overall 17β-estradiol 

depletion was not significantly affected by either MC-LR or the M. aeruginosa extract, a 

significant change in the ratio of biotransformation products/metabolites was observed.  The 

investigation window was limited (in terms of monitored products/metabolites) due to the 
preliminary nature of this study. However, this constitutes an interesting starting point for 

further investigation of a wider range of metabolites. Indeed, the ratio imbalance may favor 

compounds that lead to pathophysiological outcomes. Cyanobacterial extracts from 

M. aeruginosa strains and pure MCs had an effect on steroidogenesis, that is, the process of 
steroidal hormone biosynthesis. Results suggested an opposite tendency of MCs compared to 

other bioactive M. aeruginosa metabolites on the modulation of steroidal hormone production, 

although further studies would be necessary to elucidate the mechanism behind this modulation.  

Cyanobacterial ED activity effects are real, although further investigation is needed to clarify 
modes of action. ED activity investigation should go together with structural elucidation of 

cyanobacterial bioactive metabolites, MCs included, due to the interdependency of metabolite 

structure and bioactivity. 
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1. AIMS OF THE STUDY 

 

The aim of this work was to investigate the potential role of bioactive metabolites produced by 

cyanobacteria (photosynthetic prokaryotes, also known as “blue–green algae”) as endocrine 
disruptors (EDs), that is, compounds able to interfere with the endocrine (hormonal) system 
homeostasis.  

Cyanobacteria and EDs represent two global concerns, even independently, in terms of 

environmental, human and wildlife health. Filling knowledge gaps on both topics, as well as 

investigating their overlap, helps to assess potential related risks.  

This study focused on the Microcystis and Planktothrix cyanobacterial genera. Some species 

belonging to these genera are able to produce, among other metabolites, microcystins (MCs), 

the most known and widespread family of toxins produced by cyanobacteria. A special interest 

was reserved to the potential role of MCs as EDs. Since structure and activity of a compound 
are interconnected, a concurrent aim was to structurally describe previously undescribed MC 

congeners. 

The goals of the work were: 

1) Investigation of chemical structures of new MC congeners (Paper I). 

 

2) Investigation of the potential endocrine disrupting activity and related mechanisms of 

action, of cyanobacterial extracts and pure MCs (Paper II, Paper III). 
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3. INTRODUCTION 

 

3.1 Cyanobacteria 

 

3.1.1 General features 

Cyanobacteria are ancient (around 3 billion years old) photosynthetic prokaryotes [1, 2], which 
are distributed worldwide. They are also commonly known as “blue–green algae”, although 
strictly speaking the term algae refers only to eukaryotes. This way of naming them is mainly 
related to their appearance when they form massive accumulations on water surfaces and 
shorelines, and to their ability for oxygenic photosynthesis (which is also true for algae).  

In addition, they are not necessarily blue–green, that is “cyano” [3]. Cyanobacteria can exhibit 
a wide range of colors. The prefix “cyano” refers to their characteristic accessory pigment 
phycocyanin, often masked by the green chlorophyll a or by other accessory pigments [3, 4].  

Greenish cyanobacterial mass accumulations are very well visible to the naked eye. Single cells 
of cyanobacteria, however, have microscopic dimensions with different morphologies 
depending on the species [5].  

Mentioning species, cyanobacterial taxonomy is a topic that is still an open battlefield. 
Cyanobacteria were established as prokaryotes only in the 1960s [6] and regarding genera and 
species identification, the debate is still significant, especially because of the not always 
reconcilable outcomes from the traditional cellular morphology approach, and more recent 
molecular methods based on gene sequencing. For the reader to have at least an idea, here is 
the example of the CyanoDB database (http://www.cyanodb.cz/), which includes 387 genera 
and 1506 species [7, 8], but being aware that these numbers can change depending on the chosen 
approach for identification. In any case, there are thousands of existing species, including both 
already  recorded species as well as species predicted to exist [9]. Among all genera, Microcystis 
and Planktothrix were the two that were included in the collection used for this work (see 
section 4.1 Cyanobacterial collection). They are briefly described in the following sub-section. 

3.1.1.1 Microcystis and Planktothrix genera 

Microcystis and Planktothrix genera (Figure 1) are among the most widespread freshwater 
cyanobacterial genera. Both include species that can synthetize MCs [10-12]. 

The genus Microcystis has been reported from almost all over the world [13]. This genus 
includes several species, known to form massive accumulations and produce toxins. The best 
known is M. aeruginosa. Microcystis spp. are unicellular, usually forming gelatinous colonies 
[14].  They can accumulate on the water surface, thanks to their floating ability, as well as 
moving along the water column of shallow, turbid water systems to absorb phosphorous 
suspended from sediments [15].   

The genus Planktothrix is characterized by multicellular filaments [10]. Planktothrix spp. are 
very efficient light harvesters, thanks also to accessory pigment–protein complexes (blue–green 
phycocyanin and red phycoerythrin). They can grow at low light intensities, like in turbid or 

http://www.cyanodb.cz/
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deeper water, at the thermocline (the transition layer between the warmer surface water layer 
and the colder deep-water layer) [13]. P. rubescens and P. agardhii are the two most abundant 
and common species [16]. P. prolifica is another species that was a main one in this thesis’ 
work (Paper I). 

 

Figure 1. Cyanobacterial cultures of species belonging to the Microcystis and Planktothrix genera, from 
the collection used for this thesis’ work. 

 

3.1.2 Cyanobacterial growth, accumulation and metabolites production 

Cyanobacteria are highly resistant and resilient and are able to survive and grow in extreme and 
hostile environments (e.g., with high salinity, very high or very low temperatures, high solar 
irradiance and low-light) and conditions (e.g., nutrient-limiting conditions) [2]. Cyanobacteria 
are commonly found in aquatic environments, such as fresh, brackish and marine waters, both 
on the water surface (planktonic species, in dispersed or aggregated form) and on the bottom 
sediment (benthic species). They can also be attached to shoreline rocks or sediments, or they 
can live in symbiosis with fungi or plants (e.g. lichens). Although less studied, terrestrial 
cyanobacteria exist and show high strain diversity, too [17]. 

Two main factors affect cyanobacterial growth: the availability of nutrients and the availability 
of light, both essential to the photosynthetic process of converting minerals and CO2 into 
biomass, thanks to light energy. The thermal stratification of the water column (according to 
seasons) is also important. Indeed, buoyant cyanobacteria may adjust their position according 
to light accessibility, shading and outcompeting other organisms. Competition, predation and 
parasitism are co-factors affecting their growth as well [18]. 

https://news.algaeworld.org/2014/10/lake-erie-increasingly-susceptible-large-cyanobacteria-blooms/ 
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In particular, eutrophication (excessive availability of nutrients, especially phosphates) of water 
bodies such as lakes and ponds, lead to growth becoming overgrowth and excessive 
accumulation, also known as a “bloom”.  

3.1.2.1 Cyanobacterial blooms 

A cyanobacterial bloom is the result of a massive increase in cyanobacterial biomass (Figure 

2), usually in a relatively short time frame, from between a few days to a couple of weeks [18]. 
It often causes a marked visible discoloration of the water [3]. 

 

Figure 2. Cyanobacterial bloom in the Baltic Sea (photo credit: European Space Agency, ESA, 2019). 

 

Depending on the cyanobacterial species composing the blooms, they can be toxic to the aquatic 
ecosystem and surrounding environment. Toxic cyanobacterial metabolites released in the 
bloom can kill fish, mammals and birds  [19, 20]. They may cause human illness or even 
death, when contaminated water bodies are sources of drinking water or used for fishing 
or recreational purposes [13]. Cyanobacteria can coexist in blooms together with other types 
of algal microorganisms. Blooms’ dangerous character goes beyond potential productions of 
toxic metabolites. The biomass of microorganisms itself may clog gills of fish and 
invertebrates, smooth and cover corals and submerge aquatic vegetation [21]. The 
excessive growth of biomass could lead to an extreme oxygen depletion once the biomass 
decays and this may be problematic for other life forms in the water.  
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Blooms are increasing in frequency, magnitude and duration on a global scale [3]. They often 
occur naturally, even in pristine waterbodies, but human activities play a major role in 
their more frequent occurrence and increasing intensity [22]. Industrial and agricultural 
activities, as well as urbanization, may increase chemicals released into water bodies. 
Some of those chemicals become nutrients (i.e. nitrogen and phosphorus from fertilizers 
used in agriculture or wastewater discharge) which “overfeed” cyanobacteria and other 
algae, leading to an overgrowth and thus to a bloom [23, 24]. In addition, altered and 
more intensive agriculture increase the runoff of soil containing nutrients. Climate 
change, affecting phenomena like, for example, water temperatures and extreme weather events 
(hurricanes, floods or drought) may also affect blooms’ proliferation. In general, blooms tend 
to occur in eutrophic ecosystems and in conjunction with relatively high temperatures (above 
20 °C) [25]. 

3.1.2.2 Cyanobacterial bioactive metabolites 

Cyanobacterial (bioactive) metabolites constitute a very heterogeneous group, in terms of 
chemistry and biological activity, including toxicity [2, 26-29]. They are mainly peptides, but 
also retinoids, alkaloids, lactones and phospholipids [29-32]. The ability of cyanobacteria to 
successfully colonize such a variety of ecological niches may be connected to the variety of 
metabolites they are able to produce [2].  

Before describing the main cyanobacterial toxins (cyanotoxins) [2, 26], above all MCs, it is 
important to emphasize that among all the compounds they are able to synthetize, a large variety 
of molecules demonstrated beneficial properties and have found applications in several fields, 
including biotechnology and pharmaceutical drugs [2, 33-35]. 

3.1.3 Microcystins (MCs)  

MCs represent the most widespread family of toxins produced by cyanobacteria [28, 36], and 
are well known hepatotoxins [37, 38]. MCs usually have molecular masses of around 1 kDa. 
At present, at least 279 MC congeners have been reported in the literature [39], and this number 
is likely to increase.  

3.1.3.1 Chemical structure, nomenclature and biosynthesis of MCs 

The full structural identification of the first MC congeners dates back to the 1980s [40, 41], 
when literature still referred to MCs as “cyanoginosins” and “cyanoviridins” [42, 43].  

All MC congeners share a general cyclic core structure, made up by seven amino acids, of 
which five are relatively conserved, while the other two are more variable. This structure 
includes uncommon amino acids such as the non-proteinogenic (i.e., not protein-forming) 3S-
amino-9S-methoxy-2S,6,8S-trimethyl-10-phenyldeca-4E,6E-dienoic acid (Adda), iso-linked D-
β-methylaspartic acid (D-Masp) and N-methyldehydroalanine (Mdha) (Figure 3). The common 
sequence is cyclo(D-Ala1-X2-D-Masp3-Z4-Adda5-γ-D-Glu6-Mdha7), where superscript numbers 
represent positions in the macrocyclic ring system. X and Z (Figure 3), in positions-2 and -4, 
respectively, are the two variable L-amino acids mainly responsible for the high levels of 
structural diversity within the class. However, structural variations have been described in all 
seven positions of the ring, explaining the high and increasing number of reported MC 
congeners. Other frequently encountered modifications stem from demethylation or 
methylation at positions-3 (i.e., D-Asp instead of D-Masp) or -7 (i.e., dehydrobutyrine (Dhb) or 
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dehydroalanine (Dha) instead of Mdha) [44]. The two more common modifications to the Adda 
group are 9-O-demethylation (DMAdda) and 9-O-acetylation (ADMAdda) [39]. According to 
the literature, the most highly conserved amino acid is D-Glu (glutamic acid, denoted also by 
the 1-letter abbreviation E) at position-6 [39]. 

 

 

 

Figure 3. General core cyclic structure of MCs (black), with the seven positions highlighted and 
labelled. X and Z represent generic L-amino acids in the most variable positions, -2 and -4 (red), of the 
sequence. In all other positions (blue), the most common amino acids are shown.  

 

The generally adopted nomenclature for MCs indicates the amino acid variations present in that 
specific congener. The term “microcystin-XZ” or “MC-XZ” is used, where X and Z represent 
positions-2 and -4, as mentioned above (i.e. microcystin-LR or MC-LR has leucine, Leu or L, 
and arginine, Arg or R, in position-2 and -4, respectively). Variations from the common 
sequence on other positions are reported in square brackets as a prefix, separated by commas 
without spaces and in numerical order mentioning the position as superscript number (e.g. in 
[D-Asp3, DMAdda5]MC-LR the desmethylated forms take the places of “classic” D-Masp in 
position-3 and Adda in position-5). 

The substantial MC structural diversity results from both genetic and environmental (e.g., light, 
nutrient availability, temperature and pH) factors. Indeed, those factors could affect enzymes 
involved in the MC biosynthetic process, and thus the presence and abundance of MC 
congeners [45-50]. The gene cluster mcy encodes for the large multienzyme machine that is 
responsible for MC biosynthesis, and it has been characterized in several cyanobacterial genera 
(including Microcystis and Planktothrix) [12, 51]. The synthase combines polyketide synthases 
(PKSs), non-ribosomal peptide-synthetases (NRPSs) and tailoring enzymes [51, 52]. The 
cluster can spontaneously change following mutations, deletions or insertions, or genetic 
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recombinations. This may affect the synthesis, thus leading to the naturally observed diversity 
within the MC family [13].  

Among reported congeners, about one fifth do not come from an “original” biosynthesis, but 
rather from subsequent chemical or biochemical transformations of other variants, which could 
happen either in the environment or during sample handling/extraction/storage [39, 53-55].  

More than ten different cyanobacterial genera are able to produce MCs, including Microcystis 

(the genus from which the name “microcystin” derives since it was the first one where they 
were found [56]) and Planktothrix [51, 52, 57]. Each cyanobacterial strain usually produces one 
or two dominant congeners, in addition to a number of minor MC analogues [39, 58] (Paper 

I).  

3.1.3.2 Biological activity (toxicity) of MCs 

In this section, it is described the biological activity of MCs, but limited to main 
toxicity/harmful effects for humans and wildlife. The biological role(s) of MCs for the 
cyanobacteria themselves is still an open question [59], but outside the focus of the thesis. 
However, MCs may have a key role in the persistence of algal colonies and the dominance of 
Microcystis spp. in cyanobacterial accumulations [60]. 

The most infamous human toxicity event related to MCs dates back to 1996, when in Brazil 
more than fifty patients died because of acute liver failure following hemodialysis with MC-
contaminated water [37, 38]. In addition to acute intoxication, chronic exposure to low-
concentrations could lead to long-term carcinogenic effects [61, 62]. Several episodes of 
wildlife toxicity have been documented, as well as for farm and domestic animals [19, 63].  

3.1.3.2.1 The main mechanism of action for MC toxicity 

Regarding the mechanism of action, MC toxicity is primarily and highly connected to the 
inhibition of eukaryotic protein serine/threonine phosphatases 1 and 2A (PP1 and PP2A), which 
are ubiquitously expressed in organisms [13, 57, 64-66]. This inhibition results in 
hyperphosphorylation [57] of cellular proteins regulating a variety of processes including key 
processes like cell proliferation, apoptosis and differentiation. PP1 and PP2A are also present 
in plants, which may also suffer adverse outcomes [67].  

Structure–activity relationship (SAR) studies have been carried out to understand which 
chemical and conformational features of MCs make them so toxic. In particular, available 
crystal structures of MCs complexed with either PP1 or PP2A (Figure 4) have been 
investigated, revealing conformational and binding modes. 
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Figure 4. X-ray crystal structure of PP2A catalytic subunit bound to MC-LR [68], and the adjacent 
amino acid side chains interacting with the toxin. Blue spheres represent catalytic metal ions, while C1, 
and C3 indicate the corresponding atom numbers in the carbon chains of selected amino acids, with 
colors corresponding to the named amino acid residues. A covalent bond (dashed line) is present 
between the sulfur atom of cysteine-269 (Cys269) of the protein and C-3 of the Mdha7-residue of MC-
LR. Figure courtesy of C. O. Miles, NRC Canada. 

 

When in complex with PP1 and PP2A, the heptacycle is not planar but twisted, and blocks 
potential substrates from entering the active site. The cyclic structure is fundamental for the 
toxicity. Indeed, it has been reported that opening the ring of MC-LR at any position reduced 
its toxicity [39, 69]. 

The lipophilic group of Adda5 is a key element for binding PP2A (Figure 4 and Figure 5): its 
side chain creates hydrophobic interactions with four amino acids in the catalytic subunit of 
PP2A (glycine122, Gln122; isoleucine123, Ile123; histidine191, His191 and tryptophan200, 
Trp200 in Figure 4; the number next to the amino acid abbreviation represents the position in 
the amino acid sequence of the protein) [70]. Similar interactions with different amino acids 
happen in PP1 [13, 57]. MCs containing DMAdda and ADMAdda interact with PPs similarly 
to those containing Adda [39]. 

The Glu6 moiety is the other key element for binding PP2A (and PP1) (Figure 4 and Figure 
5): its free carboxylic group makes hydrogen bonds with metal-bound water molecules in the 
active catalytic sites of both PP1 and PP2A. When esterified, this binding potential is lost and 
toxicity is greatly reduced [39]. The carbonyl group of the Adda-amide, which is adjacent Glu6, 
also participates in similar hydrogen binding [39, 57]. 

The α,β-unsaturated carbonyl of Mdha7 adds a third important (but not essential) interaction 
[71, 72]: a covalent linkage forms with a  cysteine (Cys) residue in the catalytic subunits of 
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PP2A, Cys269 in Figure 4, and PP1 (Figure 5), but the reaction is slow and not required for 
binding. 

 

Figure 5. Main moieties involved in the inhibition of PP1 and PP2A by MCs. 

 

The catalytic subunit of PP2A is among the most conserved enzymes in species ranging from 
yeast to mammals [73]. 

It is interesting that the two most important moieties for PP1 and PP2 inhibition are related to 
Adda5 and Glu6, which are highly conserved in the majority of MC congeners. 

Other interactions can contribute to and modulate interactions between different MCs and 
PP1/PP2A inhibition [39].  

Inhibition of PP1 and PP2A may lead to several adverse events besides hepatic damage, that is 
tumor promotion, formation of reactive oxygen species (and consequent DNA damage), and 
interference with DNA repair mechanisms [36, 74-76]. Therefore, MCs are considered potential 
genotoxic carcinogens by the International Agency for Research on Cancer (IARC), which list 
MC-LR as possible human carcinogen (Group 2B) [77].  

Inhibition of PP1 and PP2A is the main and most studied mechanism of MC toxicity, but not 
the only one. Inhibition of phosphatases such as PP4, PP5 and PP6 is a less studied example 
[57]. 
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3.1.3.2.2 Routes of exposure for MCs 

Oral administration of contaminated drinking water is the main route of exposure to MCs for 
both humans and animals. In 1998, the World Health Organization (WHO) established a 
provisional guideline value of 1 µg/L for total MC-LR (free and cell-bound toxin), in drinking 
water, and has established a tolerable daily intake (TDI) of 0.04 µg/kg body mass per day for 
humans [78]. Concentrations of dissolved MC-LR in aquatic environments is usually within a 
range of 0.1–10 µg/L, while cell-bound concentrations are several order of magnitude higher 
[74, 79, 80], and thus potentially harmful both for aquatic animals, wildlife in the environment 
and for humans. Ingestion through food and food supplements [81], dermal contact and 
inhalation are other possible routes of exposure [82]. 

However, WHO is currently reviewing the reports on health effects for cyanobacteria and 
cyanotoxins in water, with the aim to revise existing guideline values for MC-LR (at present 
only based on life-time exposure and not considering shorter-term exceedances), but also to 
establish values for other cyanotoxins [83]. 

Further caution has to be used when extrapolating values from animal data to humans, from in 

vitro or in vivo testing, as well as data from intraperitoneal/intravenous (ip/iv) injections 
(directly into the bloodstream) to oral exposure (i.e. through the gastrointestinal tract)  [39, 84]. 

Routes of exposures may affect toxicokinetics, that is, the way in which a chemical enters 
(absorption, distribution) and is processed (metabolism, excretion) by the organism. Thus, as 
for other xenobiotics (all those chemicals that enter an organism, but which are extrinsic to its 
normal metabolism), the toxicokinetics of MCs plays a crucial role for their toxicity [13, 39]. 
MCs are not hydrolysed in the stomach (they are not good substrates for mammalian proteases, 
because of their peculiar amino acids including D-amino acids and Adda), and are absorbed 
across the intestine into the bloodstream [26]. MCs are relatively hydrophilic, have a quite high 
molecular weight, and are unable to permeate cell membranes passively [85, 86]. They can 
cross them actively, transported by Organic Anion Transporting Polypeptides (OATPs) [87]. 
OATP1B1 and OATP1B3, which are the most efficient ones for this purpose, are located only 
in the liver (at least in healthy humans) and this supports hepatotoxicity as a main form of MC 
toxicity. However, other OATPs (e.g., OATP1A2) less efficient but still able to transport MCs, 
are present also in other organs, such as kidneys and across the blood–brain barrier, explaining 
the toxicity in organs other than liver. Indeed, neurotoxicity has also been reported [88, 89]. 

3.1.3.2.3 More than MC-LR 

Most studies of in vitro and in vivo toxicity studied the effects of MC-LR [39]. However, 
extrapolation of toxicological information from MC-LR to the whole MC group, might be 
difficult considering the differences among all MC variants, especially the more lipophilic ones 
for which kinetic parameters can be significantly different [13]. Structural variations of MCs 
seem to have an impact on toxicity more through toxicokinetics than toxicodynamics. The 
uptake, tissue distribution and excretion can be very different for different MC variants, 
affecting toxicity [13]. For example, the more hydrophilic MC-RR showed different affinities 
for OATP1B1 and 1B3 [87] compared to MC-LR because of more efficient detoxification (it is 
more efficiently conjugated than MC-LR, especially at low concentrations) [84]. Reported 
differences in the metabolism of the two MC variants, MC-LR and MC-RR, were more 
pronounced in rodent cytosol than in human samples [84]. 
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3.1.4 Cyanobacterial bioactive metabolites beyond MCs 

It is beyond the scope of this work to describe chemical and biological properties of all 
cyanobacterial bioactive metabolites. However, it is fundamental to have in mind the enormous 
heterogeneity of what cyanobacteria can synthetize. More than one hundred additional 
secondary metabolites have been identified yearly, only in the last ten years [90]. Studies on 
MCs represent the 90% of the total scientific output on cyanopeptides [30]. Peptides represent 
more than 60% of the known bioactive cyanobacterial metabolites [33]. More than 500 
identified other cyanopeptides can be added to the 279 reported MC congeners [30, 39]. 
Retinoids, alkaloids, lactones and phospholipids are the main other categories of bioactive 
cyanocompounds [27].   

(Harmful) effects of cyanobacteria cannot realistically be linked only to MCs, nor to MC-LR 
alone, which is nevertheless the only regulated cyanobacterial toxin currently. As mentioned in 
the previous section, the WHO is working to expand drinking water guidelines available for 
MC-LR, to other cyanotoxins [83]. However, establishing rules and limits for all known 
cyanobacterial metabolites would require a proper knowledge of both structures and properties 
of all these metabolites.  

Focusing on cyanopeptides, there are both cyclic and linear ones and they are classified 
according to conserved molecular substructures [91], as it was described for MCs. Within each 
class, monomers’ variation defines different congeners. Some reported cyanopeptides classes 
beyond MCs are nodularins (NODs), which are closely related to MCs from the structural point 
of view, cyanopeptolins, anabaenopeptins, cyclamides, cryptophycins, aeruginosines, 
microgininins, microviridins and other depsipeptides [30, 90, 91]. 

Non-peptide metabolites are smaller and without a unique structural feature, thus less easy to 
classify [90]. 

Another way to classify cyanobacterial bioactive metabolites, including MCs, is according to 
their toxic effect, i.e. hepatotoxins (like MCs and NODs), neurotoxins (e.g., anatoxins, 
saxitoxins), and so on [26, 52, 92].  
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3.2 Endocrine disruptors (EDs) 

 

3.2.1 Definition of a contemporary global concern: what are EDs? 

Endocrine disruptors (EDs), or endocrine disrupting chemicals (EDCs), are listed among the 
“key environment and health challenges of our time” [93]. 

In 2002, the International Programme on Chemical Safety (IPCS), a collaboration between the 
WHO, International Labour Organization (ILO) and United Nations Environmental Programme 
(UNEP), published the report Global Assessment of the State-of-the-Science of Endocrine 

Disruptors [94], where these two important definitions were given: 

“An endocrine disruptor is an exogenous substance or mixture that alters function(s) of 

the endocrine system and consequently causes adverse health effects in an intact organism, or 

its progeny, or (sub) populations”; 

“A potential endocrine disruptor is an exogenous substance or mixture that possesses 

properties that might be expected to lead to endocrine disruption in an intact organism, or its 

progeny, or (sub) populations.”. 

In other words, those two groups hold a wide array of chemicals (synthetic and/or natural), 
which alter or potentially alter the homeostasis of the endocrine (hormonal) system, leading to 
more or less serious negative effects in an organism or its progeny. Throughout their lives, 
humans and animals are exposed to a variety of such chemicals. 

3.2.2 The endocrine system 

The endocrine system of an organism is a network of interacting tissues, which uses small 
molecules as communication tools. These small molecules are called hormones and are released 
by the endocrine glands [95]. 

Different glands, distributed throughout the whole body, release different types of hormones. 
The main glands of the endocrine system are hypothalamus, pineal gland, pituitary gland, 
thyroid gland, parathyroid gland, thymus, adrenal glands, pancreas and gonads (ovary and 
testis) [95] (Figure 6).  
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Figure 6. Distribution of the main endocrine glands throughout the human body. 

 

Once released by glands, hormones travel through the bloodstream, and reach distant cells and 
tissues where they bind to specific receptors and thus are able to produce “effects”. Through 
these effects, an organism can regulate very important and critical processes, as for example 
metabolism, development and growth, reproduction, immunity, and homeostasis [96]. A regular 
supply of hormones is essential for health. Unwanted sustained increases or decreases in 
hormone production may lead to diseases. Hormone production and serum hormone 
concentrations are controlled and maintained by feedback mechanisms, in much the same way 
as a thermostat regulates the temperature in a room [97]. 

Although this idea of how the system generally works can be described in a simple and linear 
scheme (Figure 7), complex pathways and feedback mechanisms are behind its functioning.  

 

Figure 7. Schematic representation of the endocrine system functioning. 
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Endocrine tissues and glands form an unique system, having fundamental interrelationships 
[98]. When a number of glands signal each other in sequence, they are usually referred to as an 
“axis”. Important examples, both for humans and wildlife, are the hypothalamic-pituitary-
thyroid (HPT) axis, the hypothalamic-pituitary-adrenal (HPA) axis and the hypothalamic-
pituitary-gonadal (HPG) axis (Figure 8). The first axis mainly regulates metabolism and stress 
response, the second one is the human central stress response system, and the third one plays a 
critical role in sex development and reproduction [99-101].  

 

Figure 8. HPG axis and its feedback functioning: gonadotropin-releasing hormone (GnRH) is secreted 
from the hypothalamus, thus the anterior portion of the pituitary gland produces luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH), and the gonads (testis and ovaries) produce testosterone 
and estrogens (17β-estradiol, progesterone). 

 

Sex development and reproduction toxicity have been fundamental in research about 
cyanobacterial compounds interfering with the endocrine system, thus the HPG axis seemed to 
play a crucial role (see section 3.3 Cyanobacteria and EDs). 

Apart from humans, vertebrates such as other mammals, fish, amphibians, reptiles and birds, 
possess a similar system, although structures and roles may differ. In addition, also invertebrates 
as molluscs, shellfish and insects possess an endocrine system. Clearly, the complexity of the 
system scales with the complexity of organisms [102]. 

3.2.3 State-of-the-art on EDs 

Colborn and colleagues introduced the concept of “endocrine disruption” (ED) for the first time 
in 1993 [103]. Since then, concerns about EDs started growing [104-107], and in the last two 
decades, intensive scientific work has been done to increase the knowledge of their impact both 
on human and wildlife health [108-112].  

The endocrine system controls many processes in the human body, from early stages of 
development to adulthood [96]. Therefore, various unwanted consequences are possible 
following exposure to xenobiotics disturbing its homeostasis. A similar picture applies to 
wildlife. 
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The topic EDs is complex, and there are many knowledge gaps. Many of the gaps identified in 
2018 by the European Commission (EC) [113], are still valid. It is generally recognized that 
exposure to EDs in certain periods of development (i.e. foetal stage and puberty in case of 
humans) may increase the susceptibility to diseases later in life. However, the understanding of 
their contribution compared to other factors (i.e. genetic, environment, lifestyle) is limited and 
not trivial to investigate. The mixture effect (“cocktail effect”) is another cause of concern, i.e. 
the exposure to a combination of EDs may lead to a more severe adverse effect, even if the 
individual ED concentrations are below the effect level [107, 114]. 

It is important to highlight that ED activity can happen in many different ways via affecting 
various components of the endocrine system (Figure 9). Thus, this means that many different 
chemicals can potentially act as EDs. 

 

Figure 9. Schematic representation of the EDs actions at different levels of the endocrine system 
functioning. 

 

Among possible mechanisms of disruption, the most studied is probably the direct interference 
with endocrine receptors. This interference is frequently divided into two main types. The 
disruptor can bind and activate the receptor, mimicking the biological activity of its natural 
hormone, but leading to different and often unwanted responses. This type of interference is 
called “agonistic effect” and it can be either “full”, “partial” or “inverse”, depending on the 
biological response efficacy (100%, lower or even negative for inverse agonists) [115]. 
Alternatively, the disruptor can bind to the receptor without activating it, but preventing the 
binding of its natural hormone (either in a reversible or irreversible way) and thereby blocking 
the effect of the hormone. This is called “antagonistic effect” [116]. In addition, there are also 
the so-called “allosteric modulators”, which do not bind to the agonist-binding site of the 
receptor, but instead on specific allosteric binding sites and modulate the response of the 
receptor to its natural ligand [117].   

However, there are many other possibilities of non-receptor mediated mechanisms of 
disruption, which are maybe less intuitive but still very important [118-120]. For example, 
disruptors may interfere with the binding to transport proteins in the blood or the hormone itself, 
altering the amount of free circulating hormones. They may interfere with enzymes responsible 
for production (i.e. steroidogenesis, Paper III), transformation (e.g., 17β-estradiol metabolism, 
Paper II) and /or elimination of hormones. Again, this may lead to a variety of consequences, 
for example the modulation of estrogen hydroxylation (i.e., impact on metabolite ratios, Paper 

II) potentially increase the risk of breast or other hormone-related cancers [121]. 
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Since there are many different ways to exert ED activity, reliable tests methods are required to 
investigate them [122]. In 2013, the European Food Safety Authority (EFSA) summarized 
existing guidelines for ED testing, underlining the lack of several predictive models [123]. A 
number of mechanistic assays for ED screening and regulation have been developed. However, 
they are limited to the interaction with sex steroid nuclear receptors or the alteration of sex 
steroids synthesis [122]. The variety and complexity of possible mechanisms of action make 
the identification of reliable tests complex. Furthermore, mechanisms by which hormones and 
consequently EDs may exert specific actions may depend on what happens at the cellular and 
tissue levels, as well as on circadian rhythms, seasonal changes, life stage and sex [124]. 
Therefore, many factors need to be considered and currently it is not possible to replace well-
designed in vivo studies with in vitro models. 

An interesting consensus statement on the key characteristics (KCs) of EDs has been published 
recently [125]. Since there are common features of hormone regulation and action shared by all 
hormones and that are independent of their diverse roles, it follows that there are also some 
features shared by those chemicals that interfere with hormone regulation and action. The 
authors identified 10 KCs for a compound to be classifiable as ED: 

KC1. Interacts with or activates hormone receptors 
KC2. Antagonizes hormone receptors 
KC3. Alters hormone receptor expression 
KC4. Alters signal transduction in hormone-responsive cells 
KC5. Induces epigenetic modifications in hormone-producing or hormone-responsive cells 
KC6. Alters hormone synthesis 
KC7. Alters hormone transport across cell membranes 
KC8. Alters hormone distribution or circulating hormone levels 
KC9. Alters hormone metabolism or clearance 
KC10. Alters fate of hormone-producing or hormone-responsive cells 

Interference can mean amplifying, reducing or deleting expected outcomes related to those 
KCs. Furthermore, it has been stated that the number of KCs eventually associated to a potential 
ED is not predictive of relative hazard. Indeed, a single but critical KC may lead to severe 
consequences and therefore to a high hazard level [125]. The KCs may help identifying gaps in 
background data and setting research priorities rather than merely serving as a checklist.  

In summary, there are many targets for EDs, many mechanisms by which they may unfold their 
activity, and many chemicals may fall into the complex ED definition. When this complexity 
meets the complexity of the cyanobacterial metabolome, understanding potential overlap may 
be challenging. 

Most publications on EDs, and especially those that deal with human exposure, target ED 
chemicals of anthropogenic origin, e.g. packaging industries products, pesticides, food 
additives, cosmetics and pharmaceuticals. Among these ED chemicals are, for example, 
phthalates, bisphenols, parabens, and persistent organic pollutants (POPs) [109]. These are 
mainly synthetic products. Among compounds of natural origin, the phytoestrogens (so named 
because of their estrogenic activity) produced by plants and ingested by humans for example 
through soybeans or other legumes, gained a certain notoriety as well. However, as 
phytoestrogens are natural products, the perception of associated risk seems lower as compared 
to synthetic chemicals [126]. 
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3.3 Cyanobacteria and EDs 

 

Currently, the majority of research on the ED activity of cyanobacterial compounds has focused 
on MC-LR. Furthermore, these research studies have been often part of the wider investigation 
of negative effects exerted by MCs on the reproductive system. Indeed, a strong evidence of 
reproductive toxicity connected to MC exposure has been provided by a variety of studies, both 
in vitro and in vivo [127]. 

A study from Wu et al. [128] in female mice (given daily i.p. injections for 28 days with 5 and 
20 µg/kg MC-LR), reported the impact of MC-LR on the female reproductive system. Results 
showed pathomorphological changes in ovaries (reduction in weight), decrease in the number 
of primordial follicles as well as abnormal estrus cycle, with consequent impact on fertility. 
Progesterone (a steroid hormone) levels in the blood decreased after exposures to MC-LR, but 
without evident changes on the pituitary hormone levels (i.e., follicle-stimulating hormone, 
FSH, luteinizing hormone, LH) and 17β-estradiol (a steroid hormone), thus the impact was 
likely directly on the ovary (gonads) rather than indirectly through the HPG axis (see section 
3.2.2 The endocrine system, Figure 8). 

Several studies on male rats and mice reported that MC-LR affects the male reproductive 
system [127]. Given daily i.p. injections for up to 28 days (depending on the study) with a range 
of 3.75–30 µg/kg MC-LR caused sperm abnormality, injury to testis and decreased levels of 
serum testosterone (a steroid hormone). However, in this case, the decreased levels of serum 
testosterone came along with modulation of GnRH (gonadotropin-releasing hormone) secretion 
and either reduced or increased FSH and LH levels [129-131] (see section 3.2.2 The endocrine 
system, Figure 8). Interference with HPG axis seemed to cause indirect dysfunction of Leydig 
cells in the testis (known to be responsible for testosterone secretion), thus causing lower levels 
of serum testosterone [131]. The distribution of MC-LR in the gonads and target cells within 
the gonads remain unclear. MC-LR is unable to easily penetrate biological membranes or bio-
accumulate [85, 86]. However, as already mentioned, some cells express specific membrane 
transporters (OATPs, see section  3.1.3.2.2 Routes of exposure for MCs) that enable MC-LR to 
accumulate [87], e.g. in ovarian cells (in females) [128] as well as in spermatogonia and Sertoli 
cells (essential for testis formation and spermatogenesis) in the testis (in males), as shown in 

vitro [131]. 

Research on how MC-LR affects the fish reproductive system is also available. A study from 
Zhao et al. [132] reported the disruption of reproductive performance of female zebrafish after 
being exposed for three weeks to MC-LR (10 and 50 µg/L showed detectable effects). 
Modulation of 17β-estradiol, testosterone and vitellogenin (VTG), which is a precursor protein 
of egg yolk synthesized in the fish female liver, was reported in that and in other studies [133]. 
The serum levels of VTG or the levels of VTG from fish organ homogenates are useful 
biomarkers for evaluating estrogenic activity. Neither adult male fish nor juvenile fish produce 
VTG, unless exposed to exogenous estrogens [134]. The decrease of oogenesis (egg 
production), and thus fertilization and hatching rates were reported. The possibility of trans-
generational effects was suggested. Changes in the transcription of steroidogenic (i.e., related 
to steroid hormones synthesis) pathway genes in zebrafish were also reported, corresponding 
to the alteration of hormones levels [132].  Su et al. [135] came to similar conclusions, showing 
that for male zebrafish, a life-cycle exposure to environmentally relevant concentrations of MC-
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LR (i.e., 30 µg/L) resulted in testicular damage, sperm maturation delay and imbalanced 
secretion of sex hormones (testosterone and 17β-estradiol), by disrupting transcriptional 
responses or related genes in the HPG axis. A recent study on male zebrafish showed the impact 
of persistent exposure to MC-LR on the hypothalamic-pituitary-interrenal (HPI) axis (which is 
the analogue of HPA axis in mammals) [136], with extensive upregulation of HPI axis genes 
and inhibition of specific brain nuclear receptors with consequential increase of serum cortisol 
levels.  

In vitro studies on mammalian cell lines have been performed almost exclusively in mouse/rat 
Sertoli and Leydig cells, reporting findings supporting the zebrafish in vivo studies [127, 129]. 
Hou et al. [137] used the H295R human cell line [138] along with in vivo experiments using 
male zebrafish, to investigate MC-LR effects on steroidogenesis, reporting a non-dose 
depending estrogenic activity of MC-LR. Extensive up-regulation of steroidogenic genes 
supported testosterone and 17β-estradiol modulation. In the liver, the vitellogenin 1 gene (vtg1) 
was up-regulated while both the transcriptional and protein levels of the estrogen receptor 
declined. It is possible to talk about an effect on the hypothalamic-pituitary-gonadal-liver 
(HPGL) axis. Oziol and Bouaïcha [139] used the transgenic human cell line MELN and 
reported that MC-LR (and NOD-R) showed estrogenic potential at low concentrations (nM), 
likely by indirect interaction with estrogen receptors. 

Reproductive toxicity of MCs has also been reported in birds and amphibians even though the 
investigation is more limited than for fish and mammals (mice/rats). However, data on the 
effects of MCs on human reproduction represents a big knowledge gap [127].  

More global investigations into the ED and reproductive toxicity of cyanobacteria mainly 
focused on the species M. aeruginosa, which includes MC-LR producing strains. Damage to 
the testis and reduction of sperm quality was reported in mice after exposure to MC-producing 
M. aeruginosa cell extracts [140]. Spermatogonia and Sertoli cells were damaged in both rats 
and rabbits after exposure to MC-containing M. aeruginosa extracts [141-143]. 
Reproductive/endocrine effects on zebrafish embryos exposed to M. aeruginosa and P. 

agardhii seemed to exclude a significant role of MCs in a study by Jonas et al. [144]. Studies 
from Stepankova and collaborators reported cytotoxicity and estrogenic effects (receptor-
mediated) from extracts of blooming cyanobacteria containing MCs [145, 146]. The effects 
were greater than what would be expected from the extracts of pure laboratory cultures. These 
studies indicated that cyanobacterial compounds other than MCs, or possibly compounds that 
originated from other organisms (e.g., phytoestrogens from algal species in the water column), 
were at least partly involved in the reported estrogenic effects. Induction of VTG in zebrafish 
larvae has been reported as effect of M. aeruginosa and MC-LR [147], supporting an estrogenic 
activity in accordance with other studies [127, 148].  

It is important to remember that reproductive toxicity may be exerted by MCs and/or other 
cyanobacterial bioactive metabolites, through mechanisms other than direct interference with 
endocrine system pathways (e.g., modulation of PP1 and PP2A activities, oxidative stress, DNA 
damage, reproductive tumors) [127]. However, the HPG axis is an important pathway for 
endocrine regulation in the process of development and reproduction, and it seems to play a 
role in cyanobacterial ED activity, alone or in combination with other mechanisms, as for 
example liver damage [136, 149].  
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Cyanobacterial compounds represent a potential contribution to ED effects in aquatic 
ecosystems, especially in case of high bloom densities [145]. Known and unknown MC 
congeners, together with other cyanobacterial bioactive compounds, represent themselves a 
complex mixture. Furthermore, when in the natural environments, cyanobacterial biomass may 
accumulate a variety of anthropogenic chemical compounds, as well as compounds produced 
by other species coexisting in the water, thus the total effect they exert may be the result of 
endogenous plus accumulated substances [145, 150]. It is no obvious way to trace the observed 
ED effects to specific compounds. The simultaneous exposure to all these compounds together 
could lead to additive, synergistic or antagonistic toxic effects.  

In summary, the available data on cyanobacteria as EDs are mainly related to reproductive 
toxicity in animals (e.g., mice/rats and fish), studied either using MC-LR or extracts/exudates 
from M. aeruginosa. Despite several negative effects on the endocrine system (e.g., estrogenic) 
have been documented, some doubts remain about the modes of action. The role of MCs other 
than MC-LR and of other cyanobacterial bioactive compounds beyond MCs has not been 
clarified. Cyanobacterial contribution to ED activity in aquatic environments might be 
underestimated compared to known pollutants of anthropogenic origin. 
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4. METHODOLOGIES 

 

The main methodologies used in the thesis and its associated papers are described in this 
chapter, ranging from cyanobacterial collection handling, to the chemical and biological tools 
for the investigations. 

 

4.1 Cyanobacterial collection 

 

Twenty-seven cyanobacterial strains were selected for investigation, belonging to Microcystis 
and Planktothrix genera. The collection included both MC-producing and non-MC-producing 
strains (Table 1). 

Twenty-five strains (19 Microcystis spp. and 6 Planktothrix spp.) were purchased from The 
Norwegian Culture Collection of Algae, NORCCA (https://niva-cca.no/), jointly maintained 
and owned by the Norwegian Institute for Water Research (Norsk institutt for vannforskning, 
NIVA, Oslo, Norway) and the University of Oslo. In addition, the Pasteur Institute (Paris, 
France) provided the M. aeruginosa PCC7806 strain. For the studies that are summarized in 
Paper III, the PCC7806mcyB− strain, which is genetically modified from PCC7806 to be 
unable to produce MCs [151], was also purchased from the Pasteur Institute (https://catalogue-
crbip.pasteur.fr/). 

 

Table 1. Cyanobacterial collection’s details 

Strain ID Species Origin MCs* 

NIVA-CYA 22 M. aeruginosa L. Mendota, Madison, WI, 1948 no 

NIVA-CYA 24 P. prolifica L. Levrasjön, Kristianstad, Sweden, 1975 no 

NIVA-CYA 31 M. aeruginosa L. Little Rideau, Ontario, Canada, 1954 yes 

NIVA-CYA 56/1 P. mougeotii L. Steinsfjorden, Buskerud, Norway, 1978 no 

NIVA-CYA 116 P. agardhii L. Årungen, Norway,1983 no 

NIVA-CYA 123/1 M. aeruginosa L. Mälaren, Sweden, 1983 no 

NIVA-CYA 140 M. aeruginosa Bendig's Pond, Bruno, Saskatchewan, Canada, 1975 yes 

NIVA-CYA 143 M. aeruginosa L. Akersvatnet. Norway, 1984 no 

NIVA-CYA 144 M. cf. aeruginosa L. Borrevatnet, Vestfold, Norway, 1984 no 

NIVA-CYA 166 M. aeruginosa L. Hellesjøvatnet, Akershus, Norway, 1987 no 

NIVA-CYA 264 M. botrys L. Frøylandsvatnet, Rogaland, Norway, 1990 yes 

NIVA-CYA 279 M. cf. ichthyoblabe L. Østensjøvatnet, Oslo, Norway, 1990 no 

NIVA-CYA 431 M. novacekii L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 432 M. sp. L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 475 M. aeruginosa L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 476 M. aeruginosa L. Victoria, Murchison Bay, Uganda, 2004 no 
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NIVA-CYA 478 M. aeruginosa L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 482 M. aeruginosa L. Mburo, Uganda, 2004 no 

NIVA-CYA 544 P. prolifica L. Steinsfjorden, Buskerud, Norway, 2004 yes 

NIVA-CYA 598 P. prolifica L. Kolbotnvatnet, Akershus, Norway, 2007 yes 

NIVA-CYA 613 M. botrys L. Steinsfjorden, Buskerud, Norway, 2008 yes 

NIVA-CYA 632 P. rubescens L. Lyseren, Østfold, Norway, 2008 yes 

NIVA-CYA 754 M. aeruginosa Roodeplaat, South Africa, 2011 no 

NIVA-CYA 842 M. aeruginosa Hartbeespoort Dam, South Africa, 2013 no 

K-0540 M. aeruginosa Bagsværd Sø, Denmark, ? no 

PCC7806 M. aeruginosa Braakman Reservoirs, The Netherlands, 1972 yes 

PCC7806mcyB− M. aeruginosa Braakman Reservoirs, The Netherlands, 1972 no 

*according to literature/vendor and confirmed by indirect competitive multihapten MC ELISA [152]. 

 

4.1.1 Culturing of cyanobacteria 

All strains were cultivated in Z8 medium [153] in 100 mL glass Erlenmeyer flasks in an 
incubator (IPP110plus, Memmert GmbH + Co.KG, Schwabach, Germany) at 18 °C with a 
14/10 h light/dark photoperiod, using 1% of maximum light intensity. Cultures have been 
maintained for 3 years, passing from old generations to new ones regularly (every 6–7 weeks) 
(Figure 10). 

 

 

Figure 10. Collection of cyanobacterial strains belonging to Microcystis and Planktothrix genera. 
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4.1.1.2 15N-labeling of the P. prolifica NIVA-CYA 544 strain 

An aliquot of the P. prolifica NIVA-CYA 544 strain was sent to the National Research Council 
of Canada (NRCC), which collaborated in Paper I work. At NRCC, along with the cultivation 
in classic Z8 medium [153], the strain was cultivated in a Z8 medium enriched in nitrogen-15 
(i.e., the NaNO3 and Ca(NO3)2 were replaced with Na15NO3 and Ca(15NO3)2). The enriched 
culture lead to 15N-labeling of the MCs produced by the strain. The labeling proved to be 
extremely helpful for elucidating the elemental compositions of MC congeners, both by 
comparison of their isotope profiles with theoretical calculations and by examination of the 
high-resolution mass spectrometry (HRMS) spectra of the labeled and unlabeled MC congeners 
detected in P. prolifica NIVA-CYA 544, as described in detail in Paper I. 

4.1.2 Extraction of cyanobacterial cultures 

Extracts were prepared several times, following the same protocol. 

For preparation of extracts, 3 mL (or 5 mL) of each culture was transferred to a glass tube and 
stored at −20 °C overnight. It was then allowed to thaw at ambient temperature, and the same 
volume of methanol was added (i.e. 3 or 5 mL). The tube was then vortex-mixed for 20 s, 
sonicated for 5 min and centrifuged for 10 min at 1,000 rcf. The supernatant was collected and 
aliquots transferred to screw-cap glass liquid chromatography (LC) vials (when directly used for 
liquid chromatography−mass spectrometry, LC−MS, analysis). Extracts were stored at −20 °C until 
use and between uses. 

4.2 Liquid chromatography–mass spectrometry (LC–MS)

LC–MS is a powerful analytical technique. It combines the resolving power (the ability to 
resolve/separate analytes in time) of LC with the selectivity (separate ionized molecules 
according to their m/z) of MS. In other words, LC separates the sample components and then 
introduces them to the mass spectrometer for specific detection and identification [154, 155]. 

LC–MS may provide information about molecular formula, structure, identity and 
concentration of specific components of a liquid sample [154].  

LC–MS played a major role in this thesis’ work, especially for structural elucidation of new 
MC congeners (Paper I), but also for ED activity investigations (Papers II and Paper III). In 
this section, general information on LC–MS principles and terminology are provided. Some 
main instrumental components (i.e., those ones that were used for some of the experimental 
work of this thesis) will be briefly described. Furthermore, some details on LC–MS related to 
MCs are given. 

4.2.1. Basic principles of LC 

As a chromatographic technique, LC is a method for separation of different components in a 
liquid solution, based on their different affinity to a stationary phase [156]. A chromatographic 
column is a device containing the stationary phase, while a mobile phase passes through it 
driving the solution. Depending on the affinity of each component of the solution to the particles 
of the stationary phase, the rate of migration of each component may vary from zero (i.e. 
maximum affinity) to the velocity of the mobile phase [157]. The choice of the type of stationary 
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phase and of the chromatographic method (e.g. mobile phase composition and elution gradient 
design) is highly important and inherently connected to chemical-physical properties of the 
sample analyzed. 

4.2.1.1 High- and ultrahigh-performance liquid chromatography (HPLC and 

UHPLC)  

The abbreviation HPLC stands for high-performance liquid chromatography, a term that 
replaces and contains the two concepts of high-speed and high-pressure liquid chromatography. 
The important improvement coming with HPLC was the use of small (e.g. 3–10 µm) and 
uniform particles for use as stationary phase. Such a tight packing, usually contained in 
stainless-steal columns, requires an efficient pumping system to produce sufficient pressure and 
consequently a high enough flow rate of the mobile phases through the chromatographic 
column. HPLC performance is better in terms of resolving power, detection, quantitation and 
speed, compared to classic LC [155, 157]. UHPLC uses even smaller particles as stationary 
phases (≤ 2 µm), thus narrower and shorter columns (e.g., 4.6 mm internal diameter and a length 
of 150–250 mm for HPLC versus 2.1 mm or less and 30–100 mm for UHPLC). UHPLC runs 
at lower flow rates than traditional HPLC, for example 0.2–0.7 mL/min against 1–2 mL/min, 
respectively. UHPLC systems are capable of handling high pressures (over 1000 bar) in 
comparison to the more traditional analytical range of HPLC (300–400 bar). UHPLC separation 
produce narrower peaks, improving resolution, and requires high-speed response detection (> 
100Hz) [158, 159]. 

4.2.2 Basic principles of MS 

The purpose of the MS technique consists in the characterization of matter through separation 
and detection of gas-phase ions, according to their m/z value [155, 160]. The m represents the 
mass of the ion divided by the unified atomic mass unit (1 u = 1/12 of the mass of the 12C-
isotope at rest and in its ground state, that is 1.660538921×10−27 kg. The unit u is also called 
“Dalton” (Da). The z represents the absolute charge of the ion divided by the elementary charge 
(e = 1.602176565×10−19 C), rounded to the nearest integer number. Both m and z are 
dimensionless numbers, and so it is m/z. The m/z abbreviation is used almost universally as the 
independent variable in a mass spectrum (described below) [161]. 

In other words, the mass spectrometer, thanks to its different components (Figure 11), creates 
and then detects electrically charged atomic or molecular species. It “weighs” charged analytes, 
which must be (or be brought) into the gaseous phase.  

The main strength of this technique is its versatility, which allows analyses (qualitatively and/or 
quantitatively) of a wide range of molecules (from small molecules to biopolymers), by 
combining different components such as different types of mass analyzers [155, 160]. 

There are four basic main components in a mass spectrometer (Figure 11): 

1) INLET SYSTEM, to introduce the sample; 
2) ION SOURCE, to ionize the sample; 
3) MASS ANALYZER, to sort previously generated ions according to their m/z; 
4) DETECTOR, to convert sorted ions into a signal for each m/z. 

While the inlet system (and some ion sources, e.g. for the coupling with LC) commonly operates 
at atmospheric pressure, the other components require high vacuum to reduce collisions 
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between ions of interest and other gas-phase molecules, which can compromise ion detection 
(unwanted reactions which increase results’ complexity). Different types of each component 
can be combined and matched, depending on necessity. An instrument computer with dedicated 
software controls operations and data acquisition, and may be used for data processing [162]. 

 

 

Figure 11. Schematic image of basic components of a mass spectrometer. 

  

A further component in the mass spectrometer, the collision cell, can be found in the ion path 
between mass analyzers, which can be more than one, or between ion source acceleration region 
and the first analyzer. In the collision cell, selected ions, fragment after collision or interaction 
with inert gas molecules (e.g., helium, nitrogen or argon) [161]. Fragmentation of a selected 
ion, followed by the acquisition and the study of fragment ions (or product ions), is the basic 
idea of tandem mass spectrometry (tandem-MS or MS/MS). Precursor ions of a selected m/z 
fragment ion or of selected neutral mass loss, may also be studied in tandem-MS experiments. 
To perform MS/MS, trap instruments (tandem-MS in time) or instruments incorporating more 
than one analyzer (tandem-MS in space) are used [161].  The multiple stage mass spectrometry 
(MSn), which involves consecutive collision-activated dissociation reactions to examine 
fragment ions, is possible in ion trapping instruments [163]. 

Results from a mass spectrometric analysis, are usually presented as a plot of the relative (less 
often absolute) intensity (abundance) of the sorted ions versus m/z, the so-called “mass 
spectrum” with different “peaks” corresponding to specific m/z value (Figure 12).  
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Figure 12. Schematic image of a mass spectrum with some common types of peaks observed.  

 

It can be useful to recognize the molecular ion peak ([M]+ or [M]–) or the 
protonated/deprotonated molecule peak ([M + H]+/[M – H]–) (depending on ionization 
system), that is the peak directly related to the molecule of interest. Since the distribution of 
energy transferred to molecules during the ionization may break chemical bonds, fragment ion 
peaks (already mentioned in the previous page) may also appear in the spectrum. Fragment 
ions are a type of product ions, which more generally are formed as the product of a reaction 
involving a particular precursor ion. Fragment ion peaks show up always on the left side of their 
precursor molecular ion (i.e. at lower m/z). When energies are very high, fragment ions 
dominate the spectrum at expense of the molecular ion, which may also disappear. Finally, the 
base peak is the most intense (because it is the most stable resulting from the ionization and 
fragmentation processes) in the spectrum and all other peaks are usually normalized relative to 
it. Isotope peaks may be observed if the analyte molecules contain elements with several 
isotopic forms (the most commonly observed are isotope peaks arising from the presence of the 
13C isotope). Some set of isotopic peaks may show a particular pattern deriving from specific 
elements (i.e. Cl, Br). The isotopic pattern can be helpful for determining the elemental 
composition of an ion (Paper I). 

The types of ions that are shown in Figure 12 are not all the possible ones. Multiply charged 
ions ([M ± nH]n±) and up to several co-occurring adduct ions (e.g. [M + Na]+, [M + Cl]–, [M + 
NH4]+) can be observed, depending on the properties of the analyte molecule, but also on the 
ion source design and on mobile phase components added to “aid” the ionization process (e.g. 
formic acid as proton donor, which has largely been used in my work).  

By definition, the m/z ratio is not equivalent to the mass of the ion. The numeric values of mass 
and m/z correspond when the charge is unit (z = ±1). 
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Important definitions related to the concept of “mass” in MS are [161]: 

 Exact mass (or exact m/z): calculated mass (or m/z) of an ion or molecule with specified 
isotopic composition. 

 Accurate mass (or m/z): experimentally determined mass (or m/z) of an ion or molecule 
of known charge. 

 Mono-isotopic mass (or m/z): calculated mass (or m/z) of an ion or molecule based on 
the masses of the most common stable isotopes of its constituent elements present. 

 Average mass (or m/z): calculated mass (or m/z) of an ion or molecule weighted for its 
isotopic composition. 

 Most abundant mass (or m/z): mass (or m/z) of the ion or molecule with the highest 
signal intensity in the isotope pattern. 

 Nominal mass (or m/z): calculated mass (or m/z) using masses of the elements present, 
rounded to the nearest integer number (e.g., C = 12, H = 1). 

 Isobaric masses (or m/z): calculated masses (or m/z) coming from empirical formulae 
that have the same nominal mass, but different exact masses (e.g., CO and N2). 

Keeping these definitions in mind is useful when reading the thesis, the papers and especially 
Paper I. It is particularly important to highlight that accurate mass and exact mass are not at all 
synonymous. The accurate mass comes from experimental determination, while the exact mass 
from a theoretical calculation. The main purpose of accurate mass measurements is the 
determination of the elemental composition of a molecule under investigation. The calculated 
elemental composition is then compared to the exact mass and the mass error calculated, which 
is a measure for the credibility of the calculated composition. In Paper I, there are tangible 
examples of accurate mass use for determination of new MCs’ molecular formulae. MCs’ exact 
masses were calculated using a mass calculator tab of a toxin mass list (publicly available) 
[164]. The ring/double-bond equivalent (RDBE) calculation, as a mean for determining the 
degree of unsaturation (number of rings or multiple bonds), gave further information to limit 
molecular formulae hypothesis (e.g., for the MCs, RDBE ranges from 17 to 22 [39]). 

4.2.2.1 Sample inlets 

No matter which type of inlets, the main function of this component is to introduce a sufficient 
quantity (to represent its composition properly) of the sample into the ion source [155].  

The LC unit can be coupled to the mass spectrometer via an interface that both evaporates the 
column effluent and ionizes its constituents. LC is compatible, among others, with polar 
compounds of high molecular mass, e.g. peptides like MCs [162].  

In this thesis work, LC was the only method of sample introduction that was used.   

4.2.2.2 Ion sources 

It is necessary to convert neutral analyte molecules into ions, as only ions can be separated and 
detected by MS. This is because electrically neutral molecules cannot be manipulated using 
electrical (or magnetic) fields, which are the means used by MS analyzers. Focusing, separation, 
and detection in MS, require ions. The amount of energy used for ionization affects the types 
of ions generated, and thus the spectrum appearance. This energy depends on the method of 
ionization.  
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The development of ionization methods working at atmospheric pressure has been fundamental 
for the coupling of LC to MS. Indeed, mobile phases used in LC produce large volumes of 
vapor, incompatible with MS-components in high vacuum.  

4.2.2.2.1 Electrospray ionization (ESI) source (Paper I, II and III) 

ESI is a popular liquid-based ion source and works at atmospheric pressure. It is the dominant 
method for ionizing polar and medium polar compounds, and works with small molecules as 
well as with large biopolymers [165]. The liquid analyte solution from the LC separation and a 
nebulizing sheath gas (usually nitrogen) “travel” in two concentric steel tubes, which comprise 
the electrospray needle. A stream of highly charged droplets result from an electrical potential 
difference (2–5 kV) applied between the spray needle tip and the inlet of the instrument. 
Residual ions with opposite charge to that of the applied voltage are thus removed. Therefore, 
the resulting aerosol contains just one charge type, which is the same as the applied voltage. An 
additional heated drying gas helps to evaporate the charged droplets, and as the charge density 
increases the droplets disintegrate, releasing ionized analytes into the gas phase [162]. 
Differential pumping removes the excess gas and solvent molecules before analyte ions reach 
the analyzer. A series of progressively evacuated chambers connects the ESI source and the 
mass analyzer. A simple representation of this type of ion source is shown in Figure 13. 

 

Figure 13. ESI source, in positive (above) and negative (below) modes. Applied voltage range is 2–5 
kV. 

 

To allow the ESI process, the mobile phase flowing through the needle must be electrically 
conductive. For this reason, some electrolytes are usually added to mobile phases.  

ESI is a “soft” ionization technique, meaning that energies involved are relatively low (but high 
enough for generating ions). This “softness” helps to reduce the propensity of analyte molecules 
to fragment during ionization. For further information on fragmentation, it is necessary to 
perform tandem-MS experiments. Depending on mobile phases and the nature of the analyte, 
ions formed are predominately protonated and deprotonated molecules or adducts, like for 
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examples [M + H]+ or [M + alkali metal]+, [M + NH4]+ or [M – H]– or [M + Cl]– in negative
mode [166, 167]. A further typical and unique ESI feature is the formation of multiply charged 
ions [M ± nH]n± as the molecular mass of the analyte increases or if the analyte contains multiple 
easily ionizable functional groups, e.g. basic amino groups [155]. Acidic and/or basic groups 
in the analyte molecule influence which ions are formed and therefore determine which polarity 
mode should be used. Compounds with mainly basic functional groups are generally detected 
better in positive mode, while the negative ion mode is generally best suited for analyte 
molecules with acidic groups. Comparison of both positive and negative mass spectra can also 
be informative (Paper I).  

4.2.2.2.2 Atmospheric-pressure chemical ionization (APCI) source (Paper III) 

The APCI played a minor role, relative to ESI, in this work (steroid hormone analyses, Paper 

III). Briefly, it is a soft ionization technique (i.e. yields relatively little fragmentation), and it 
works at atmospheric pressure, as the name suggests. The main difference between ESI and 
APCI is the ionizing agents: these are electrons, for ESI, and ions, for APCI. Indeed, chemical 
ionization implies gas-phase (reagent) ion-(analyte) molecule reactions. APCI and ESI are the 
most commonly used ion sources in quantitative analysis. However, in the case of nonpolar 
compounds such as steroids (Paper III) and some drug molecules, APCI is often more efficient 
than ESI [168].  

4.2.2.3 Mass analyzers 

Mass analyzers are responsible for sorting ions according to their m/z, by using either an electric 
field or a magnetic field. Those based on the application of an electric field are today more 
common and could be divided into two groups, beam-type and trapping-type instruments.  

In beam-type instruments, the ions travel through the mass analyser in a single beam before 
reaching the detector. Quadrupole (Q) and Time-of-Flight (TOF) mass analyzers belong to this 
group. 

Trapping-type instruments hold the ions in a spatially confined area (the trap) for a certain 
period of time before they are ejected towards the detector. Ion trap (IT) (linear or cylindrical) 
and the Orbitrap, as their names suggest, belong to this group of mass analyzers [162, 168].  

Analyzers separate ions either in time (collecting them successively over a period of time, from 
milliseconds to seconds) or in space (simultaneously or almost simultaneously, on 
microsecond scale). Qs and ITs scan ions over time. Analyzers with TOF designed 
analyzers separate ions in space.  

For completeness of information, instruments based on magnetic field for ion sorting, are the 
magnetic sector and the Fourier-transform ion cyclotron resonance (FT-ICR) mass 
spectrometer.  

It is possible to mix-and-match identical or different types of analyzers, obtaining more 
sophisticated instruments, e.g., Q-Orbitrap (called hybrid, because it combines different mass 
analyzers) or the triple quadrupole (QqQ) [162].  

The choice of the analyzer is important, as it determines mass resolution and mass measurement 
accuracy, as well as the types of tandem-MS experiments that can be performed. Thus, it is a 
matter of the aim of the study but also the instrument availability. Different types of 
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instrumentation may also give complementary information about the same analyte, as was the 
case for our identification of new MC congeners (Paper I). 

Mass analyzers related to this thesis are briefly described in the sections below. All these mass 
analyzers separate ions by using electric fields, and all belong to the “in time” separation group.  

4.2.2.3.1 Triple quadrupole (QqQ or TQMS) (Paper II and III) 

The Q consists of four hyperbolically or cylindrically shaped parallel metal (or metal-coated) 
rods arranged in two pairs in a square configuration (Figure 14). 

 

Figure 14. Schematic representation of the Q analyzer: two pairs of metal roads (A and B) in square 
configuration. 

 

One pair of facing roads has an applied voltage comprised of a direct current (DC) component, 
in combination with an overlapping radio frequency (RF). The other pair has an applied voltage 
that is opposite to the first one, establishing a two dimensional quadrupole potential.  

Ions travelling in the Q during analysis will be, at the same time, attracted by one set of rods 
and repulsed by the second set of rods. The applied voltages affect the trajectory of ions 
traveling down the path centered between the four rods. 

A Q mass analyzer is widely used as a "filter" device, usually prior fragmentation in the 
collision cell, in the case of MS/MS analysis. Ions of a single specific m/z maintain stable 
trajectories from the ion source to the collision cell (or the detector), whereas ions with different 
m/z values “fall” into the roads. 

A common combination of Q analyzers is the triple quadrupole (QqQ or TQMS). In a QqQ, the 
first and the third set of quadrupoles (symbolized by an upper case Q) are effectively analyzers, 
while the central one (q) works as collision cell (often filled with argon) for inducing 
fragmentation, using only the RF component of the potential, for guiding ions. The design of 
the collision cell may also be something different from a quadrupole (e.g., a hexapole) (Figure 

15).  

 

Figure 15. Schematic representation of the QqQ analyzer: Q1 and Q3 work as analyzers, while q2 acts 
as an RF-only collision cell.  
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A QqQ has four common scan modes: 

1) PRODUCT ION SCAN 
Q1 transmits ions with a specific m/z, which fragment in q2 followed by subsequent 
scanning of fragment ions in Q3 (“true” MS/MS). 

2) PRECURSOR ION SCAN 
Q3 transmits fragment ions with a specific m/z, which have been generated in q2 while 
scanning in Q1 enables determination of the precursor ions from which the specific 
fragments arise.  

3) NEUTRAL LOSS SCAN 
Q1 and Q3 scan simultaneously, maintaining a constant m/z difference (usually 
corresponding to a neutral loss typical of functional groups to be identified), while q2 is 
set to fragment all ions. 

4) SELECTED REACTION MONITORING (SRM) 
Q1 transmits ions with a specific m/z, which fragment in q2 followed by selection of a 
specific fragment ion m/z in Q3. This allows to detect an analyte ion in a selective and 
sensitive way. When either Q1 or Q2, or both of them, are set perform SRM on more 
than one m/z, this is referred to as multiple reaction monitoring (MRM).  
MRM has been used in Paper II for quantification of 17β-estradiol and its 
biotransformation products, as well as in Paper III for steroid analysis. 

Furthermore, QqQ could in principle operate as a single mass filter if both Q1 and q2 transmit 
all ions and Q3 acquires the spectrum. 

4.2.2.3.2 Linear Ion Trap (LIT) (Paper I) 

In an LIT (Figure 16), the ions are confined radially by a two-dimensional RF field and axially 
by stopping potentials (DC) applied to end electrodes.  

 

Figure 16. Schematic representation of an LIT. 

 

Compared to cylindrically-shaped traps, LITs have higher storage capacity and higher trapping 
efficiencies, thus higher sensitivity and lower detection limits. [169]. The ion extraction 
efficiency of LITs is relatively low.  

Ions are either injected into or created within the trap. The RF voltage is adjusted and multi-
frequency resonance ejection waveforms are applied to the trap to eliminate all but the desired 
ions in preparation of subsequent analyses. The energy of these stabilized selected ions can be 
increased allowing collisions with a dampening gas, thereby inducing fragmentation. Scanning 
the ions inside the trap is possible so their paths become unstable, allowing them to be ejected 
from the trapping field and direct them towards the detector. 
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4.2.2.3.3 Orbitrap (Paper I, II, III) 

The Orbitrap analyzer is based on an invention by Alexander A. Makarov [170]. It operates by 
radially trapping ions about a central spindle electrode. An outer barrel-like electrode is coaxial 
with the inner spindle-like one. The ion injection happens perpendicularly to the longer axis of 
the trap. Ions orbit around the central electrode and oscillate axially (Figure 17).  

 

 

Figure 17. Schematic representation of the Orbitrap analyzer, showing the inner (spindle-like) electrode 
and the outer (barrel-like) electrode. The red rolled arrow represents the orbiting of the ions around the 
central electrode while the green straight arrow with double tips represents the axial oscillation of the 
ions. Figure modified from Wikipedia (https://en.wikipedia.org/wiki/Orbitrap#/media/File:Orbitrappe.png access 
date 23/07/2020). 

 

Makarov himself pointed out the necessity of an external ion storage device in front of the 
Orbitrap [170]. This external ion collection and injection device is in commercially available 
commonly instruments the so-called C-trap (the name comes from its C-shape). The injection 
itself, happening through high-speed pulses, provides the excitation of the ions. They are 
squeezed into a curved trajectory by the modulation of the potential of the inner electrode and 
are forced towards the wider gap near the equator of the electrode. The m/z of individual ions 
is measured from the frequency of the axial oscillations around the central electrode (Figure 

17) [171, 172]. 

4.2.2.4 Detectors 

MS detectors are very sensitive components, which have the role of detecting and amplifying 
the signals coming from sorted ions. They will not be described in detail, because this 
knowledge is more instrumental than functional to comprehension of this thesis’ work. 
However, the most common one are: 

 Discrete dynode electron multiplier. 

 Continuous dynode electron multiplier (Channeltron). 
 Microchannel plate (MCP). 

4.2.3 LC–MS and MC analysis  

MCs, as with most other cyanobacterial toxins, are non-volatile, relatively hydrophilic 
molecules that possess functional groups that may be ionized and are thus well-suited for 

https://en.wikipedia.org/wiki/Orbitrap#/media/File:Orbitrappe.png
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analysis by LC–MS. The types of MS techniques that have been used for their analyses have 
evolved through the years, according to the development of MS technologies [39, 173, 174]. 
LC–MS represents a sensitive and selective tool to target and quantify known MCs, but may 
also be used to elucidate structures of new MC congeners (as in Paper I). Indeed, although for 
unequivocal structural elucidation, isolation and purification of single variants followed by 
nuclear magnetic resonance (NMR) investigations is usually needed, MS, and especially high-
resolution MS,  can provide precious information both on molecular formula (full scan, FS) and 
structure (MS/MS) of an unknown MC, thereby enabling tentative elucidation (Paper I).  

4.2.3.1 LC separation of MCs 

Separation of MCs using liquid chromatography LC is today typically done using so-called 
reversed-phase liquid chromatography (RP-LC) that employs a hydrophobic stationary phase 
and a relatively polar mobile phase (essentially, mobile phases’ polarities are inverted compared 
to the normal-phase chromatography). UHPLC systems are nowadays the preferred ones [173].  

Acidic mobile phases together with an octadecylsilane stationary phase (ODS, or “C18”) are 
commonly used for the separation of MCs. The elution order of MCs in RP-LC depends mainly 
on the polarity of the molecules: the more hydrophilic (polar) congeners elute earlier, while the 
more hydrophobic ones elute later. The elution order itself may provide information on relative 
structural features among different MC congeners. 

Hydrophilicity, and consequently elution, are often correlated to the number of Arg residues in 
the MC structure. Thus, with regard to the most variable positions (-2 and -4) in the heptacycle, 
the general rule is that congeners containing two Arg, i.e. MC-RR, are the most polar and elute 
first. These are followed by those containing a single Arg in position-4 (e.g., MC-LR), then 
analogues with a single Arg in position-2 (e.g., MC-RY) and finally those ones with no Arg 
residues (e.g., MC-LA) [39, 175]. However, some exceptions from this common order may be 
due to other amino acids or conjugated groups in the structure, as well as to a different type of 
chromatographic column used with different selectivity (e.g. the RP-LC pentafluorophenyl 
propyl column, “F5”, used in methods A and C in Paper I, which separates molecules by 

various retention mechanisms including - interactions). 

4.2.3.2 LC–MS for MC structural elucidation 

4.2.3.2.1 MCs in positive and negative ESI mode 

ESI is the most common ionization technique used for LC–MS analysis of MCs and the main 
one used in my work. 

The ionization mechanism tends to be similar for MC congeners with similar polarity. The 
polarity depends on the amino acid residues in the heptacycle and differences depend especially 
on the most variable positions (-2 and -4) (see section 3.1.2.1 Chemical structure, nomenclature 
and biosynthesis of MCs).  

In positive ESI mode, MC congeners containing in position-2 and -4 two Arg (or  homoarginine, 
Har) residues that each contain a guanidine group, or congeners that are conjugated to Cys or 
glutathione (GSH) in position-7, are predominantly double-charged ([M + H]2+). All the other 
MC congeners are mainly single-charged [M + H]+ [173]. In MCs without Arg or guanidinium 
group, the methoxy group of Adda is the protonated one [173]. The addition of a small 
percentage of acid (e.g., 0.1% formic acid) to the mobile phases both enhances chromatographic 
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separation and also supplies protons for the ionization process. Adducts with cations present in 
the sample, other than protons (e.g., Na+ or NH4

+), are also possible, especially for those 
congeners with no Arg (or Har), which are comparatively poorly ionizable [39, 164]. 

In negative ESI mode, all MC congeners show predominantly the singly charged ion [M – H]– 
as dominant ion species [39]. 

4.2.3.2.2 High-resolution (tandem) mass spectrometry, HRMS(/MS) for MCs 

HRMS allows accurate mass measurements (the high resolution allows separation of isobaric 
compounds that have the same nominal m/z, but different exact m/z), which can be used for 
calculation of elemental composition of new MC congeners (and/or of the fragment ions in 
HRMS/MS) [176-178]. The elemental composition is an essential starting point for tentative 
structure elucidation of new MCs [173]. The possible molecular formulae can be calculated 
starting from the accurate masses. This number can be narrowed down limiting the reasonable 
number of the main elements (C, H, N, O, S), as well as by the number of RDBEs, which for 
MCs ranges from 17 to 27 [39]. The comparison of the HRMS(/MS) spectra of 15N-labeled 
MCs in labeled cultures (see section 4.1.1.2 15N-labeling of the P. prolifica NIVA-CYA 544 
strain), to their unlabeled counterparts, as in Paper I, can give a further confidence in 
identifying the correct elemental composition of molecular and fragment ions, simply by 
counting nitrogens [179]. When comparing spectra from labeled and unlabeled cultures, 
obtained under the same analytical conditions, the profiles are identical, but the m/z of peaks 
are shifted as dictated by the number of N atoms in the peaks. Indeed, 14N has a mass of 
14.003074 u while 15N has a mass of 15.000109 u. The difference is thus 0.997035 u. This 
“about one unit” difference clearly shows in the spectra how many N atoms are in a specific 
peak. For example, as shown in Figure 18, the molecular ion peak of [D-Asp3]MC-ER (Paper 

I), which according to our hypothesis contained ten nitrogens, is observed at m/z 997.4953 and 
1007.4670 in the unlabeled and labeled spectra, respectively. The shifted mass confirmed our 
hypothesis of ten nitrogens. The same reasoning applies to fragment ion peaks and when there 
is no shift, there are no nitrogens in that fragment (Figure 18). 
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Figure 18. LC–HRMS/MS spectra of [M + H]+ of unlabeled (top) and 15N-labeled [D-Asp3]MC-ER 
(from Paper I Supplementary Material, Figure S20).  

 

However, since isomeric MC congeners (and/or MC fragments), that is, compounds sharing the 
same molecular formula (but having different structures), are common [39], high-resolution 
accurate mass measurements alone are usually not enough for structural elucidation of MCs 
[173]. Thus, further supportive tools are often needed. 

Data on characteristic fragmentation pathways, as described in the following section, and 
functional group derivatization reactions (monitored using LC–HRMS, see section 4.3 
Functional group derivatization) can give supportive information to help elucidate chemical 
structures in general, and are especially useful for the MS-based characterization of MCs. 
Biosynthetic considerations may also help on narrowing down the number of plausible 
structures/amino acids hypothesized. 

4.2.3.2.3 MC dissociation: MC-characteristic fragments and sequence ions 

A rather large number of studies on MCs’ MS/MS dissociations are available, both in positive 
and negative ionization modes [179-182]. The way in which MCs fragment gives fundamental 
structural information. 

There are some fragments, which are MC class-characteristic; that is, they provide a sensitive 
indication that the investigated congener under investigation belongs to the MC family (or the 
closely related NOD family). The most important are, in positive mode, m/z 135.0804, and in 
negative mode m/z 128.0353 (Figure 19) [173]. They both arise from highly conserved residues 
in the MC-macrocycle, Adda5 and Glu6, respectively, and 100% of reported MCs contain either 
one or the other moiety [164]. Other characteristic fragments are more specific for some MC 
variants [173, 183]. 
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Figure 19. MCs class-characteristic fragments detectable in positive mode, m/z 135.0804 from Adda5 
residue (red) and, in negative mode, m/z 128.0353 from Glu6 residue (blue). X and Z represent the two 
most variable positions (-2 and -4) of the seven in the MC-heptacyclic core (see section 3.1.3.1 Chemical 
structure, nomenclature and biosynthesis of MCs). 

 

Together with these characteristic fragments, there are some sequence ions deriving from 
cleavages of peptide bonds, during collision-induced dissociation (CID), which open and break 
the heptacycle. They effectively help in sequencing the original structure, especially when 
comparing sequence ions from a new congener to the corresponding ones for reference 
standards of similar congeners (Tables 2–4 and Figure S13–S14 in Paper I). Some examples 
are given in Figure 20a and 20b. 
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Figure 20a. Examples of sequence ions, m/z deriving from cleavages of peptide bonds (and eventual 
neutral loss of ammonia, NH3 or water, H2O), during, for four MC congeners (a-d). 
 

 

 

Figure 20b. Examples of sequence ions, m/z deriving from cleavages of peptide bonds, during CID, for 
four MC congeners (a-d). 
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Depending on energies involved in the collisions, different and complementary fragmentation 
information can be obtained. Higher-energy collisional dissociation (HCD) is a single-stage 
process, which involves a relatively small number of energetic collisions. It allows detection of 
ions over the full m/z range and does not suffer from the low-mass cut-off that is common for 
CID. Therefore, HCD in connection with HRMS/MS allows simultaneous detection of 
characteristic fragments (low m/z) and main sequence ions (higher m/z range) simultaneously. 
HCD is a feature of Orbitrap mass spectrometers (e.g., the hybrid quadrupole-Orbitrap, Q 
Exactive, instrument in Paper I). In contrast, CID, which is commonly performed in ion traps 
(e.g. the linear trap quadrupole, LTQ, in Paper I) involves longer time scales and a larger 
number of less energetic collisions. The main limitation of CID is due to the so-called 1/3 rule: 
product ions of less than 1/3 the precursor ion m/z cannot be detected, thus excluding the class-
specific fragments for MCs. However, it provides spectra rich in the middle m/z product ions 
range for MCs (Paper I) [182]. Furthermore, allowing multiple stages of MS/MS (MSn), it can 
be used to establish the origin of lower mass product ions using higher order experiments, e.g. 
MS3 (this is not possible in the single-stage HCD process) [39]. Different information from 
different types of dissociation means different mass spectra potentially containing 
complementary information (Figure S4, Paper I) [184]. 

4.2.3.2.4 Scan modes used for MC structural elucidation in Paper I  

Here a very brief explication of the scan modes used in Paper I (Q Exactive instrument), for a 
better text comprehension.  

FS Full scan: scanning of ions within a defined mass range. 

AIF All-ion-fragmentation: all precursor ions are fragmented without pre-selection by the 
quadrupole. 

DIA Data-independent acquisition: all precursor ions within a selected m/z window are 
fragmented and analyzed in a second stage of the MS/MS experiment. 

PRM Parallel reaction monitoring: unlike the SRM (described in the section 4.2.2.3.1 Triple 
quadrupole (QqQ or TQMS)), which performs one transition at a time, PRM performs  a full 
product ion scan for each selected precursor ion, that is, parallel monitoring of all fragments 
from the precursor ion. In a Q Exactive (Paper I), the Q is set to select the precursor ion(s) 
which is/are fragmented in the HCD collision cell. Finally, the Orbitrap scans all product ions 
with high resolution and high accuracy. 

SIM Selected ion monitoring: the instrument is set to gather data at masses of interest. Since 
only a few masses are monitored, more time may be spent looking at these masses, thus 
increasing in sensitivity.  

https://en.wikipedia.org/wiki/M/z
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4.3 Functional group derivatization 

 

Functional group derivatization is a tool that efficiently supported this thesis work on the aim 
“investigation of chemical structures of new MC congeners” in Paper I. In simple words, 
chemical reactions specifically targeting presumed functionalities of the investigated 
molecule(s) (i.e. novel MC congeners), were used to help to prove the presence (or absence) of 
certain amino acids in specific positions of the structure(s). The aim was to support structural 
hypothesis for novel MCs based on LC–(HR)MS/MS) data, supplemented with 15N-labeling 
and isotopic profile analysis, as described in previous sections. The progress of the 
derivatization reactions was monitored using LC–HRMS.  

Sections below give a general overview of the reactions that were utilized in the work reported 
in Paper I, in order to understand how they can be used to support tentative MC-structures. A 
further aim of the section is to highlight the specific roles these reactions played in this work.  

4.3.1 Thiol conjugation  

Thiol conjugation helped to clarify the identity of the amino acid in position-7 of the MC-ring 
[185]. As mentioned in the section on chemical structure of MCs, most congeners include Mdha 
as the amino acid in that position. Mdha contains an α,β-unsaturated carbonyl group. The 
electrophilic double bond is reactive towards nucleophilic thiols R–SH (nucleophilic addition). 
Mdha is the most common, but not the only amino acid found in position-7, as described in 
section 3.1.3.1 Chemical structure, nomenclature and biosynthesis of MCs. Its N-demethylated 
form, Dha, is one of the alternatives and it also contains an α,β-unsaturated carbonyl group. 
Both Mdha and Dha react readily with thiols (the N-methyl group having minimal effect on this 
reactivity). When a Dhb7-moiety is present, the MC’s reactivity strongly decreases (ca. 2 orders 
of magnitude) compared to when an Mdha7-moiety is present, and derivatization may not be 
detected by LC–MS [186] (Figure 21).  

 

Figure 21. Nucleophilic addition of thiols to the electrophilic β-carbon of the α,β-unsaturated carbonyl 
group of moiety7 of MC heptacycle. The thiolate, in equilibrium with its thiol, is the reactive nucleophile. 
The reaction happens easily when R' is a hydrogen (i.e., Dha, Mdha), under weakly basic conditions. 
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The reaction is comparatively very slow (and often undetectable) when R' is a methyl group (i.e., Dhb) 
[185].  

This behaviour highlights the impact of the methyl group in the β-position, which is the only 
difference between Dha and Dhb. The same decrease in reactivity could be expected if Mdhb 
is present in position-7. However, since Mdhb is extremely rare in MCs [39], available data 
come from reaction of thiols with NOD-R (Mdhb is the dominant amino acid in position-5 for 
NOD analogues. Position-5 in the NOD-ring corresponds to position-7 for the MC-ring. [186]. 
A third possible scenario is that the amino acid in position-7 does not possess an α,β-unsaturated 
carbonyl group available for nucleophilic addition (e.g. N-methylserine (Mser), serine (Ser) or 
a pre-existing thiol-derivative), and thus there is no reaction. To summarize, there are three 
general groups of moieties that can be found in position-7 (Figure 22) of the MC-ring: those 
showing a “free double bond” ready to react with thiols (A); those with a methyl group in the 
β-position of the double bond, which significantly impedes the reaction (B), and moieties not 
having an α,β-unsaturated carbonyl group available for reaction (C).  
 

 

Figure 22. Examples of different moieties in position-7 of MC heptacycle, grouped according to their 
reactivity with thiols: A) α,β-unsaturated carbonyl group, readily reactive; B) α,β-unsaturated carbonyl 
group with a methyl group in β-position, which impedes reactivity; C) no α,β-unsaturated carbonyl 
group available. 
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Therefore, thiol derivatization represents a convenient practical tool to demonstrate the 
presence of Mdha or Dha in position-7, but also an easy way to differentiate between isobaric 
and isomeric amino acids like Mdha and Dhb [185] (Mdha and Dhb have the same molecular 
formula, thus not even HRMS methods alone can differentiate them), simply by observing their 
reactivity towards thiols.  

Literature reports the reaction of several thiols (e.g. 2-mercaptoethanol, GSH, aminoethanthiol) 
with MCs [71, 186, 187]. The choice of the thiol needs to be appropriate and depends on the 
aim of the study. Thiol derivatization performed with 2-mercaptoethanol (herein simply 
referred to as mercaptoethanol) under weakly basic conditions was described by Miles and co-
authors [186] as a simple and effective tool to help detect candidate MC analogues by LC–MS, 
especially in complex mixtures. The reaction is simple to perform and products of the 
nucleophilic addition are easily identifiable by LC–HRMS, because of the predictable increase 
in mass associated with the thiol (78.0139 in case of mercaptoethanol). Resulting derivatives 
from mercaptoethanol addition have similar retention times, ionization and fragmentation 
properties compared to their underivatized precursors. Thus, the study of MS/MS spectra of 
both underivatized precursors and derivatives may help with tentative identification of putative 
MCs, especially when reference standards are not available. In addition, the addition of the thiol 
moiety places the MC derivatives in a LC–MS mass window slightly, but significantly, shifted 
from the original MCs, with fewer interferences [186]. 

In Paper I, we performed two separate series of thiol derivatization experiments, using 
mercaptoethanol, or using a 1:1 mixture of mercaptoethanol and d4-mercaptoethanol, as 
reactive thiols. The progress of the reaction was followed by two different LC–HRMS methods 
(see Experimental section, Paper I). The advantage of using the 1:1 mixture of mercaptoethanol 
and d4-mercaptoethanol is that it results in a distinctive isotope pattern in the thiol derivatives, 
allowing their presence and identities to be determined with greater certainty. 

Thanks to those derivatizations, we identified 8 of the 12 candidate MC peaks detected in P. 

prolifica NIVA-CYA 544 potentially containing Dha7 or Mdha7 (examples in Figure 23). The 
other four peaks were from MC congeners in which the double bond was already “occupied” 
from conjugations with biological thiols such as GSH (Paper I). Experimental conditions were 
based on Miles et al. [186] and can be found in the Experimental section of Paper I.  
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Figure 23. Extracted positive ion LC–HRMS chromatograms (± 5 ppm) before (left), and after (right), 
thiol derivatization with 2-mercaptoethanol. Blue lines represent underivatized MCs (m/z above) while 
red lines represent their mercaptoethanol derivatives (m/z below). (A) standard of MC-LR, and five 
examples among MC congeners from P. prolifica NIVA-CYA 544; (B) [D-Asp3,Mser7]MC-RR; (C) [D-
Asp3]MC-RR; (D) [D-Asp3]MC-ER; (E) [D-Asp3]MC-LR  and; (F) the heavy [D-Asp3]MC-RR 
conjugate. Pairs of chromatograms are on the same fixed scale (number in the top right-hand corner of 
each chromatogram). 

 

In addition to aid structural elucidation of putative MC congeners, the mercaptoethanol reaction 
helped us to identify a mis-identified commercial standard, supplied (incorrectly) as [D-
Asp3]MC-RR, but which was shown to be [D-Asp3,Dhb7]MC-RR. The standard did not react 
noticeably with mercaptoethanol (Figure 24), but was expected to do so if it would be [D-
Asp3]MC-RR). This non-detectable reactivity [185], together with comparison of retention 
times of reference standards, allowed the correct identification of these structural isomers 
(Figure 24). At about the same time, Birbeck et al. [188] independently reached the same 
conclusion regarding their standard of [D-Asp3]MC-RR obtained from the same supplier. 
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Figure 24. Extracted positive ion LC–HRMS chromatograms (± 5 ppm) before (left), and after (right), 
thiol derivatization with mercaptoethanol (thiol) of (A) reference standard of [D-Asp3]MC-RR from 
National Research Council of Canada (NRCC); (B) reference standard of [D-Asp3,Dhb7]MC-RR from 
NRCC; (C) commercial standard of [D-Asp3,Dhb7]MC-RR from ENZO mis-identified as [D-Asp3]MC-
RR; [D-Asp3]MC-RR in P. prolifica NIVA-CYA 544. [D-Asp3,Dhb7]MC-RR, which contains Dhb in 
position-7, does not react detectably with mercaptoethanol under the conditions used. Chromatograms 
for each compound are on the same fixed scale (number in the bottom right-hand corner of each 
chromatogram). Peaks after thiol derivatization have reduced intensities (ca 2-fold) compared to those 
ones before the reaction, due to dilution with sodium carbonate buffer.  

 

Derivatization with GSH falls in this category of reactions, too. We converted a standard of [D-
Asp3]MC-RR to its GSH-conjugate to support the identification of the first reported GSH 
conjugate (Figure S15 of Paper I) of MCs in a cyanobacterial culture ([D-Asp3]MC-RR–GSH 
conjugate), through comparison of its retention time, accurate mass and LC–HRMS/MS 
spectra. 

4.3.2 Methylation of carboxylic acid functionalities 

Extracts of P. prolifica NIVA-CYA 544 were treated with diazomethane (CH2N2) to methylate 
and thereby count the number of reactive carboxylic acid groups present in each MC. The 
reaction was monitored by LC–HRMS/MS. Details of the method are described in the 
Experimental section of Paper I. 

Diazomethane is a popular esterifying agent for laboratory use. It allows mild conversion of a 
carboxylic acid group to its methyl ester (Figure 25).  
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Figure 25. Methylation of carboxylic acid group with diazomethane (CH2N2). 

 

Most MC congeners contain two carboxylic acids groups. These belong to the D-Glu6 moiety, 
which is the most highly conserved in the MC cycle, and to D-Masp3 or D-Asp3, the most 
common moieties in position-3 [39]. Among the new congeners tentatively identified in Paper 

I, two were thought to contain Glu in position-2 and/or position-4, in addition to D-Glu being 
present in position-6 (i.e., [D-Asp3]MC-ER and [D-Asp3]MC-EE), based on LC–ITMS and –
HRMS/MS data as well as 15N isotope labelling. Thus, the final number of carboxylic acid 
groups were thought to be three and four, respectively, in these congeners (Figure 26).  
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Figure 26. [D-Asp3]MC-ER and [D-Asp3]MC-EE contain one or two additional carboxylic acid groups 
compared to [D-Asp3]MC-LR, respectively (the pink Glu2 and/or Glu4), in addition to the two carboxylic 
acids (the blue D-Asp3 and Glu6) found in [D-Asp3]MC-LR and most other MCs. 

 

Esterification with diazomethane was used in this work, as a means of counting the total number 
of reactive carboxylic acid functionalities and thereby verifying the presence of additional Glu 
moieties. It was a complementary tool, to support the tentative identification of new MC 
congeners as [D-Asp3]MC-ER and [D-Asp3]MC-EE. In fact, HRMS/MS methods alone could 
not prove the specific presence of Glu even though they could provide accurate masses of 
fragments, and thus only the probable elemental composition of moieties in position-2 and/or -
4. Figure27 shows some examples that would have the same elemental composition as Glu. 
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However, both structures on the right do not contain the carboxylic functionality and would be 
unreactive towards a methylation agent as mild as diazomethane. 

 

 

Figure 27. Left-hand side: structure of [D-Asp3]MC-ER with Glu2 moiety highlighted in red and the 
carboxylic functionality highlighted in blue. Center and right-hand side: structures of glutamic acid and 
two structural isomers. Glu-isomers can be excluded as moiety in position-2 in [D-Asp3]MC-ER, using 
esterification with diazomethane. 

 

Methylation could then confirm whether or not those elements were arranged to form a 
carboxylic acid, and if so then the structural formula likely corresponded to Glu (Figure 28 and 
Figure 29).   

 



47 

 

 

Figure 28. Extracted positive ion LC–HRMS chromatograms (± 5 ppm) of: (A) a [D-Asp3]MC-LR 
reference standard and its; (B) monomethyl esters, and; (C) dimethyl ester  (exact m/z reported in the 
left-hand corner) obtained by reaction with diazomethane. Chromatograms are on a fixed scale (number 
in the top right-hand corner of each chromatogram). Full light-blue lines are chromatograms prior to 
reaction; dashed red lines are from analysis of the reaction mixture.  

 

 

Figure 29. Extracted positive ion LC–HRMS chromatograms (± 5 ppm) of [D-Asp3]MC-ER (left, A) 
and [D-Asp3]MC-EE (right, A) from NIVA-CYA 544 and its monomethyl esters (B), dimethyl esters 
(C) trimethyl ester(s) (D) and tetramethyl ester (E) (exact m/z reported on the left-hand corner) obtained 
by reaction with diazomethane. Chromatograms are on a fixed scale (number in the top right-hand corner 
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of each chromatogram). Full light-blue lines are chromatograms prior to reaction; dashed red lines are 
from analysis of the reaction mixture. 

Esterification is a common reaction (usually acid-catalysed) between carboxylic acids and 
alcohols. Thus, acidic methanol-containing solutions, which are often used for extraction, 
isolation and/or storage of MCs, can create favourable conditions for esterification of 
carboxylic acid groups. The D-Glu6 carboxylic acid is readily esterified by acidic methanol 
[189] or by (trimethylsilyl)diazomethane/ethanol [177], and it has been suggested that all
reported D-Glu(OMe)-containing MCs are artefacts generated through esterification rather than
being biosynthesized by cyanobacteria [39]. Namikoshi et al. [190] reported seven MCs that all
contained -E(OMe), i.e. methyl esters of Glu in position-2 and/or -4. With hindsight, these were
all probably artefacts originally biosynthesized as -EE congeners. Since methyl ester artefacts
have been reported at position-2 and -4 [190], but not at position-3 and -6, it seems likely that
the conditions were sufficiently favourable for Glu2 and/or Glu4 esterification, but not for D-
Asp3 and D-Glu6 esterification. This suggests that Glu2 and/or Glu4 are more easily esterified
than D-Asp3 and D-Glu6 moieties.

4.3.3 Oxidation with sodium periodate 

Extracts were also treated with sodium periodate to identify compounds containing sulfide 
linkages via oxidation to their sulfoxides. This reaction was performed at the NRCC and it was 
monitored by LC–HRMS/MS, as described in the Experimental section of Paper I.

Periodate is a mild oxidant and it is well known to oxidize sulfides to sulfoxides [191]. On the
other hand, sulfoxides are not expected to further oxidize to sulfones (too mild oxidant) (Figure 

30). In Paper I, sodium periodate has been used.  

Figure 30. Oxidation of a sulfide group to a sulfoxide group with a mild oxidant, e.g. sodium periodate 
(NaIO4). 

The reaction supported the tentative identification of a MC congener with a surprising 
(considering the usual range of MCs) high-molecular-mass (2116 Da) in P. prolifica NIVA-
CYA 544, which was a sulfide conjugate of [D-Asp3]MC-RR. Its sulfoxide was also present in 
the strain, likely as an autoxidation [54] product (Paper I). The sulfide was quantitatively 
converted into its sulfoxide by the reaction with periodate, establishing the sulfoxide nature at 
the same time (Figure S2-S3 of Paper I). The sulfoxide itself did not react detectably to give 
the sulfone, as expected because of the mild oxidation power of periodate. We did not 
investigate the structure of the S-conjugate further at this stage. 
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4.4 In vitro assays for ED activity investigation 

 

In vitro assays for studying ED activities represent simple-to-use tools. They can be well-suited 
for the screening of EDs based on their toxicological mechanisms. Such assays are 
complementary to analytical-chemical methods [192].  

EDs can be identified according to some characteristics they share, the KCs [125] described in 
section 3.2.3 State of the science on EDs). These KCs reflect the variety of modes of action 
through which a compound can interfere with the endocrine system’s pathways. Different 
mechanisms require different assays. The lack of a complete in vitro array of predictive models 
for each mode of action is one of the gaps for the hazard assessment of EDs [123]. 

In this thesis work, three types of in vitro assays to study the potential ED activity of 
cyanobacteria have been used (Figure 31). Two of the assays are based on mammalian cell line 
models: reporter gene assays (RGAs) (Paper II), and the H295R steroidogenesis assay (Paper 

III). While the purpose of the former is to measure effects (of cyanobacterial compounds) on 
steroid nuclear receptor(s) signaling, the latter investigates effects on steroid hormones 
production. The third assay, which aimed to investigate effects on 17β-estradiol 
biotransformation (in particular Phase I metabolism modulation), was based on the human liver 
microsome (HLM) model (Paper II). 

 

 

Figure 31. In vitro assays used for investigation of ED activity of cyanobacterial compounds. 

 

These three assays assess effects on different aspects of the endocrine system (see the section 
3.2.2 The endocrine system) from the biosynthesis of hormones at the glandular level, to 
hormone-receptor interactions, passing through hormones’ metabolism. In the following 
sections, the basic principles of these assays are described, highlighting their use in this thesis. 
Experimental details are described in Paper II (RGAs and HLM assay) and Paper III (H295R 
assay). 
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4.4.1 Cell based bioassays 

4.4.1.1 Reporter gene assays (RGAs) 

Receptor-mediated mechanisms are the most widely investigated with regards to ED activity. 
They are the most intuitive mechanisms, since receptors represent the targets of individual 
hormones [95].  In this work, RGAs were the first in vitro bioassays that were used to 
investigate the effects of cyanobacterial extracts on the receptor level (Paper II).  

RGAs can measure agonistic and antagonistic effects (of tested compounds) on specific cellular 
receptors. These are nuclear (intracellular, located in the nucleus) receptor proteins, reached by 
their specific steroid hormones. Thus, steroid hormones are molecules that are sufficiently small 
and hydrophobic to diffuse across cell membranes in order to bind at the nuclear receptors. In 
unstimulated cells (i.e. when the hormone is absent), steroid receptors are in an inactive form 
and often part of a multi-protein complex in the cell. Upon hormone binding, the receptor 
undergoes a conformational change and acts as transcription regulator in the nucleus. It binds 
to DNA on specific steroid response elements (SRE) and activates the transcription of its target 
genes [193, 194]. RGAs are designed to detect exactly such an activation, using a so-called 
“reporter gene”, a gene that can be fused to regulatory sequences or genes of interest, to report 
expression location or levels by producing proteins that enables detection and measurement of 
gene expression [192, 195, 196] (Figure 32).  

In this work, cell lines that respond to specific types of steroid hormones were used as RGAs: 
MMV-Luc (estrogen-responsive), TARM-Luc (androgen-responsive) and TGRM-Luc 
(glucocorticoid-responsive). These cell lines were originally developed by transfecting human 
mammary gland cell lines with relevant receptors and incorporating a transactivation step with 
a signaling protein, the luciferase [193]. The luciferase gene (luc) is a commonly used reporter 
gene in such assays [197]. It is one of the two types of luc genes, cloned from either fireflies, 
as in this case, or bacteria. It encodes a 61-kDa enzyme able to oxidize the substrate D-luciferin, 
in the presence of adenosine triphosphate (ATP), oxygen, and Mg2+, yielding a fluorescent 
product that can be quantified by measuring the released light [198].
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Figure 32. Scheme of (reporter gene) luciferase gene assay functioning.  

 

Compared to simple receptor-binding assays, which can only determine binding — but not the 
activation, RGAs are able to measure receptor activation through the measurement of the 
signaling protein luciferase. Thus, RGAs can discriminate receptor agonists and antagonist 
compounds (compounds able to respectively mimic or block natural transcriptional activation 
of steroids by binding to their nuclear receptors, see section 3.2.3 State of the science on EDs), 
providing a specific and sensitive means for ED activity screening [192].   

In this work, RGAs were used to screen extracts from the whole cyanobacterial collection, both 
for agonistic and antagonistic effects (see the section 3.2.3 State of the science on EDs) on 
estrogen, androgen and glucocorticoid receptors (Paper II).  

4.4.1.2 H295R steroidogenesis assay 

The human adrenocortical carcinoma cell line, H295R (also referred to as NCI-H295R), 
originated from an excised adrenocortical carcinoma [199]. The initial cells obtained from the 
patients' tumor were cultured and the resultant cell line was called NCI-H295. Further efforts 
were made to select a population of cells with better monolayer attachment and more rapid 
growth, which are the (NCI-)H295R (three different strains are available) [199, 200].  

The H295R cell line is a model for studies on adrenal steroidogenesis and its disruption [138, 
201]. Steroidogenesis is the overall process of steroid hormones production.  

The adrenal cortex is the outer part of the adrenal gland, which is one of the main endocrine 
glands (located above the kidneys), where steroidogenesis takes place. It is divided into three 
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zones: zona glomerulosa, zona fasciculate and zona reticularis [202]. The adrenal cortex is a 
major target organ affected by EDs [108, 203]. H295R cells conserve physiological 
characteristics of the undifferentiated adrenal cortex gland. Thus, these cells have the unique 
property of expressing genes that encode for all the key steroidogenesis enzymes and represent 
a powerful tool for ED activity investigation [201].  

Steroidal hormones include corticosteroids (glucocorticoids and mineralocorticoids) produced 
mainly in the adrenal cortex and sex steroids (estrogens, androgens and progestogens, produced 
mainly in the gonads [204]. The distinction in production site is not exclusive, however, because 
the adrenal cortex also secretes sex hormones, albeit to a lesser extent than the gonads, and also 
the ovaries may produce adrenal steroids under abnormal conditions [205, 206]. All steroid 
hormones have a common precursor, cholesterol. Steroidogenic acute regulatory protein 
(StAR) transport cholesterol to the inner mitochondrial membrane in steroidogenic cells. This 
rate-limiting step is followed by the action of several key enzymes that modify cholesterol into 
other steroidal hormones [206] (Figure 33).  

 

Figure 33. The steroidogenesis pathways including steroidal hormones (in bold black). Enzymes that 
catalyse the interconversion of individual hormones are in shown in italics.  

 

Steroidal hormones regulate several important functions, including growth and development, 
metabolism and reproduction [207].  

A variety of xenobiotics can alter the gene expression or activity of enzymes that are of 
importance for steroidogenesis. By altering the production or catalytic activity of steroidogenic 
or steroid-catabolizing enzymes, these chemicals have the potential to alter the steroid balance 
in organisms, with potentially major adverse effects [205, 208].  

The H295R steroidogenesis assay has been used at the last stage of the investigations on 
cyanobacterial ED activity. The aim was to clarify the potential impact of MCs, and MC-LR in 
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particular, on steroidal hormones production, as well as to discriminate MCs’ role from that one 
of other cyanobacterial active metabolites. To do that, 14 hormones of the steroidogenesis 
pathways were quantified by LC–MS/MS after exposing H295R cells to cyanobacterial 
compounds (Paper III). 

4.4.1.3 In vitro cell viability and cytotoxicity assays (MTT and AlamarBlue)  

Cell viability and cytotoxicity (i.e., being toxic to cells) assays are important tools for biological 
evaluation of in vitro studies. Cell viability assays measure live and healthy cells within a 
population and/or their survival following treatment with compounds, to guarantee cell 
performance when used for in vitro bioassays while cytotoxicity assays measure dead cells. 
Either cells health is evaluated through measurement of their metabolic activity, ATP content, 
cell proliferation or using cell toxicity assays that provide a readout on markers of cell death, 
such as a loss of membrane integrity. 

4.4.1.3.1 MTT assay 

MTT (3-(4,5-dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide) assay is a common 
colorimetric assay. Reagents used in colorimetric assays develop a color in response to the 
viability of cells, quantifiable by spectrophotometer measurements. In viable cells with active 
metabolism, the yellow MTT is reduced to the purple formazan by NADH and quantified by 
light absorbance at specific wavelength. MTT formazan is insoluble in water, and it forms 
purple needle-shaped crystals in the cells. Therefore, prior to measuring the absorbance, an 
organic solvent such as dimethyl sulfoxide (DMSO) is used to solubilize the crystals [209, 210].  

MTT assay has been used along with RGAs (details in Paper II). 

4.4.1.3.2 AlamarBlue assay 

AlamarBlue assay (or resazurin reduction assay) is based on enzymatic activity measurement. 
It is a widely used fluorimetric assay. It is based on the conversion of the blue non-fluorescent 
dye resazurin ((7-hydroxy-3H-phenoxazin-3-one-10-oxide) non-toxic and cell permeable 
compound), to the pink fluorescent resorufin by mitochondrial and other enzymes such as 
diaphorases, after entering cells. Viable cells convert continuously resazurin to resorufin, thus 
the amount of produced resorufin is related to the number of viable cells and it can be quantified 
using a microplate reader fluorimeter. The resazurin incubation period needed for a sufficient 
fluorescent signal above background is usually about 1–4 hours. 

AlamarBlue assay has been used along with H295R assay (details in Paper III).  

4.4.2 HLM biotransformation assay 

Liver microsomes (in this study human liver microsomes) are just one among several possible 
liver preparations (i.e. liver slices, hepatocytes, etc.) that can be used to study the 
biotransformation of chemical substances [211, 212].  

Biotransformation is a metabolic process, which takes places mainly (but not exclusively) in 
the liver. This process consists of a series of different reactions, which commonly aim to 
increase the hydrophilicity of a compound (both exogenous and endogenous) to facilitate its 
excretion [213]. These reactions either can occur simultaneously or sequentially, or even in 
reverse and are usually grouped into two main phases, depending on the chemistry involved. 
Phase I involves functionalization reactions (e.g. oxidative, reductive, hydrolytic). Phase II 
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biotransformation consists of conjugation with polar molecules (e.g. glucuronidation, 
acetylation and sulfation, conjugation with GSH or with amino acids). A phase 0, corresponding 
to the uptake of the compound through transporters, and a phase III, which refers to transporter-
mediated elimination, have also been defined [214]. Paper II focused on the effect of 
cyanobacterial compounds on phase I biotransformation of 17β-estradiol. 

The enzymes catalyzing biotransformation reactions can give biotransformation products that 
render the substrate compound inactive, active, or even (more) toxic or bioactive [213, 215]. 
The major enzyme metabolizing activity is preserved in microsomal in vitro models, although 
microsomes are artefacts, i.e. they are not present in living cells. Indeed, they are concentrated 
and separated from other cellular debris by differential centrifugation on homogenized hepatic 
cells [212]. The microsomal fraction consists primarily of soluble enzymes from the 
endoplasmic reticulum that are isolated and concentrated. The cytochrome P450 system (or 
CYPs) [216] is the family of membrane-bound enzymes found within the endoplasmic 
reticulum of hepatocytes, and is thus one of the types of enzymes concentrated in the 
microsomes, which mainly catalyze phase I oxidation reactions [212]. Microsomes containing 
high amounts of specific CYPs can be prepared via heterologous expression [217]. Microsomal 
model require exogenous cofactors for enzymes to be active. For phase I oxidations this is a 
nicotinamide adenine dinucleotide phosphate (NADPH)-regenerating system (Paper II). 

The HLM model is widely used in drug metabolism research. It is a relatively cheap model, 
easy to use and microsomes may be stored (–80 °C, or below) for several years [218, 219].  

In this thesis, the HLM model has been used to evaluate the impact of cyanobacterial 
compounds, i.e. MC-LR and an extract from an MC-LR-producing strain of M. aeruginosa) on 
17β-estradiol phase I biotransformation. The aim was to investigate a possible estrogenic effect 
through a non-receptor mediated mechanism, 17β-estradiol was incubated either alone or in the 
presence of MC-LR or M. aeruginosa extract. 17β-estradiol depletion as well as the concurrent 
production of the main oxidative metabolites were investigated by LC–MS/MS (Paper II). 

4.4.3 MC ELISA 

An indirect competitive multihapten MC ELISA was used (Paper II), along with LC–MS and 
literature data, to confirm MC production by cyanobacterial strains in the collection of 
Microcystis and Planktothrix spp. used for this thesis’ work. This assay played a minor role in 
the thesis, as a supportive screening tool. However, it is an interesting and useful tool for MC 
analysis in general. Further details can be found in Samdal et al. (2014) [152]. 

  



55 

 

5. DISCUSSION OF MAIN RESULTS  

 

This project aimed to investigate the potential role of cyanobacterial metabolites, in particular 
MCs, as EDs. It was a rather broad aim that may be approached in many ways. However, this 
general aim was translated into specific goals, which lead to the achievement of results 
described in Paper I, Paper II and Paper III.  

The goals were: 

1. Structural investigation of (new) MC congeners (Paper I). 
 

2. Investigation of ED activity (and related mechanisms of action) of MCs and 

cyanobacterial extracts (Paper II, Paper III). 

This chapter does not aim to replace the detailed discussions in the attached publications, but 
rather to summarize and provide an overview of the overall relevance and interconnection of 
the findings. 

In hindsight, the findings reported in this thesis are generally mostly related to research that 
was performed using two cyanobacterial strains from the collection of 27. These were 
P. prolifica NIVA-CYA 544 (isolated in Norway in 2004) and M. aeruginosa PCC7806 
(isolated in the Netherlands in 1972). They represent the two genera investigated in this work, 
and both strains were able to synthesize MCs. The two strains had previously been used in 
several studies. The M. aeruginosa strain has been used also for studies on cyanobacterial ED 
activity [144, 147]. They represented established starting points for this work and could still 
provide interesting data and results. In addition, this work focused on the most studied 
cyanotoxins, the MCs, including exploring their structural variability (Paper I), their potential 
ED activity in vitro, and especially the potential ED activity of the well-studied congener MC-
LR (Paper II and Paper III). Overall, it was a well-balanced approach for exploring a field so 
wide but at the same time as little studied as cyanobacteria and EDs. 

 

5.1 Structural investigation: new MC congeners from P. prolifica NIVA-CYA 

544 (Paper I) 

 

In P. prolifica NIVA-CYA 544 extracts, we could identify up to seven unreported MC 
congeners. This strain was supposed to be tested for endocrine effects on nuclear receptors in 
RGAs, as part of the ED activity investigation (Paper II). During the original low-resolution 
LC–ITMS screening, which aimed merely to confirm MC production before performing RGAs, 
a potential MC of unreported molecular mass was detected (m/z 997) during this strain’s 
analysis, suggesting the presence of a possible new MC variant. Indeed, this congener was later 
on tentatively identified as [D-Asp3]MC-ER. 

This discovery was the starting point of a deeper investigation of the strain extracts, utilizing a 
combination of analytical tools (described in the 4. Methodologies chapter and discussed in the 
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last part of this section), which eventually led to the (tentative) identification of the new MC 
congeners that are described in Paper I. The tools and especially their combination played a 
crucial role. 

Table 2 on the next page summarizes some of the principal data for new MCs reported in Paper 

I, including their neutral formulae, number of nitrogen atoms as measured from 15N-labeling, 
exact m/z for protonated and deprotonated molecules, reactivity to thiol and number of 
carboxylic acid functionalities (derived from methylation with diazomethane). 
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These new compounds (Table 2) have some interesting characteristics that are worth discussing 
in more detail. 

 [D-Asp3]MC-EE (1) and [D-Asp3]MC-ER (2) were the first reported MCs containing Glu 
in positions-2 and -4.  

The identification of these congeners helped, with hindsight, recognizing previously reported 
MCs [190] containing methyl esters of Glu in positions-2 and/or -4, as artefacts (see also the 
section 4.3.2 Methylation of carboxylic acid functionalities). Furthermore, this may help in the 
future to target congeners biosynthesized as Glu-containing in positions-2 and/or -4, when their 
methyl esters are detected in blooms or other samples. Among all reported MC congeners, about 
20% are the result of chemical/biochemical transformation in the environment or during sample 
extraction and preparation [39].  

 [D-Asp3]MC-RW (3) was reported as a new congener, containing Trp (denoted also by the 
1-letter abbreviation W) in position-4. It was present at low levels, and it would likely go 
unnoticed without a thorough analysis of concentrated extracts and without the combination 
of analytical tools as was used in this study (the same applies to [D-Asp3]MC-EE, which 
was also present at low relative concentration).  

Low-level MCs can present some interesting food for thought about MC biosynthesis, which 
may be produced by a strain, and which may be overlooked especially with targeted analysis. 
Low abundance in one strain does not imply that a specific congener cannot be dominant in 
another strain. Thus, the identification of a new congener is always important, as another piece 
of knowledge about the complex structural variability of MCs and cyanotoxins in general. For 
example, [D-Asp3]MC-EE (1) and [D-Asp3]MC-ER (2), which were minor congeners in 
P. prolifica NIVA-CYA 544, were shown to be major components in a culture from Myanmar, 
as recently published by Ballot et al. [220]. When discussing toxicological properties of MCs, 
the degree of amino acid variability was demonstrated to have a fundamental impact on toxicity 
[39, 92]. Thus, as there will be differences in toxin profiles between strains, the net-toxicity can 
be hard to predict. Another aspect are species differences among exposed animals meaning that 
while some toxin mixtures might be harmful for one species, they might not for another.   

 [D-Asp3]MC-RCit (4) was the first reported congener containing citrulline (Cit).  

This result was interesting not only because it represented a new congener, but also because Cit 
is an amino acid that is involved in both the biosynthesis and catabolism of Arg in bacteria. 
This means that it could be a minor by-product from the biosynthesis or the breakdown of [D-
Asp3]MC-RR (the most abundant congener detected in P. prolifica NIVA-CYA 544) and, on a 
larger scale, this means that similar analogues could in general accompany congeners 
containing Arg in blooms and cultures. Their abundance could be substantially smaller than the 
Arg-related analogues (i.e., in this case [D-Asp3]MC-RR), and thus, it could be important to 
look specifically for them if interested in their detection. Another important detail to discuss 
related to [D-Asp3]MC-RCit (4) is the strong evidence that the amino acid in position-4 is Cit 
and not argininic acid, which has the same molecular formula (C6H13N3O3) (Figure 34).  
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Figure 34. Arginine (Arg), citrulline (Cit), argininic acid structures and chemical formulae. 

 

Both biosynthetic considerations, and the combination of tools used in this study, supported 
that the amino acid in position-4 in 4 was Cit and not argininic acid, highlighting again the 
importance of complementary approaches. From a biosynthetic point of view, the presence of 
argininic acid would require an unprecedented structural feature, which is an ester linkage 
within the MC-macrocycle (Figure 35). This would also result in different MS/MS 
fragmentation patterns. In addition, the argininic acid would imply a guanidinium group 
terminating the side chain in position-4 (Figure 35). Such a molecule would possess two 
guanidinium groups (in positions-2 and -4), which is expected to afford doubly-charged ions 
during ESI (in accordance to –RR type of MCs). It would also elute at a short retention time 
and show a fragmentation pattern similar to [D-Asp3]MC-RR. Instead, the compound was singly 
charged, eluted closely to and fragmented similarly to [D-Asp3]MC-LR (Supplementary 
Material of Paper I). 

 

 
 

Figure 35. Arginine, citrulline and argininic acid in a MC-macrocycle. Argininic acid would imply an 
ester linkage, which is biosynthetically unlikely. The guanidinium group in the argininic acid moiety 
would imply chromatographic and mass spectral behaviour similar to congeners containing arginine 
both in position-2 and -4. 
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In addition, LC–HRMS/MS data showed that the side-chain of the amino acid at position-4 of 
this compound contained C4H9ON2, and must include exactly one ring or double bond. Given 
that neither of the two nitrogen atoms can be basic (given the molecule’s charge-state, retention 
time, and fragmentation pattern), both nitrogen atoms must therefore be either side of a carbonyl 
group, thereby indicating the presence of a carbamide group R-NH-C=O(NH2). Furthermore, 
HRMS/MS spectra of the unlabeled and 15N-labeled compound (Figure S64, Paper I) 
unambiguously demonstrated that the most prominent product ion in the HRMS/MS spectrum 
is due to a neutral loss of HNCO (isocyanic acid), which is a characteristic neutral loss from 
Cit-containing peptides [221]. In summary, this is an example of how both biosynthetic 
considerations and the combination of analytical tools was used to used provide structural 
evidence, highlighting again the importance of complementary approaches. 

 The GSH-conjugate of [D-Asp3]MC-RR (5) appears to be the first report of a MC–GSH 
conjugate in a cyanobacterial culture.  

The semi-synthetic conversion of a standard of [D-Asp3]MC-RR to its GSH-conjugate (see 
section 4.3.1 Thiol conjugation), confirmed this identification. This finding suggests that the 
GSH-derived conjugates identified previously in a Microcystis bloom [222] may be produced 
by the cyanobacteria in the bloom without the involvement of other organisms coexisting in the 
water. 

 A sulfide conjugate of [D-Asp3]MC-RR (6) (and its sulfoxide (7)), comprising a molecular 
mass of 2116 Da made this type of MC variant unprecedented (the second largest MCs are 
GSH conjugates with molecular masses of ca. 1300 Da).  

This conjugate is more than 50% more massive than the common MCs’ mass range. The 
reported molecule was a doubly-charged (both in positive and negative ion mode) conjugate of 
the well-known [D-Asp3]MC-RR, even though further studies will be required to fully elucidate 
what is conjugated to the MC-core. The corresponding sulfoxide was also present in the strain, 
likely as a result of autoxidation. The reaction with periodate was a key tool for establishing the 
sulfide and sulfoxide nature of the congeners at the same time (as described in the section 4.3.3 
Oxidation with sodium periodate). The sulfide conjugate consisted of a diastereomeric pair of 
major and minor isomers (Figure 2 of Paper I), just like all other MC-thiol conjugates. The 
sulfur atom in the sulfide becomes a chiral centre when oxidized to a sulfoxide. Consequently, 
each of the two sulfide diastereoisomers is converted to a pair of sulfoxide diastereoisomers by 
oxidation to the sulfoxide form, giving rise to four isomers (Figure 2 of Paper I). 

In addition to “merely” elucidating the structures of new MCs, which is of inherent importance 
for research on MC chemistry and biosynthesis, special focus was on the combination of 
complementary analytical tools to establish the chemical structures. 

These tools were: 

1. LC–MS/MS, to target fundamental MC moieties such as Adda5 or Glu6 (characteristic 
fragments in positive and negative ionization mode, respectively), as well as other single 
or combined moieties, which give characteristic fragments. 

2. 15N-labeling, to establish the exact number of nitrogen atoms and aid in the 
interpretation of high-resolution mass spectra. 

3. Thiol derivatization using mercaptoethanol (followed by LC–HRMS), to target Mdha7 
or Dha7 moieties. 
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4. Esterification with diazomethane (followed by LC–HRMS), to target carboxylic acid 
groups. 

5. Oxidation with sodium periodate (followed by LC–HRMS), to target sulfide groups. 
6. Application of isotope-profile analysis to support correct identification of molecular 

formulae. 

The pool of selective chemical derivatization reactions, as well as isotope pattern analysis for 
15N-labelled isotopologues (relative to unlabeled variants), supported structural hypotheses 
based on accurate mass measurements and characteristic MS fragmentation achieved by 
multiple LC–MS/MS analyses (both CID–ITMS/MS and HCD–HRMS/MS), in positive and 
negative ionization modes. This set of tools allowed the collection of strong lines of evidence 
complementing each other, i.e. complementary structural information. 

Showing the power of simultaneously applying these multiple approaches that all are based on 
various LC–MS analysis to this research problem was not an aim of the project in itself. 
However, it demonstrates that in some cases it is possible to overcome the use of other resource-
demanding techniques such as NMR, or peptide degradation followed by amino acid analysis. 
The presented approach is not an absolute replacement for these techniques that may give 
information to unequivocally establish chemical structures (i.e., stereochemistry), but a 
valuable option that may work easily for this family of toxins. Indeed, the knowledge of their 
core structure and how they fragment and react, is well established and may give trustable 
starting clues for realistic structural hypotheses of new putative congeners. Thus, these 
hypotheses can be confirmed (or not) by using the tools listed above.  

Considerations on how MCs are biosynthesized may help further on narrowing down the list of 
plausible structures produced by the same strain. Indeed, all congeners are produced by the 
same synthase in a strain and therefore may tend to keep some common features, such as a 
demethylation of a specific moiety like D-Asp3 in all reported congeners in P. prolifica NIVA-
CYA 544, Table 1 of Paper I). 
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5.2 ED activity investigation: cyanobacteria and steroid hormones (Paper II 

and Paper III) 

 

In vitro models represented the best starting point for the ED activity investigations. They are 
easy to set up, cost effective, reproducible and generally ethically unproblematic compared to 
experiments in vivo. Monolayer cell cultures can be maintained for an extended period, up to 
several weeks. HLM are a very good model for prediction of in vivo toxicokinetics and 
biotransformation, and are widely used in the pharma industry. 

The findings from the ED activity investigations of this work are summarized in Paper II and 
Paper III. The experiments targeted one or more steroid hormones, using methodologies that 
studied ED effects at different levels (Figure 36).  

The first step to approach cyanobacterial ED activity investigations was a screening of 
Microcystis and Planktothrix spp. culture extracts, from the whole in-house cyanobacterial 
collection (with the exception of the MC-deficient PCC7806mcyB−, which joined the 
collection at a later stage), in RGAs. Special focus was on estrogen-responsive RGA. In a next 
step, a HLM biotransformation assay was used to investigate estrogenic effects through 
modulation of 17β-estradiol phase I metabolism, by co-incubation of 17β-estradiol with a MC-
producing M. aeruginosa culture extract and pure MC-LR. Finally, the H295R steroidogenesis 
assay was used to assess the impact of MC-LR either alone or as a natural part of a 
M. aeruginosa culture extract on the biosynthesis of steroid hormones. Furthermore, 
modulation of steroidogenesis was also studied following exposure of H295R with a mixture 
of MC-LR and other pure MCs or with a MC-deficient M. aeruginosa culture extract. 

 

 

Figure 36. Overview of the in vitro assays used for investigation of ED activity of cyanobacterial 
compounds, results of which are summarized in Paper II and Paper III. 

 

As described in the section 3.3 Cyanobacteria and EDs, existing literature on ED activity of 
cyanobacteria is mainly focused on MC-LR and MC-LR-producing M. aeruginosa 
cyanobacterial strains, and are mainly based on animal models [127].   
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Several studies on zebrafish reported modulation of VTG levels following exposure to MC-LR 
[127]. Since VTG is considered a biomarker for estrogenic activity [134], estrogen-responsive 
RGAs [193] were expected to be a good start to narrow down the number of cultures with 
estrogen activity among those ones composing the collection (see section 4.1 Cyanobacterial 
collection), with the aim to select the most bioactive for further investigations. At this stage, 
indications if MC-producing strains were more or less responsive in the RGAs compared to 
non-MC-producing strains were expected, thus giving a first indication for a possible role of 
MCs regarding estrogenic activity. Indeed, their role is rather controversial according to the 
scientific literature. 

However, none of the culture extracts showed substantial agonist or antagonist activity at the 
estrogen receptor level (Paper II). Furthermore, the cyanobacterial culture medium Z8 [153], 
which was also tested in the estrogen-responsive RGAs, unexpectedly showed a weak estrogen 
agonist activity. This response created a background effect for all extracts, which made it very 
difficult to draw clear conclusions about the extract responses. Probably, the Z8 interference 
came from contaminants introduced during the production of the medium itself, rather than 
from its components. However, despite the effects of the cultivation medium itself, it was clear 
that none of the extracts had a strong agonist or antagonist activity in the RGAs. The rather 
marginal effect of the cyanobacterial extracts in the estrogen-responsive RGAs was unexpected 
given that estrogenic effects exerted by MCs and/or M. aeruginosa extracts are supported in the 
literature. This could imply that the estrogenic effect exerted by MCs and/or M. aeruginosa as 
shown in the VTG induction assays, might mainly derive from mechanisms other than direct 
interaction with estrogen receptors. 

The initial RGA screening also included androgen- and glucocorticoid-responsive RGAs, and 
provided preliminary data on the interference with androgen and glucocorticoid receptors. 
Possible effects were observed, especially in the glucocorticoid RGAs, but the replicate 
variability was high and would require further verification (Paper II). It was decided to move 
towards further studies on non-receptor mediated mechanisms of estrogen activity. Regardless 
of this, modulation of androgen and glucocorticoid receptors constitute an unexplored field on 
cyanobacterial potential ED activity, which deserves to be studied in more detail in the future. 

With respect to the KCs identified for a compound to be classified as ED [125] (see section 
3.2.3 State of the science on EDs), our interest moved from investigation of KC1 “Interacts 
with or activates hormone receptors” and KC2 “Antagonizes hormone receptors” with the 
RGAs, to the study of  KC9 “Alters hormone metabolism or clearance”. Thus, an HLM assay 
was employed for the CYP-mediated biotransformation of 17β-estradiol. The aim was to 
investigate if and how cyanobacterial compounds could affect phase I metabolism of 17β-
estradiol.  

The experiment aimed to study the potential interference with 17β-estradiol phase I metabolism 
by co-incubation of 17β-estradiol with either pure MC-LR or an extract of M. aeruginosa 
PCC7806, which produces MC-LR as main MC variant. Modulation of the 17β-estradiol main 
biotransformation products, 2-hydroxyestradiol and 4-hydroxyestradiol (conversion catalyzed 
by CYPs), as well as levels of estrone and estriol (linked to 17β-estradiol via reduction and 
oxidation biotransformation reactions) were monitored. However, only 2-hydroxyestradiol and 
estrone were produced in concentrations that allowed quantification in the HLM assay, and only 
these could thus be compared when 17β-estradiol was incubated either alone or together with 
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cyanobacterial components. Estrone is a natural weak estrogen that is in equilibrium with 17β-
estradiol. It can be a metabolic intermediate in the synthesis of 17β-estradiol. The enzyme 17β-
hydroxysteroid dehydrogenases (17β-HSD) catalyzes interconversion of 17β-estradiol and 
estrone [223] (Figure 37). 

The overall depletion of 17β-estradiol after 60 min of incubation in HLM was not significantly 
affected by the presence of cyanobacterial compounds (either MC-LR or M. aeruginosa 
PCC7806 extract). However, changes in the production of 2-hydroxyestradiol and estrone 
oxidative metabolites were observed after 60 min of 17β-estradiol co-incubation with 
cyanobacterial compounds in HLM. In particular, 2-hydroxyestradiol production was 
significantly lower compared to when 17β-estradiol was incubated with HLM alone, both when 
17β-estradiol was co-incubated with MC-LR and with the M. aeruginosa PCC7806 extract. On 
the other hand, estrone concentrations increased significantly when 17β-estradiol was co-
incubated with M. aeruginosa PCC7806 extract. Although drawing strong conclusions (i.e. 
about the role of MCs vs. other compounds or the impact on the overall 17β-estradiol 
biotransformation) from these results could sound pretentious, some interesting considerations 
can be done. Indeed, an endocrine interference was observed, meaning that an ED mechanism 
of action via modulation of 17β-estradiol biotransformation is plausible. Even though only a 
few of a range of known 17β-estradiol metabolites were measured, the experiments 
demonstrated the potential of MCs and M. aeruginosa to alter the profile of 17β-estradiol 
metabolites formed. This work may represent a starting point for a deeper investigation 
involving the monitoring of other 17β-estradiol metabolites, including phase II metabolites, and 
thus other enzymatic pathways. Such work could be extended to studies on the impact of 
cyanotoxins on metabolism of other hormones.  

Estrogens, including 17β-estradiol and estrone, undergo extensive oxidative metabolism by 
specific CYP enzymes [224, 225]. Oxygenated estrogen metabolites exert different biological 
activities and some of them may have pathophysiological roles (e.g., 16α-hydroxyestrone and 
4-hydroxyestrone cause damage to cellular proteins and DNA and may be carcinogenic in 
specific cells) [121, 226, 227]. Furthermore, different oxygenated metabolites possess different 
estrogenic potencies. For example, C-2 metabolites (e.g., 2-hydroxyestradiol) tend to have 
limited or no significant estrogen activity relative to their parent hormones. In contrast to this, 
C-4 and C-16 metabolites (e.g., 4-hydroxyestradiol) seem to be as or nearly as potent as the 
parent estrogens [226]. An altered estrogen-metabolite profile may therefore have a significant 
ED effect.  

However, due to the complex network linking hormone and metabolites, some equilibria may 
be affected indirectly and increased or decreased conversion into a specific metabolite may also 
imply changes of related pathways. Furthermore, among the variety of different CYP isoforms 
involved in the oxidative metabolism of estrogens, some possess a selective catalytic activity 
for regiospecific hydroxylation reactions of endogenous estrogens, meaning that there are 
specific metabolites produced by different members of the enzyme family [224]. The oxidation 
product 2-hydroxyestradiol was expected to be the major one in our model, because of the high 
levels of CYP1A2 and CYP3A4 in HLM [225, 227] (isoforms highly expressed in the liver) 
(Figure 37).  

Although CYP isoforms are largely present in the liver, they are also present in extrahepatic 
estrogen target organs. For example, CYP19A1, also known as aromatase, is a specific isoform 
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responsible for converting androgens into estrogens, which in females is most active in the 
ovaries, while in general it is active in brain, placenta, bones and other tissues as well [228]. 
The latter example of the aromatase shows that CYPs have a critical role not only in an estrogen 
oxidative metabolism, but also in its biosynthesis. Estrogens formation is part of the complex 
steroidal hormone biosynthetic process, the so-called steroidogenesis [206] (Figure 37).  

 

Figure 37. Overview over the steroidal hormone biosynthetic and biotransformation pathways 
investigated for non-receptor mediated mechanisms of action: steroidogenesis (Paper III, using H295R 
model) and 17β-estradiol phase I main metabolites (Paper II, using HLM model). Enzymes that catalyze 
specific reactions are also shown. 

 

Studies into the interference of cyanobacterial compounds with steroidogenesis was the final 
step of the ED investigation work (Paper III). This step refers to KC6 “Alters hormone 
synthesis”, as investigated characteristic [125]. The aim was again to assess a potential non-
receptor mediated mechanism through which cyanobacterial compounds can interfere with the 
endocrine system, and a possible interference with steroidogenesis has already been reported in 
the literature (see section 3.3 Cyanobacteria and EDs). The specific involvement of MCs in the 
observed effects was again one of the objectives. Human adrenal cortex-derived cells (H295R) 
[138, 199] were exposed to either MC-LR alone, a mixture made up of MC-LR together with 
eight other MCs and NOD-R, or extracts from the MC-LR-producing M. aeruginosa PCC7806 
strain or its MC-deficient mutant PCC7806mcyB−. Concentrations of 14 hormones of the 
steroidogenesis pathway were quantified in order to find out if and to what extent the different 
exposures modulate their production/interconversion (see Result section in Paper III). A 
complete discussion about the modulation of hormonal concentrations is reported in Paper III. 
Here, some results are used to make considerations. 

While not affecting 17β-estradiol and testosterone concentrations as it was in a previous study 
using the same model [137], MC-LR significantly increased the levels of 17-
hydroxypregnenolone and dehydroepiandrosterone (DHEA) in a concentration-dependent 
manner. Interestingly, both the M. aeruginosa PCC7806 extract and that of its MC-deficient 
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mutant M. aeruginosa PCC7806mcyB− showed a dose-dependent effect on 17-
hydroxypregnenolone and DHEA, but opposite to pure MC-LR. The MC mixture did not show 
the same trend, suggesting that the pure MC congeners other than MC-LR might affect 
steroidogenesis to a lesser extent. An inhibition of the enzyme 3β-HSD (Figure 37) could 
explain the effect of MC-LR, while there appeared to be other metabolites in the M. aeruginosa 
extracts that outcompeted the MC-LR related effect. However, since we did not measure 
enzyme activities but merely hormone concentrations, this remains just a plausible hypothesis.  

Another example of observed effect of H295R exposure with MC-LR or the MCs/NOD-R 
mixture was the modulation of hormones along the pathway leading from 17-
hydroxypregnenolone to cortisol and cortisone, through 17-hydroxyprogesterone and 11-
deoxycortisol, thus involving CYP21A2 or CYP11β1 enzymes. While cortisone and cortisol 
concentrations were reduced for specific concentrations of pure MCs, they were increased for 
both M. aeruginosa extracts. The latter result showed high variability resulting in statistical 
insignificance. However, as extracts from both PCC7806 strains confirmed the trend of MCs 
having the opposite effects on steroidal hormones biosynthesis compared to the cyanobacterial 
extracts, this deserves further investigation. 

A statistically significant and concentration-dependent upregulation of 11-deoxycorticosterone 
was observed for both MC-LR and M. aeruginosa extracts. Thus, concentrations of this 
hormone were increased following exposure with pure MC-LR, and both the PCC7806 wild-
type and mcyB− extracts. However, a similar effect for the PCC7806 wild-type and mcyB− 
mutant again suggests a role of other metabolites than MCs. 

In summary, the above-discussed examples of results, together with other details in Paper III, 
clearly suggest ED activities on steroidal hormones via modulation of their biosynthesis, of 
both MCs and other cyanobacterial metabolites. However, to translate statistically significant 
outcomes in this experimental setup into a biological outcome in an intact organism is very 
difficult. Indeed, the steroidogenic pathway is a complex branched pathway (Figure 37). 
Hormones are highly dependent on each other and the measured effects on one hormone 
necessarily affect other hormones. Furthermore, it is important to note that the net effect on 
hormone modulation may depend on different mechanisms either going into the same 
directions, or into opposite directions, thus with a possible attenuated final effect. This is 
especially important for interpretation of results from the univariate data analysis, while in this 
study both univariate and multivariate data analyses gave highly comparable results (Figure 2 
of Paper III).  

Overall, the results of this cyanobacterial ED activity investigation indicate that MCs and other 
cyanobacterial bioactive metabolites are potential EDs. Knowing the ability of MCs to exert 
toxicity inhibiting PP1 and PP2A, a similar mechanism can be hypothesized for a direct 
interaction of MCs with enzymes involved in steroidogenesis. However, the hypothesis of MCs 
affecting gene expression resulting in up- or down-regulating enzyme levels, is also plausible. 
Taking into consideration the complexity of both the metabolite composition of cyanobacteria 
(still largely unknown) and of the endocrine system (no in vitro test is currently able to assess 
the overall effect on the total system), no firm conclusion can be drawn on the overall biological 
significance of this ED activity in intact organisms. Conducted in vitro studies can guide future 
investigations, though.  
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6. RESEARCH NEEDS AND FUTURE PROSPECTIVE 

 

Since cyanobacteria and their toxins are an enormous field of research including many different 
aspects, there naturally remain needs for future research both in general terms and as a natural 
continuation of the research presented in this thesis. 

With respect to the research presented in this work, further investigations may be suggested on 
the following topics: 

 Structural clarification of the new heavy thiol-linked [D-Asp3]MC-RR conjugate 
reported in Paper I. This conjugate is an entirely new form of a MC compound and its 
structural identification could give important clues about the biological chemistry and 
biosynthesis of these toxins. 

 Study the interference of cyanobacterial extracts and/or pure MCs with androgen and 
glucocorticoid receptors in more detail (Paper II). Despite the rather large variances of 
the androgen- and glucocorticoid-responsive RGA in this work, there were trends that 
showed possible interferences especially with the glucocorticoid receptor that would be 
worth investigating in more detail. 

 A larger study into the interferences of cyanobacterial extracts and/or pure MCs with 
17β-estradiol biotransformation (phase I and phase II metabolism), focusing on a wider 
range of 17β-estradiol metabolites (Paper II). 

 The interference of MCs other than MC-LR separately, and not in combination as 
reported in Paper III, as well as cyanobacterial metabolites other than MCs on 
steroidogenesis, collecting more data on hormone modulation. Supplement the data with 
studying the interaction of cyanotoxins with specific enzymes that are involved in 
steroidogenesis in order to understand biological mechanisms behind observed effects 
better (Paper III). Include other known PP2A inhibitors such as okadaic acid in this 
work. 

Regarding more general issues, it has already been discussed in this thesis that there are many 
gaps in ED investigations as well as the in the structural knowledge of cyanobacterial 
metabolites, in addition to the very limited investigation on cyanobacterial ED activity. Here, 
the aim is not to be exhaustive in listing all those gaps, but rather to do some reflections. 

The quality of the risk assessment for exposure with cyanobacterial toxins and other 
metabolites, which is the ultimate goal, is dependent on available toxicological data (in terms 
of amount and quality of data on occurrence and biological activity). Toxicological profiles can 
drastically change depending on absorption, tissue distribution, metabolism and excretion that 
is the toxicokinetics of different MC variants. Structural differences lead to toxicity differences. 
Thus, a major effort on structure investigation is fundamental and needs to go together with 
bioactivity investigations. This is true for MCs as well as for all other bioactive cyanobacterial 
metabolites. It would be important, for both research work and regulations, to move the focus 
from MC-LR towards the concept of “total MCs”, thus “total cyanotoxins”. Furthermore, when 
considering a real situation, which means an environmental sample, the sample matrix may also 
play a role. This matrix is not just the water, but rather everything that is in the water. Thus, 
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interactions between different cyanobacterial components, as well as concomitant exposure 
with other chemicals should be considered. 

The inherent complexity of the cyanobacterial metabolome and of the endocrine pathways make 
it unlikely that a single unique compound would be identified as responsible for observed ED 
activity effects. Furthermore, a single mechanism of action is equally unlikely. It would be 
interesting and important to better explore interference of cyanobacterial compounds with 
endocrine system’s axes also through non-receptor-mediated mechanisms. The knowledge of 
the mechanisms is essential for the possibilities to evaluate potential interactions between 
different compounds as well as for the extrapolation of data between species. However, for the 
evaluation of the overall biological outcome of the alterations observed, well-planned in vivo 
studies would be needed for a final assessment. Preliminary in vitro data provide information 
that are useful in the planning, to focus on relevant endpoints and relevant metabolites/extracts. 
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7. CONCLUSIONS 

 

Cyanobacteria and EDs are two major challenging global issues. In general, they are separate 
fields of research, and both may be harmful for humans, wildlife and environmental health. 
Despite there is much concern about them as unrelated fields, their interconnection has been 
poorly investigated, and has mainly been oriented towards possible estrogenic activity of MC-
LR, as major congener of the widespread cyanobacterial toxins MCs. However, reported data 
on ED activity of MCs are in part contradictory, and possible underlying mechanisms are little 
studied.     

The present work aimed to investigate cyanobacterial ED activity, focusing on mechanisms of 
action and the role of MCs as ED cyanobacterial metabolites. A parallel aim was the structural 
investigation of new MC congeners. A combination of chemical analytical tools and biological 
assays were used to fulfil these aims, leading to the following conclusions:  

 Cyanobacteria can be a source of endocrine disruption. 
 MC-LR (and/or other MCs) may act as ED chemicals, but MCs appear not to be 

exclusively responsible for ED effects of cyanobacteria. Other cyanobacterial bioactive 
metabolites also showed the (in part dominating) ability to interfere with the endocrine 
system. 

 Receptor-mediated mechanisms are not crucial for cyanobacteria to exert ED activity. 
Interference with 17β-estradiol biotransformation and metabolism as well as 
interference with steroidal hormones biosynthesis was reported, meaning that non-
receptor mediated modes of action may play a major role for cyanobacteria to exert ED 
activity. 

 Structural investigation of new MC congeners, which is a closed related field of 
research, due to structure and activity interdependency, has still an enormous field of 
action. The combination of LC–HRMS/MS techniques with basic chemical tools as 
isotopic labeling and selective chemical derivatization is an easy, but powerful approach 
for studying MC diversity. 
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Abstract: Microcystins are cyclic heptapeptides from cyanobacteria that are potent inhibitors of protein

phosphatases and are toxic to animals and humans. At present, more than 250 microcystin variants

are known, with variants reported for all seven peptide moieties. While d-glutamic acid (d-Glu) is

highly-conserved at position-6 of microcystins, there has been only one report of a cyanobacterium

(Anabaena) producing microcystins containing l-Glu at the variable 2- and 4-positions. Liquid

chromatography–mass spectrometry analyses of extracts from Planktothrix prolifica NIVA-CYA 544

led to the tentative identification of two new Glu-containing microcystins, [d-Asp3]MC-ER (12) and

[d-Asp3]MC-EE (13). Structure determination was aided by thiol derivatization of the Mdha7-moiety

and esterification of the carboxylic acid groups, while 15N-labeling of the culture and isotopic profile

analysis assisted the determination of the number of nitrogen atoms present and the elemental

composition of molecular and product-ions. The major microcystin analog in the extracts was

[d-Asp3]MC-RR (1). A microcystin with an unprecedented high-molecular-mass (2116 Da) was

also detected and tentatively identified as a sulfide-linked conjugate of [d-Asp3]MC-RR (15) by

LC–HRMS/MS and sulfide oxidation, together with its sulfoxide (16) produced via autoxidation. Low

levels of [d-Asp3]MC-RW (14), [d-Asp3]MC-LR (4), [d-Asp3,Mser7]MC-RR (11), [d-Asp3]MC-RY (17),

[d-Asp3]MC-RF (18), [d-Asp3]MC-RR–glutathione conjugate (19), and [d-Asp3]MC-RCit (20), the

first reported microcystin containing citrulline, were also identified in the extract, and an oxidized

derivative of [d-Asp3]MC-RR and the cysteine conjugate of 1 were partially characterized.

Keywords: cyanotoxin; microcystin; hepatotoxin; mass spectrometry; Planktothrix

1. Introduction

Microcystins (MCs) (Figure 1) are non-ribosomal heptapeptides [1] produced by cyanobacteria,

frequently occurring in eutrophic freshwater ecosystems worldwide [2,3]. MCs are potent hepatotoxins

implicated in the poisoning of diverse birds, fish, and mammals, including sheep, dogs, cattle, sea

otters, and humans [4,5], and one incident with human fatalities has been reported [6,7]. Inhibition

of protein phosphatase-1 and -2A (PP1 and PP2A) is believed to be the principal mechanism of

toxicity of MCs [8,9]. Some studies show that MCs can also modulate PP activity by regulating their

expression [10]. Oxidative stress may also be an important additional biochemical mechanism of MC

toxicity in both mammalian and plant cells [11,12]. Recent studies have implicated MCs as reproductive

toxins, likely due to endocrine-disrupting effects [10]. They are among the most common cyanotoxins
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worldwide and are the most studied. They are synthesized intracellularly by several cyanobacterial

genera including Microcystis and Planktothrix spp., and then released to water bodies via cell lysis

following cell death and/or physical stress [2,13–15].
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Figure 1. Structures of microcystins (MCs) mentioned in the abstract and text. Values for m/z are exact

masses except for 15 and 16, for which definitive atomic compositions have not yet been established.

The origin of the characteristic fragments from Adda5 and Glu6 (in positive and negative ionization

modes, respectively) are also shown. The stereochemistries of 11–16 and 20 are assumed, based on

biosynthetic considerations, and amino acid numbering is shown inside the circles. An oxidized

derivative of 1 and a cysteine conjugate of 1 was also tentatively identified in NIVA-CYA 544 extracts.

Currently, more than 250 MC variants have been reported [16]. The increasing number of congeners,

and the complexity of the sample matrix in environmental samples from mixed cyanobacterial blooms,

complicates the detection and identification of MCs [17]. The World Health Organization recommends

a provisional guideline value of 1 µg/L for MC-LR, the most studied MC congener, in drinking water

and a chronic tolerable daily intake (TDI) of 0.04 µg/kg body mass per day for humans [18]. However,

the vast majority of the congeners cannot be monitored in a single targeted LC–MS/MS method (so

usually only the most common MCs are targeted), nor are their biological effects well understood [19].

Since the structure of MC congeners influences their toxicities [20], reliable identification of all major

MC variants produced by individual cyanobacterial strains or in algal blooms is therefore needed for

effective risk assessment and freshwater management [21].
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MCs have molecular masses of around 1 kDa and share a general cyclic structure

composed of seven d- and l-amino acids, including uncommon amino acids such

as 3S-amino-9S-methoxy-2S,6,8S-trimethyl-10-phenyldeca-4E,6E-dienoic acid (Adda), iso-linked

d-β-methylaspartic acid (d-Masp) and N-methyldehydroalanine (Mdha) (Figure 1). The presence of the

Adda residue is crucial for the toxicity of MC molecules with both Adda5 and γ-linked d-Glu6 being

particularly important for binding to the protein phosphatase enzyme [22,23]. The common amino

acid sequence in MCs is cyclo(d-Ala1-X2- d-Masp3-Z4-Adda5-γ-d-Glu6-Mdha7) (Figure 1), where X

and Z are variable l-amino acids. Other frequently encountered variations stem from demethylation

or methylation at positions-3 (i.e., d-Asp instead of d-Masp) or -7 (e.g., dehydrobutyrine (Dhb) or

dehydroalanine (Dha) instead of Mdha) [21]. In other cases, the substitution of d-Ala1 by d-Leu or d-Ser,

and methyl esterification at d-Glu6 (to form d-Glu(OMe)6) have also been observed [24], although such

methyl esters appear to be artefactual [25,26]. These structural variations can have a major impact on

the physical properties of MCs, as well as on their toxicity and fate during algal bloom events [22]. In

addition to MCs, cyanobacteria can also produce other cyanotoxins, other oligopeptides, can contain

lipopolysaccharides in their cell walls and may produce other metabolites with various bioactivities

and potential applications [16,27,28].

As a prelude to investigations into the components responsible for the reported reproductive

toxicity of cyanobacteria [10,29,30], we screened a range of cultures of Microcystis and Planktothrix

strains for MCs by LC–MS because the toxicity of MCs might influence results of cell-based bioassays.

Several previously unreported putative MC congeners were detected in P. prolifica strain NIVA-CYA

544, isolated from Lake Steinsfjorden, Buskerud, Norway, in 2004. Here we report detailed analysis

using LC–MS and MS/MS, chemical reactivity tests, and 15N-labeling, leading to the identification of a

range of novel and previously known MCs in this culture.

2. Results and Discussion

2.1. MCs Profiling of P. prolifica NIVA-CYA 544

Prior to the profiling of the P. prolifica strain, LC–HRMS (method A) and LC–ITMS/MS (method

C) were tested and optimized using a set of nine MC standards as well as a nodularin-R standard.

Extracts from the culture were then examined by LC–ITMS/MS and LC–HRMS/MS methods in positive

and negative ionization modes, and the chromatograms examined for characteristic precursor- and

product-ions (including those shown in Figure 1) corresponding to known MCs. To detect possible

MC congeners in the P. prolifica extract, we also specifically looked for the Adda5-derived product-ion

at m/z 135.0804 (Figure 1) in the positive mode HRMS/MS spectra, as well as the m/z 128.0353 (or

129.0324 in 15N-labeled MCs) product-ion (Figure 1), derived from the d-Glu6 moiety of MCs, in

negative mode HRMS/MS spectra. The positive mode HRMS/MS spectra were also examined for a

range of other characteristic product-ions of MCs. All of the candidate MCs displayed product-ions

indicative of the presence of Adda5 and d-Glu6 in their HRMS/MS mass spectra. In addition,

derivatization with mercaptoethanol was used together with LC–HRMS to identify candidate peaks

of thiol-reactive compounds potentially containing Dha7- or Mdha7-groups [31,32], and identified 8

of the 12 candidate MC peaks (Figure 2, Table 1) as potentially containing Dha7 or Mdha7 moieties.

Together, these screening approaches target three of the MC amino acid residues in closest contact

with the binding site of PPs, two of which (Adda5 and d-Glu6) appear to be required for inhibition of

PPs by MCs [33]. The resulting candidate peaks from this screening were then matched with possible

precursor ions with the same retention time and an appropriate m/z in the LC–HRMS chromatograms

(Figure 2), and more concentrated extracts were studied by targeted LC–HRMS/MS analysis, chemical

reactivity, and 15N-labeling. Extracts were also treated with sodium periodate to identify compounds

containing sulfide linkages via oxidation to their sulfoxides [25,33,34] with the reactions monitored

by LC–HRMS/MS, and esterified with diazomethane to count the number of reactive carboxylic acid

groups present in each MC, with the reactions monitored by LC–HRMS/MS.
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Figure 2. Extracted ion LC–HRMS chromatograms (± 5 ppm) of MC congeners obtained

with LC-HRMS/MS method A from a concentrated extract of P. prolifica NIVA-CYA 544 (from

top left): [d-Asp3]MC-RR (1), [d-Asp3]MC-LR (4), [d-Asp3,Mser7]MC-RR (11), [d-Asp3]MC-ER

(12), [d-Asp3]MC-EE (13), [d-Asp3]MC-RW (14), sulfide-conjugate of 1 (15), sulfoxide of 15 (16),

[d-Asp3]MC-RY (17), [d-Asp3]MC-RF (18), GSH-conjugate of 1 (19), and [d-Asp3]MC-RCit (20). Solid

lines are chromatograms from positive ionization ([M +H]+ or [M + 2H]2+), while dashed lines are from

negative ionization ([M − H]− or [M − 2H]2−). Each pair of the positive and negative chromatogram is

on the same fixed intensity scale (number in the top right-hand corner of each chromatogram).

2.2. Isotopic Enrichment Calculations

The culture was maintained for 13 months in 15N-labeled medium and analyzed alongside

unlabeled culture, allowing the number of N-atoms in the molecular- and product-ions to be

determined [35] using LC–HRMS/MS method B. Isotopic composition of the constituent elements

dictates the shape of isotope patterns observed in mass spectrometry. A molecule with elemental

formula CcHhNnOo, for example, will contain (1 + c)(1 + h)(1 + n)(1 + o)(2 + o)/2 distinct combinations

of ions (isotopologues). The abundance (proportion) of all of these isotopologues is governed in

accordance with the basic rules of probability. For example, with the lightest of the ions having an

abundance of x(12C)cx(1H)hx(14N)nx(16O)o where x(12C) is the abundance (proportion) of carbon-12

atoms among all carbon atoms and so on. Thus, knowledge of the molecular formula and the isotopic

composition of all makeup elements enables us to establish the expected (‘theoretical’) isotope patterns

of molecules. The full isotopic pattern of the MC [d-Asp3]MC-RR (1) (C48H73N13O12) contains nearly 5

million components, which necessitates computationally efficient algorithms to be used in practical

calculations. When the isotopic composition of nitrogen (the abundance of nitrogen-15, x(15N)) is

unknown in the analyzed toxins, the theoretical isotopic patterns can be viewed as a function of

x(15N) and both the experimental and theoretical patterns are compared for each plausible value of

x(15N) until the best fit is obtained. The similarity between the experimental and theoretical spectra is

evaluated by comparing the ion intensities at all unique masses. For this, all ions in theoretical spectra

are aggregated similar to the data collection process of the mass spectrometer. A good match between

the two spectra will exhibit a linear regression, Itheor(Mi) = bIexp(Mi), and the isotopic enrichment

of nitrogen corresponding to the best match between the two spectra was found by means of the

correlation coefficient of the above regression as described by MacCoss et al. [36]. Although lighter

ions tend to have higher ion transmission efficiencies in mass spectrometers [37], leading to slightly

biased isotopic patterns, an effect known as the instrumental mass fractionation, this has little effect
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on our calculations. Moreover, the fitness-for-purpose of our approach was established by subjecting

our calculation routines to a series of MCs of known identity (molecular formula). The calculations

were performed in R using a web-based interface and an example is shown for [d-Asp3]MC-RR (1)

(Figure 3).

 

− −

Figure 3. Screenshot of the NRC Isotopic Enrichment Calculator (v.1.81) as applied to the positive

ionization electrospray mass spectrum for [d-Asp3]MC-RR (1) grown in a medium having 98% of

nitrogen as nitrogen-15. Data input is in the left panel with output on the right-hand panel including the

isotopic abundance with the best fit to the observed m/z and intensities, together with a representation

of the mass spectrum (circles: observed m/z and intensities, vertical bars: calculated values given the

molecular formula, charge-state, and isotopic composition of nitrogen).

2.3. Elemental Composition Elucidation

The cultures were grown in two distinct media, one having normal isotopic composition and the

other enriched in nitrogen-15. Crude extracts from both cultures were then mixed and analyzed by

LC–HRMS/MS method B, which provided a set of two mass spectra obtained under identical conditions

for each toxin. The molecular formulae were elucidated from this set of data first, by performing mass

decomposition of each observed signal using efficient algorithms as implemented in the R packages

ecipex [38] and Rdisop [39,40] while taking into account the isotopic enrichment of nitrogen-15 in

the MCs as determined from the analysis of 1 present in the same cultures. From the set of obtained

matches we retained only the molecular formulae common to all mass signals, and further eliminated

those formulae that violated the Senior rules of molecular composition [41]. The theoretical isotopic

pattern was generated for each candidate match and formulae whose theoretical isotopic patterns

deviated significantly from the observed isotopic patterns were discarded. Last, the two resulting

sets of candidates (one from the natural growth medium and one from nitrogen-15 enriched growth

medium) were intersected and common matches returned. The entire procedure was then repeated

for data acquired under different ionization modes, so that all the data available (e.g., [M + H]+,

[M + 2H]2+, and [M −H]−) were used together to constrain the set of molecular formula candidates for
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each compound (e.g., Figure 4). The calculations were performed in R using a web-based interface,

and a graphical representation of the output is shown for [d-Asp3]MC-RCit (20) (Figure 4). In this

case, the analysis of m/z values of the observed signals from the neutral molecule leads to ca. 2000

candidate formulae which are reduced to ca. 200 by applying Senior rules. The isotopic profile analysis

reduces the number of molecular formulae candidates to ca. 100 and then to 5 remaining matches after

cross-referencing them with expected isotopic patterns of isotopically labeled analogs.

 

− −

 

− −

− −

Figure 4. Elucidation of the elemental formula from HRMS of an MC using the NRC Molecular Formula

Calculator. This example shows normalized mass spectra ([M − H]− on the left, [M + H]+ on the right)

of 20 from a culture cultivated in normal growth medium and in medium whose isotopic composition

of nitrogen was altered to 98% nitrogen-15. Each MS measurement mode produced mass spectra (m/z

and intensities shown with circles) from natural (black) and nitrogen-15 enriched (red) growth media,

which were subjected to molecular formula elucidation calculations. Assuming up to 3 ppm mass

measurement errors, only five elemental formulae satisfied all constraints (higher scoring formulae

shown from top to bottom), and the resulting matches along with their match-scores (from 0.000–1.000)

are shown (calculated mass spectra shown as black or red bars). Only one plausible candidate emerged

with a high score for both [M − H]− and [M + H]+ (C48H72N12O13), which is the elemental formula

for [d-Asp3]MC-RCit (20). The remaining candidates showed very low scores for both [M −H]− and

[M +H]+, indicating a poor match to the experimentally observed HRMS spectra, and that they are

therefore not viable elemental formulae for 20.
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2.4. Identification of MC Congeners

Individual compounds were tentatively identified as MCs based on their MS/MS spectra, retention

times relative to authentic standards and thiol reactivity. Tentative structures were then assigned

based on the molecular formulae established from LC–HRMS, LC–ITMS/MS, LC–HRMS/MS and
15N-labeling experiments, as well as reactivity towards thiols, diazomethane, and periodate. It should

be noted that the stereochemistry of the compounds cannot be determined using MS data alone, and

the stereochemistries of novel compounds 12–16 and 20 were assumed to be identical to those of known

MCs based on biosynthetic considerations (MCs are produced by MC synthetases, and all MCs whose

structures have been fully elucidated possess the amino acid stereochemistry shown in Figure 1).

[d-Asp3]MC-RR (1): In LC–HRMS, the most abundant compound afforded ions with m/z 512.7815

(Table 1) and 1024.5549 (z = 2 and 1, respectively) in positive, and m/z 1022.5437 in negative ion modes,

and contained 13 N atoms by 15N-labeling experiments, corresponding to an elemental composition

of C48H73N13O12 for the neutral molecule (Table 1, Figure 1). This, as well as its short retention time

and the predominance of its double-charged molecular ion in positive ion mode, was indicative of a

desmethylated MC-RR congener. In the initial studies, 1 from NIVA-CYA 544 unexpectedly showed a

small but consistent difference in retention time compared to a standard of [d-Asp3]MC-RR using method

A (Figure S1), even though the two compounds gave essentially identical LC–HRMS/MS product-ion

spectra. However, comparison of the reactivity of these compounds with mercaptoethanol and

LC–HRMS/MS characteristics with reference materials of [d-Asp3]MC-RR (1) and [d-Asp3,Dhb7]MC-RR

(23) from NRC, showed that 1 from NIVA-CYA 544 possessed identical retention time, MS and MS/MS

spectra and rapid thiol reactivity as 1 from NRC, establishing its identity as 1. In contrast, the

initially-used commercial standard of [d-Asp3]MC-RR did not react detectably with mercaptoethanol,

characteristic of the presence of a Dhb7- or Mdhb7-containing MC [31], and its retention time, MS,

MS/MS spectra and thiol-reactivity characteristics were identical to those of the [d-Asp3,Dhb7]MC-RR

(23) reference material from NRC. Product-ions from higher-energy collisional dissociation (HCD) of

1 in positive ion mode at m/z 375.1901 (C20H27O5N2
+, from Adda5–d-Glu6–Mdha7 minus C9H10O,

∆m = −3.6 ppm, Figure 1) and 426.2077 (C17H28O6N7
+, from Mdha7–d-Ala1–Arg2–d-Asp3, ∆m = −4.4

ppm) confirmed the site of demethylation as being on position-3 rather than position-7 (i.e., d-Asp3

rather than Dha7). This compound has previously been identified as the predominant MC in this

strain [31]. Treatment of an extract of NIVA-CYA 544 with diazomethane resulted in complete

esterification of the d-Glu6 carboxylic acid group of 1, but no esterification of the d-Asp3 residue

was detected. The d-Asp3 residue appears to be relatively unreactive to acid-catalyzed esterification

with methanol since d-Glu(OMe)6 but not d-Asp3 esters have been reported as esterification artifacts

thus far [25,26], and the (trimethylsilyl)diazomethane-promoted methyl esterification of MCs was

recently shown to display the same selectivity [42]. With the identity of 1 as the most abundant MC in

NIVA-CYA 544 firmly established, analysis of the profile of its molecular ion isotope envelope was

used to estimate the level of nitrogen-15 incorporation into MCs at x(15N) = 0.98 mol/mol (Figure 3) in

NIVA-CYA 544 after extended maintenance of the culture in nitrogen-15 enriched medium.

[d-Asp3,Mser7]MC-RR (11): The peak of [d-Asp3]MC-RR (1) was accompanied by an earlier

eluting, minor peak (approximately 1% relative peak area) (Figure 2). In LC–HRMS, the compound

afforded ions with m/z 521.7879 and 1042.5678 (z = 2 and 1, respectively) in positive, and m/z 1040.5567

in negative ion modes, and contained 13 N atoms by 15N-labeling, and had an elemental composition of

C48H75N13O13 for the neutral molecule (Table 1). The mass difference was equivalent to addition of H2O

to 1 (Table 1), and the compound afforded almost exclusively double-charged ions in positive ion mode,

suggesting it to be a desmethylated congener of [Mser7]MC-RR (11). Furthermore, 11 did not react

with mercaptoethanol, indicating that it did not contain an electrophilic double bond such as is present

in the Dha7 or Mdha7 moieties found in most MCs [31,32]. In addition, characteristic product-ions at

m/z 393.2003 (C20H29O6N2
+, from Adda5–d-Glu6–Mser7 minus C9H10O, ∆m = −4.4 ppm, Figure 1) and

m/z 444.2190 (C17H30O7N7
+, from Mser7–Ala1–Arg2–Asp3, ∆m = −2.5 ppm) indicated the presence of

d-Asp3 and Mser7 moieties, confirming its identity as [d-Asp3,Mser7]MC-RR (11).
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[d-Asp3]MC-RR conjugate (15): One of the more abundant of the minor MCs in terms of peak

area in the LC–HRMS chromatograms (Figure 2) of fresh extracts afforded exclusively double-charged

ions in positive and negative ion modes with m/z 1059.0076 and m/z 1056.9981, respectively (Table 1,

Figure 2), which showed weak product-ions at m/z 135.0804 and 128.0351 in the positive and negative

ion LC–HRMS/MS chromatograms, respectively. These data suggest an MC with a molecular mass of

2116 Da for the corresponding neutral molecule. Furthermore, 15N-labeling indicated the presence of

21 N atoms in the structure. The compound did not react with mercaptoethanol and was oxidized

with periodate to give a product with m/z corresponding to addition of one oxygen atom, presumed

to be the sulfoxide derivative (see discussion for 16, below, Table 1, Figure 2, Figure S2). The latter

two observations suggest a sulfide linkage at the Mdha moiety, since sulfide-containing MCs are

readily oxidized to sulfoxides upon treatment with mild oxidants such as periodate [33] or hydrogen

peroxide [25], and the presence of an existing sulfide linkage to a Mdha7/Dha7 would prevent reaction

with mercaptoethanol [25,32]. Positive ion LC–HRMS/MS spectra of 15 (and comparison with data

from 15N-labeled 15) established the presence of product-ions at m/z 135.0803 (C9H11O+, ∆m = −1.0

ppm, from Adda5) and 512.7820 (C48H75O12N13
+, ∆m =−0.7 ppm, [1 + 2H]2+), 426.2094 (C17H28O6N7

+,

∆m = −0.4 ppm, from Mdha7–d-Ala1–Arg2–d-Asp3), and 599.3541 (C31H47O6N6
+, ∆m = −1.8 ppm,

from Arg4–Adda5–d-Glu6), indicating that 15 is an unidentified sulfide-linked conjugate of 1 coupled

via its Mdha7 moiety and with a molecular mass of 2116 Da. Analysis of the isotope profile for

unlabeled and 15N-labeled 15 suggested a probable elemental composition of C93H145N21O33S (Table 1),

although C97H145N21O28S2 could not be excluded. Assuming conjugation of a sulfide moiety to 1 via

its Mdha7-group, the former formula would require the thiol-containing moiety to be C45H72N8O21S

(or C49H72N8O16S2 for the latter formula for 15). While little information is available about the moiety

in 15 that is conjugated to 1, the LC–MS data suggest that it must be relatively non-polar and may

contain an acidic functional group and not a strongly basic group, since 15 eluted much later than 1

on a C18 LC column (LC–HRMS method B, Table S1) and was doubly-charged in both positive and

negative ion modes.

[d-Asp3]MC-RR conjugate sulfoxide (16): A doubly-charged compound showing a major and

a minor peak in both positive and negative modes was present at m/z 1067.0052 and 1064.9949,

respectively, and contained 21 N atoms according to 15N-labeling, but was not initially recognized

as an MC because it was present at low abundance in extracts, had an unusual charge state given its

retention time, and it was not affected by thiol derivatization. However, HP-20 extracts contained this

compound at levels sufficient for product-ion spectra, and in LC–HRMS/MS 16 gave rise in positive and

negative ion modes to product-ions at m/z 135.0804 and 128.0351, respectively, that are characteristic

of MCs (Figure 1). Furthermore, the mass difference between 16 and 15 corresponded to one oxygen

atom, prompting a more detailed examination of 16 and 15N-labeled 16 by targeted positive ion

LC–HRMS/MS. This confirmed the presence of product-ions at m/z 135.0804 (C9H11O+, ∆m = −0.3 ppm,

from Adda5) and 512.7816 (C48H75O12N13
+, ∆m = −1.5 ppm, from [1 + 2H]2+), 426.2088 (C17H28O6N7

+,

∆m = −1.8 ppm, from Mdha7–Ala1–Arg2–Asp3), and 599.3550 (C31H47O6N6
+, ∆m = −0.3 ppm, from

Arg4–Adda5–d-Glu6), indicating a second conjugate of 1. At this stage, 15 was tested in a periodate

oxidation experiment to ascertain whether it contained a dialkyl sulfide that could be oxidized to a

sulfoxide. This experiment showed that 15 was quantitatively converted to 16 by periodate oxidation

(Figure S2), establishing 16 as an S-oxide of 15. Both peaks of 16 appeared to be distorted in a way that

suggested the presence of a partially resolved pair of diastereomeric sulfoxides. Two product-ions in 16

(m/z 404.1629, C20H26O4N3S+, ∆m−2.4 ppm, and 243.0795, C10H15O3N2S+, ∆m−1.2 ppm) were present

at m/z values 15.9949 greater than the equivalent product-ions in 15 (m/z 388.1681, C20H26O3N3S+,

∆m −2.2 ppm, and 227.0845, C10H15O2N2S+, ∆m −1.7 ppm) (Figure 5), indicating that these ions

contained the sulfide/sulfoxide moiety. Sulfoxide-16 appears to be an autoxidation product formed

through aerial oxidation of 15, as its concentration relative to 15 increased with time and sample

manipulation, and was more abundant in the HP-20 extracts than in simple methanol–water extracts,

similar to the situation for Met-containing MCs [34]. Compound-16 was not affected by the weakly
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basic ammonium carbonate buffer (pH ~ 8.6) used for the mercaptoethanol derivatization, unlike the

glutathione sulfoxide conjugates of [d-Leu1]MC-LR reported by Foss et al. [25], which could indicate

that the sulfoxide group in 16 (and, consequently, the sulfide of 15) might not be involved in the

conjugation to the Mdha7 of 1.

[d-Asp3]MC-RR–glutathione conjugate (19): Another predominantly doubly-charged compound,

affording positive ions at m/z 666.3251 and 1331.6461 for [M + 2H]2+ and [M + H]+, respectively,

and negative ions at m/z 1329.6289 for [M − H]−, eluted before 11 and was the earliest eluting MC

congener identified with certainty in the extract (Figure 2, Table 1). Its calculated elemental composition

(C58H90N16O18S for the neutral molecule, Table 1) showed that 19 contained one atom of sulfur and

three more nitrogen atoms than 1. Due to the short retention time and its elemental composition,

and that an MC–GSH-conjugate was recently reported in a cyanobacterial bloom [25], we suspected

that 19 might be a glutathione conjugate of the major MC congener, 1. This was verified by reacting

a standard of 1 with glutathione and comparing the LC–HRMS characteristics of the products with

the culture extract (Figure S15, Figure S39). This appears to be the first report of GSH conjugates of

MCs in cyanobacterial culture and suggests that the GSH-derived conjugates identified in a Microcystis

bloom [25] could have been produced by the cyanobacteria in the bloom without the involvement of

other organisms in the water column.

 

− −

 

− −

Δ −
Δ − Δ −

 

Figure 5. Positive mode product-ion spectra ([M + 2H]2+) of putative [d-Asp3]MC-RR conjugate 15 (A)

and its sulfoxide 16 (B) obtained from an extract of NIVA-CYA 544 with LC–HRMS/MS method B.

[d-Asp3]MC-LR (4). Another MC afforded [M + H]+ and [M − H]− ions at m/z 981.5419 and

m/z 979.5298 in positive and negative ion modes, respectively (Figure 2, Table 1), while 15N-labeling

indicated the presence of 10 N atoms in the structure, and an elemental composition of C48H72N10O12

for the neutral molecule (Table 1). This analog has the same elemental composition and eluted

with the same retention time as a standard of [d-Asp3]MC-LR (4). Product-ions at m/z 375.1902

(from Adda5–d-Glu6–Mdha7 minus C9H10O, ∆m = −3.3 ppm, Figure 1), 599.3538 (C31H47O6N6
+, from

Arg4–Adda5–d-Glu6, ∆m=−2.3 ppm) and 272.1343 (C10H18O4N5
+, ∆m=−3.8 ppm, from d-Asp3–Arg4)

showed that demethylation relative to MC-LR was in position-3 and not in position-7, consistent with

4, which was previously tentatively identified as a minor MC in this culture [31]. Furthermore, detailed

examination of the product-ion spectrum obtained from LC–MS2 (method C) of 4 (Table 2) showed

that it was identical to those reported previously for this compound [32,43,44] and with that of the

authentic standard of 4, and all product-ions containing residue-3 appeared at m/z values 14 Da less

than the corresponding product-ions of MC-LR (6) (Table 2).
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Table 2. Assignments of observed product-ions and their m/z from collision-induced dissociation of

[M + H]+ of [d-Asp3]MC-ER (12) obtained using LC–ITMS/MS (method C) and comparison to the

corresponding product-ions observed for MC-LR (6), [Dha7]MC-LR (5) and [d-Asp3]MC-LR (4).a

Fragment Ion Assignment (6) (5) (4) (12)

[M + H]+ 995.6 981.5 981.5 997.5
[M − NH3+ H]+ 978.6 964.5 964.5 980.5
[M − H2O +H]+ 977.6 963.6 963.5 979.5
[M − CO + H]+ 967.6 953.6 953.6 969.5
[M − 48 + H]+ 946.5 932.5 932.5 948.4

[Arg-Adda-Glu-res7-Ala-X2-NH2 + 2H]+ 883.6 869.6 883.5 899.5

[Arg-Adda-Glu-res7-Ala-X2 + H]+ 866.6 852.5 866.6 882.5

[res7-Ala-X2-res3-Arg-Adda + H]+ 866.6 852.5 852.5 868.5
[M−Addafrag. + H]+ 861.5 847.5 847.5 863.4

[M−Addafrag. − NH3 + H]+ 844.5 830.4 830.4 846.4

[Arg-Adda-Glu-res7-Ala- X2-CO + H]+ 838.6 824.6 838.6 854.5

[Ala-X2-res3-Arg-Adda − Addafrag. + H]+ 783.5 783.5 769.6 785.4

[Arg-Adda-Glu-res7-Ala + H]+ 753.5 739.5 753.5 753.5

[res3-Arg-Adda-Glu + H]+ 728.5 728.5 714.4 714.4

[res3-Arg-Adda-Glu − H2O + H]+ 710.4 710.4 696.4 696.4

[Arg-Adda-Glu-res7 + H]+ 682.4 668.4 682.4 696.4

[Glu-res7-Ala-X2-res3-Arg + H]+ 682.4 668.4 668.4 684.4
[Arg-Adda-Glu + H]+ 599.4 599.4 599.4 599.4

[Arg-Adda-Glu − NH3 + H]+ 582.4 582.4 582.4 582.4
[Arg-Adda-Glu − CO + H]+ 571.4 571.4 571.4 571.4

[res7-Ala-X2-res3-Arg-NH2 + 2H]+ 570.4 556.4 556.4 572.3

[res7-Ala-X2-res3-Arg + H]+ 553.4 539.4 539.4 555.3

[Ala-X2-res3-Arg + H]+ 470.4 470.4 456.4 472.3

[Ala-X2-res3-Arg − NH3 + H]+ 453.3 453.3 439.3 455.3

[Adda-Glu-res7
− Addafrag. − NH3 + H]+ 375.3 361.2 375.3 375.3

[res3-Arg-NH2 + H]+ 303.2 303.2 289.2 289.2

[res3-Arg + H]+ 285.2 285.2 ND ND

a ND =Not Detected; X2 = Leu (6, 5, 4) or Glu (12); res3 =Masp (6, 5) or Asp (4, 12); res7 =Mdha (6, 4, 12) or Dha
(5); Addafrag = C9H10O.

[d-Asp3]MC-ER (12): An MC that eluted before [d-Asp3]MC-LR (4) using LC–MS methods A

and B (Table S1), displayed [M + H]+ and [M − H]− ions at m/z 997.4988 and 995.4869 in full-scan

positive and negative ion modes, respectively, and contained 10 N atoms by 15N-labeling, with an

elemental composition of C47H68N10O14 (Table 1). The elemental composition, retention time, and

being singly-charged was consistent with a demethylated MC containing Glu and Arg in the variable 2-

and 4-positions (Figure 1). Product-ions at m/z 375.1902 (from Adda5–d-Glu6–Mdha7 minus C9H10O,

∆m = −3.3 ppm, Figure 1), 599.3537 (C31H47O6N6
+, ∆m = −2.3 ppm, from Arg4–Adda5–d-Glu6) and

155.0811 (C7H11O2N2
+, ∆m = −3.3 ppm, from Mdha7–d-Ala1) indicated that the compound differed

from MC-LR (6) only in positions-3 and -4 (Figure 6, Figure S22). A product-ion at m/z 272.1342

(C10H18O4N5
+, ∆m = −4.4 ppm, from d-Asp3–Arg4) indicated demethylation at position-3, showing

that the remaining mass difference was in position-2 and thus that the compound likely contained Glu2

(Figure S23). Consistent with this was the presence of a product-ion at m/z 284.1231 (C12H18O5N3
+,

∆m = −3.9 ppm, from Mdha7–d-Ala1–Glu2, cf. 268.3365 for Mdha7–d-Ala1–Leu2 for MC-LR (6)). In

addition, comparison of the product-ion spectrum of 12 with that of [d-Asp3]MC-LR (4), obtained by

LC−ITMS/MS method C, showed that all product-ions containing residue-4 in 12 were heavier by

16 Da than the corresponding product-ions in 4, while all other product-ions occurred at identical

m/z in 12 and 4, and the expected mass differences to the corresponding product-ions from 5 and 6

were observed (Table 2). The reaction of 12 with diazomethane gave, principally, a dimethyl ester

(Figure S38). This establishes the presence of three carboxylic acid groups in 12 (d-Glu6, Glu2, and the

unreactive d-Asp3), and thus that the amino acid at position-2 contains a carboxylic acid rather than a
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hydroxyketone. Consequently, 12 was determined to be [d-Asp3]MC-ER, although the stereochemistry

cannot be established from MS/MS data alone. Congeners of MC-ER have not been reported previously,

although EE-type MCs have been reported before, but only as their methyl esters [45].

 

−

 

Figure 6. Positive mode product-ion spectra of [d-Asp3]MC-ER (12) (A), [d-Asp3]MC-EE (13) (B) and

[d-Asp3]MC-RW (14) (C), obtained from an extract of NIVA-CYA 544 using LC–HRMS/MS (method B).

[d-Asp3]MC-EE (13): An MC affording [M + H]+ and [M − H]− ions at m/z 970.4413 and 968.4301,

and containing 7 N atoms by 15N-labeling, had a neutral formula of C46H63N7O16 (Table 1), indicating

the absence of Arg in the structure despite its retention time is only slightly longer than for the

Arg4-containing 4 in LC–HRMS method A. However, in LC–HRMS method B (using a C18 column)

this compound was the latest-eluting MC in NIVA-CYA 544, eluting 4.6 min later than 4, but more

than 3.5 min earlier than non-Arg-containing MCs such as MC-LA in this system (Table S1). The

elemental composition was consistent with [d-Asp3]MC-EE, an MC containing Glu at both the variable

2- and 4-positions (Figure 1). The abundance of [d-Asp3]MC-EE was typically ca. 1:55 relative to
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[d-Asp3]MC-ER based on LC–HRMS peak areas, making [d-Asp3]MC-EE difficult to detect even

in concentrated culture extracts. Product-ions at m/z 375.1906 and 509.2634 (C20H27O5N2
+, and

C29H37O6N2
+, ∆m = −1.7 and −2.4 ppm, both originating from Adda5–d-Glu6–Dha7, see Figure 1), and

m/z 446.2278 and 580.3006 (C23H32N3O6
+, and C32H42N3O7

+, ∆m=−2.4 and−1.9 ppm, both originating

from Adda5–d-Glu6–Mdha7–d-Ala1) indicated that 13 contained variations only in positions 2–4.

Consistent with this, product-ions at m/z 262.1026 (C9H16O6N3
+, ∆m = −2.1 ppm, from d-Asp3–Glu4),

391.1451 (C14H23O9N4
+, ∆m = −2.2. ppm, from Glu2–d-Asp3–Glu4), and 575.2702 (C28H39O9N4

+,

∆m = −1.7 ppm, from Adda5–d-Glu6–Mdha7–d-Ala1–Glu2) were consistent with Glu at positions-2

and -4 and d-Asp3 at position-3 (Figure 6, Figure S28). In addition, examination of the product-ion

spectrum of 13 obtained with LC−ITMS/MS method C with published data for [d-Asp3]MC-LY (21)

and [d-Asp3]MC-LF (22) obtained under similar conditions [31], showed only the mass differences

that would be expected from replacing residues-2 and -4 of 21 and 22 with Glu (Table 3). Reaction of

13 with diazomethane gave mainly the trimethyl ester (Figure S38), demonstrating the presence of 3

reactive (d-Glu6, Glu2, and Glu4) and one much less reactive (d-Asp3) carboxylic acid groups in 13 and,

when taken together with the LC–HRMS/MS data, confirms its identity as [d-Asp3]MC-EE (13).

Table 3. Assignments of observed product-ions and their m/z from collision-induced dissociation

of [M + H]+ of [d-Asp3]MC-EE (13) and comparison to the corresponding product-ions from

[d-Asp3]MC-LY (21) and [d-Asp3]MC-LF (22). LC–ITMS/MS method C was used for acquisition

of the data for 13, data for 21 and 22 are from Miles et al. [44].a

Fragment Ion Assignment (21) (22) (13)

[M + H]+ 988 972 970.4
[M − NH3 + H]+ 971 955 953.4
[M − H2O + H]+ 970 954 952.5
[M − CO + H]+ 960 944 942.6

[M − Addafrag + H]+ 854 838 836.4
[M − Addafrag − NH3 + H]+ 837 821 819.4
[M − Addafrag − H2O + H]+ 836 820 818.5

[Adda-Glu-Mdha-Ala-X2
− NH3+ H]+ 693 693 709.3

[M − Adda + H]+ 675 659 657.3
[M − Adda − H2O + H]+ ND ND 639.2

[Adda-Glu-Mdha-Ala − NH3 + H]+ 580 580 580.3

[Adda-Glu-Mdha-Ala-X2
− Addafrag − NH3+ H]+ 559 559 575.2

[Z4-Asp-X2-Ala-Mdha-NH2 + 2H]+ 563 547 545.4

[Z4-Asp-X2-Ala-Mdha + H]+ 546 530 528.3
[Adda-Glu-Mdha − NH3 + H]+ 509 509 509.3

[Z4-Asp-X2-Ala-NH2 + 2H]+ 480 464 462.3

[Z4-Asp-X2-Ala + H]+ 463 447 445.2

[Z4-Asp-X2 + H]+ 392 376 374.3
[Adda-Glu-Mdha − Addafrag − NH3 + H]+ 375 375 375.3

a ND = Not Detected; X2 = Leu (21, 22) or Glu (13); Z4 = Tyr (21), Phe (22) or Glu (13); Addafrag = C9H10O.

[d-Asp3]MC-RW (14): The LC–HRMS and LC–HRMS/MS data revealed a compound that afforded

[M + H]+ and [M − H]− ions with m/z 1054.5387 and 1052.5264 in positive and negative ion modes,

respectively (Figure 2, Table 1), and 15N-labeling revealed the presence of 11 N atoms, and an elemental

composition for the corresponding neutral molecule of C53H71N11O12, consistent with a desmethylated

congener of MC-RW or MC-WR (Table 1). Product-ions in positive mode at m/z 375.1904 (C20H27O5N2
+,

∆m = −2.8 ppm, from Adda5–d-Glu6–Mdha7 minus C9H10O, Figure 1) and 426.2084 (C17H28O6N7
+,

∆m = −3.0 ppm, from Mdha7–d-Ala1–Arg2–d-Asp3) confirmed the site of demethylation as being on

position-3 rather than position-7 (d-Asp3 rather than Dha7) and, together with the complete absence of

a product-ion at m/z 599.3552, confirmed the presence of Arg2 rather than Arg4 (Figure 6). Comparison

with HRMS/MS data for [d-Asp3]MC-RY [46] revealed other product-ions at 851.4285 (C42H59O11N8
+,
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∆m = −1.5 ppm, from Adda5–d-Glu6–Mdha7–d-Ala1–Arg2–d-Asp3) and 302.1125 (C15H16O4N3
+,

∆m = −3.4 ppm, from Asp3–Trp4) consistent with Trp at position-4, and thus that 14 is [d-Asp3]MC-RW.

Comparison of the observed product-ions from LC–ITMS/MS of the [d-Asp3]MC-RW (14) (Figure

S12) with literature data for the Arg2-containing congeners [d-Asp3]MC-RY (17) and [d-Asp3]MC-RF

(18) (Table 4) [44] was fully consistent with the proposed structure, with 17 and 18 differing only in

the amino acid at position-4 (Tyr and Phe, respectively) from [d-Asp3]MC-RW (14). Product-ions

containing these moieties shifted in relation to mass differences between the three amino acids, while

other fragments appeared at the same m/z values for all the compounds (Table 4).

Table 4. Assignments of observed product-ions and their m/z from collision-induced dissociation

of [M + H]+ of [d-Asp3]MC-RW (14) and comparison to the corresponding product-ions from

[d-Asp3]MC-RY (17) and [d-Asp3]MC-RF (18). LC–MS method C was used for acquisition of the data

for 14, data for 17 and 18 are from Miles et al. [44].a

Fragment Ion Assignment 17 18 14

[M + H]+ 1031 1015 1054.8
[M − NH3 + H]+ 1014 998 1037.7
[M − H2O + H]+ 1013 997 1036.7
[M − CO + H]+ 1003 987 1026.7

[Z4-Adda-Glu-Mdha-Ala-Arg − NH3 + H]+ 916 900 939.6
[M − Addafrag + H]+ 897 881 920.7

[Adda-Glu-Mdha-Ala-Arg-Asp − NH3 + H]+ 851 851 851.6

[Ala-Arg-Asp-Z4-Adda + H]+ 819 803 842.5
[Adda-Glu-Mdha-Ala-Arg + H]+ 754 754 754.6

[Adda-Glu-Mdha-Ala-Arg − H2O + H]+ 736 736 736.5
[Adda-Glu-Mdha-Ala-Arg-Asp − Addafrag − NH3 + H]+ 717 717 717.5

[Mdha-Ala-Arg-Asp-Z4-NH2 + H]+ 606 590 629.5

[Mdha-Ala-Arg-Asp-Z4-NH2 − H2O + H]+ 588 572 611.5

[Mdha-Ala-Arg-Asp-Z4
− NH3 + H]+ 572 556 595.3

[Glu-Mdha-Ala-Arg-Asp + H]+ 555 ND 555.4

[Arg-Asp-Z4 + H]+ 435 419 458.4
[Mdha-Ala-Arg-Asp + H]+ 426 426 426.4

[Mdha-Ala-Arg-Asp − NH3 + H]+ 409 409 409.3
[Glu-Mdha-Ala-Arg − CO2H + H]+ 395 395 395.3

[Adda-Glu-Mdha − Addafrag − NH3 + H]+ 375 375 375.3
[Mdha-Ala-Arg + H]+ 311 311 311.2

a ND = Not Detected; Z4= Tyr (17), Phe (18), or Trp (14); Addafrag = C9H10O.

[d-Asp3]MC-RY (17) and [d-Asp3]MC-RF (18): These two MCs were minor congeners in the

P. prolifica NIVA-CYA 544 extract (Figure 2). Their elemental compositions were determined on

the basis of the m/z of their protonated or deprotonated ions, 15N-labeling, and analysis of their

isotope patterns to be C51H70N10O13 and C51H70N10O12, respectively (Table 1). [d-Asp3]MC-RY (17)

and [d-Asp3]MC-RF (18) eluted with the same retention times as 17 and 18 in the extract from L.

Victoria, and although the HRMS/MS spectrum of 17 was weak, it displayed several product-ions (m/z

426.2069, 375.1915, 213.0879, 155.0814, and 135.0801) that were consistent with [d-Asp3]MC-RY [46].

The HRMS/MS spectrum of 18 was stronger, and contained product-ions consistent with the proposed

structure, including those observed for 17 (above) as well as at m/z 851.4282 (∆m = −1.9 ppm, from

Adda5–d-Glu6–Mdha7–d-Ala1–Arg2–d-Asp3) [46] that were consistent with [d-Asp3]MC-RF (18).

[d-Asp3]MC-RCit (20): A relatively early eluting MC congener (retention time 3.44 min using

LC–HRMS method A) afforded singly-charged ions at m/z 1025.5431 and 1023.5311 in positive and

negative ionization modes, respectively, corresponding to the [M +H]+ and [M −H]− ions, respectively.

The number of nitrogen atoms was determined to be 12 using 15N-labeling. These data, as well

as analysis of the isotope profiles with and without nitrogen-15 labeling (Figure 4) established a



Mar. Drugs 2019, 17, 643 15 of 22

molecular formula of C48H72N12O13 for the neutral molecule. The retention time of 20 was only slightly

shorter than that of 4 in LC−HRMS method B (Figure S6, Table S1), which together with the charge

state and molecular formula suggested that 20 contained one Arg residue. The positive HRMS/MS

spectrum of 20 (Figure S36) was very similar to those of [d-Asp3]MC-RW (14) and [d-Asp3]MC-RF

(18) (Figure S37), and in particular displayed prominent product-ions at m/z 375.1904 (C20H27O5N2
+,

∆m = −2.8 ppm, from Adda5–d-Glu6–Mdha7 minus C9H10O, Figure 1) and 426.2083 (C17H28O6N7
+,

∆m = −3.0 ppm, from Mdha7–d-Ala1–Arg2–d-Asp3), confirming demethylation at position-3 rather

than position-7 (d-Asp3 rather than Dha7) and, together with the complete absence of a product-ion at

m/z 599.3552, confirmed the presence of Arg2 rather than Arg4. Furthermore, product-ions at 851.4314

(C42H59O11N8
+, ∆m = +1.9 ppm, from Adda5–d-Glu6–Mdha7–d-Ala1–Arg2–d-Asp3) and 273.1193

(C10H17O5N4
+, ∆ −0.2 ppm, from d-Asp3–Cit4) were consistent with Cit at position-4, and thus that 20

is [d-Asp3]MC-RCit. In particular, the LC–HRMS/MS data indicated that the side-chain of the amino

acid at position-2 was neutral, and consisted of a C4H9ON2 unit that included exactly one ring or

double bond. Given that the two nitrogen atoms cannot be basic (due to the molecule’s charge state,

retention time, and fragmentation pattern), both of the nitrogen atoms must be either side of a carbonyl

group, indicating the presence of a carbamide group R-NH-CONH2. This is consistent with Cit,

which is by far the most likely of the possibilities based on biosynthetic and metabolic considerations.

Furthermore, 20 showed a prominent product at m/z 982.5310 (Figures S36 and S64), which examination

of the product-ion spectra from unlabeled and 15N-labeled 20 (Figure S64) unambiguously showed to

be due to neutral loss of HNCO. This neutral loss is a characteristic of Cit-containing peptides [47]

and, together with the foregoing observations, establishes 20 as [Asp3]MC-RCit. This is the first

Cit-containing MC to be identified. Given that Cit is involved in both the biosynthesis and catabolism

of Arg in bacteria [48], 20 may be a minor byproduct from biosynthesis of the much more abundant 1

or originate from the subsequent breakdown of 1 in the cells.

A number of minor MCs were detected by LC–HRMS method B in extracts of NIVA-CYA 544

(Figures S5–S8) but were not sufficiently abundant to be identified with any certainty from the LC–MS

data. One of these is believed to be [d-Asp3]MC-RY(OMe) based on its accurate mass (tR = 8.79 min, m/z

1061.5310, C52H73N10O14
+

∆m = +0.7 ppm) and relative retention time (eluting in the tail of the much

more abundant [d-Asp3]MC-RY (17) (Figure S8), as has been observed elsewhere [44]). The limited

number of product-ions observed (Figure S34) were also fully consistent with 17. Another appeared

to be a major and a minor isomer of the Cys conjugate of 1 (Figure S5, major isomer tR = 3.74 min,

m/z 573.2922, C51H82N14O14S2+, ∆m = −1.5 ppm, containing 14 nitrogen atoms by 15N-labeling and

with an excellent isotope pattern match to the proposed structure (Figures S55–S57), the presence of

which is unsurprising given the identification of the corresponding GSH conjugate (19) in the same

extract. An oxidized analog of 1, containing one extra oxygen atom (Figure S5, tR = 4.09 min, m/z

520.7796, C48H75N13O13
2+, ∆m = −0.4 ppm, containing 13 nitrogen atoms by 15N-labeling and with

an excellent isotope pattern match for the proposed structure) was detected, but the location of the

additional oxygen atom was not determined.

In summary, multiple LC–MS analyses were applied for the tentative identification of new

MC congeners in P. prolifica NIVA-CYA 544. We showed the application of different modes of

mass spectrometric fragmentation in order to obtain complementary structural information. Further

structural elucidation was aided by specific derivatization techniques of functional groups and
15N-labeling of the peptides, as well as analysis of the isotope patterns observed for the compounds

during LC–HRMS analysis of unlabeled and 15N-labeled culture extracts. This resulted in the

characterization of new glutamic acid- (12 and 13) and citrulline-containing (20) microcystins as well

as a tryptophan-containing analog (14). The identity of the high molecular weight MC-containing 15

has tentatively been shown to be a sulfide-linked conjugate of [d-Asp3]MC-RR (1), with its sulfoxide

derivative 16 present as an autoxidation product in the extracts, but further studies are needed

for definitive structural determination of 15 and 16. Nevertheless, the detection of these unusual

compounds illustrates the power of the combined chemical and LC–MS analytical methods used in this
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study. Furthermore, the presence of 15 and 16 in this culture suggests that similar high-molecular-mass

MC conjugates may be produced by other cyanobacterial cultures and blooms, but would be difficult to

detect by standard methods due to the combination of their unusual mass, charge-state and retention

times. If similar conjugates exist for non-Arg-containing MCs, they are expected to elute very late and

be singly-charged in positive ionization mode with m/z > 2000.

MCs containing Glu at positions-2 and -4 have been reported [45] as methyl esters at one or both

positions. We did not observe any methyl esters of MCs in the NIVA-CYA 544 extracts in this study.

Furthermore, during the chemical characterization of the MCs in this strain, we found that the carboxylic

acid groups on Glu2, Glu4, d-Glu6 were readily esterified by diazomethane. The above findings for

NIVA-CYA 544, taken together with the observation that d-Glu6 in MCs is known to be readily

esterified by methanol in the presence of traces of acid [25,26], suggests that the originally-reported

esterified MC-EE congeners [45] in Anabaena strain 186 may have been artifacts from reaction of the

carboxylic acid groups of Glu2 and Glu4 with solvent during extraction and purification in a similar

manner to that which has been described for d-Glu6. If so, then the seven MCs in the Anabaena strain

186 identified by Namikoshi et al. [45] would originally have been biosynthesized as [Dha7]MC-EE,

[d-Asp3,Dha7]MC-EE, [Ser7]MC-EE, [d-Asp3,Ser7]MC-EE and MC-EE in the cyanobacterium. It would

appear from this that the carboxylic acid groups in the Glu residues at position-2 and -4 of MC-EE

congeners might be even more easily esterified than the carboxylic acid of d-Glu6, as none of the

esterified MC-EE congeners reported by Namikoshi et al. contained a d-Glu(OMe)6 residue. The

potential presence of artefactual MCs containing methyl esters after exposure to methanol and acids

needs to be considered when using LC–MS methods to analyze processed extracts from cyanobacterial

blooms or cultures. A Cit-containing MC, [d-Asp3]MC-RCit (20), was also detected for the first time. It

seems likely that this compound is related to the presence of the much more abundant [d-Asp3]MC-RR

(1), and therefore that low levels of Cit-containing MCs could be present in other cyanobacterial

samples with high levels of Arg-containing MCs. The above findings also illustrate the power of

combining LC–HRMS/MS techniques with isotopic labeling and selective chemical derivatization

techniques and highlight the unexpected MC diversity that may be present in cyanobacteria and which

could be easily overlooked using more conventional analytical approaches.

3. Experimental Section

3.1. Chemicals and Reagents

LC–MS grade water and acetonitrile were from Fisher Scientific (Oslo, Norway). Methanol

(gradient quality) was from Romil (Cambridge, UK). The following MC standards (≥95% purity) were

from Enzo Life Sciences (Enzo Biochem, Inc., Farmingdale, NY, USA): Hepatotox Set 1 (containing

MC-LR (6), MC-RR (2), MC-LY (8), MC-YR (3), MC-LW (9), MC-LF (10), MC-LA, and NOD-R),

[d-Asp3,Dhb7]MC-RR (23) (supplied as [d-Asp3]MC-RR (1), but subsequently identified as 23 by thiol

derivatization and comparison with reference materials of 1 and 23 using LC-MS/MS methods A and

B), and [d-Asp3]MC-LR (4). A certified reference material of [Dha7]MC-LR (5) and reference materials

of [d-Asp3]MC-RR (1) and [d-Asp3,Dhb7]MC-RR (23) were from National Research Council of Canada

(NRC, Halifax, NS, Canada). Extracts of a bloom from Lake Victoria that contained [d-Asp3]MC-RY

(17), [d-Asp3]MC-RF (18) and [d-Asp3]MC-LA were available from earlier work [43]. Individual stock

solutions of 12.5 µg/mL (MC-LY, MC-LW, MC-LF, MC-LA, [d-Asp3,Dhb7]MC-RR, [d-Asp3]MC-LR,

25 µg/mL (MC-RR), and 50 µg/mL (MC-LR, NOD-R), were prepared in 50% methanol. From those

solutions, a pooled working stock of 1 µg/mL (each compound), was prepared in methanol and

diluted to 200 ng/mL in 50% methanol. Sodium carbonate (pro analysis), 2-mercaptoethanol (≥99%),

diazald (99%), l-glutathione (≥98%) and 2-(2-ethoxyethoxy)ethanol (≥99%) were from Sigma–Aldrich

(Steinheim, Germany). Sodium bicarbonate, potassium hydroxide, formic acid and acetic acid (all pro

analysis purity) were from Merck KGaA (Darmstadt, Germany). Diaion HP-20 resin was from Supelco

Analytical (Bellefonte, PA, USA).
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3.2. Cultivation of P. prolifica NIVA-CYA 544 and Extraction of MCs

P. prolifica strain NIVA-CYA 544 was from The Norwegian Culture Collection of Algae (NORCCA)

maintained and owned by the Norwegian Institute for Water Research (NIVA) and the University of

Oslo. The strain was originally isolated from Lake Steinsfjorden, Norway, in 2004. It was cultivated in

Z8 medium [49] in 100 mL glass Erlenmeyer flasks in an incubator (IPP110plus, Memmert GmbH + Co.

KG, Schwabach, Germany) at 18 ◦C with a 14/10 h light/dark photoperiod, using 1% of maximum

light intensity. For general screening of MCs, 3 mL of the culture was transferred to a glass tube and

stored at −20 ◦C overnight, then allowed to thaw at room temperature, and 3 mL of methanol was

added. The tube was then vortex-mixed for 20 s, sonicated for 5 min and centrifuged for 10 min at

1000 rcf. The supernatant was transferred to screw-cap vials and stored refrigerated until analysis. A

concentrated extract to assist in MS/MS analyses of the minor congeners was obtained with HP-20 as

described elsewhere [33].

3.3. Cultivation of P. prolifica NIVA-CYA 544 for 15N-labeling of MCs

In late exponential phase, a culture (15 mL) was concentrated by centrifugation (8000 rcf, swinging

bucket rotor, 4 ◦C, 15 min), and the supernatant removed. Concentrated cells (~3 mL) were inoculated

into 17 mL of sterile Z8 medium in which the NaNO3 and Ca(NO3)2 had been replaced with Na15NO3

and Ca(15NO3)2 (>98% 15N, Cambridge Isotope Laboratories, Andover, MA, USA). Cultures were

grown at 18 ◦C under a 14:10 h light/dark photoperiod in a Conviron model E7/2 dual compartment

plant growth chamber. An approximate photon flux density of 95–100 µmol m−2 s−1 cool white

light was maintained. The light was measured outside the flask using a Li-Cor Model LI-185B

quantum/photometer. Cultures were transferred every 3 weeks at which time small aliquots were

examined by LC–HRMS analysis (method B) until maximum 15N-incorporation (~98%) was observed

(~12 weeks and 4 transfers) based on isotopic composition of 1 and 4. After 20 transfers (~13 months),

a concentrated extract was obtained from 15 mL of the labeled and unlabeled cultures for full-scan

LC–HRMS (method B) analysis using HP-20 as described elsewhere [33], and the data used for analysis

of the isotopic composition of the MCs.

3.4. Liquid Chromatography–Mass Spectrometry

3.4.1. LC–HRMS and LC–HRMS/MS (Method A)

HPLC was performed using a Kinetex F5 column (150 × 2.1 mm, 2.6 µm, Phenomenex, Torrance,

CA, USA) at 30 ◦C. The flow rate was 0.3 mL/min, and the injection volumes were 5–10 µL. Mobile

phase A was 0.1% formic acid in the water, and mobile phase B was 0.1% formic acid in acetonitrile.

The separation was performed by isocratic elution using 30% B for 0.5 min, followed by a linear

gradient to 50% B over 14.5 min. The column was flushed with 100% B for 2 min before returning

to the starting conditions and equilibration for 2 min. A Vanquish Horizon UHPLC (Thermo Fisher

Scientific, Waltham, MA, USA) was interfaced with a Q-Exactive Fourier-transform high-resolution

mass spectrometer (Thermo Fisher Scientific). A heated electrospray interface (HESI-II) was operated

at 300 ◦C and used for ionization with a spray voltage of 3.8 kV and 3.5 kV in positive and/or negative

mode, respectively. The mass spectrometer was run in the positive or negative full-scan mode in the

mass range m/z 400−2200. The mass resolution was set to 70,000 at m/z 200. Other important interface

parameters included an ion transfer capillary temperature of 250 ◦C, a sheath gas flow rate of 55 units,

and an auxiliary gas flow rate of 25 units. All-ion-fragmentation (AIF) was performed using a mass

resolution of 17,500, a max IT of 200 ms, and an AGC target of 3 × 106. The normalized collision energy

was set to 35%. The mass range during AIF was m/z 80−1200. Parallel reaction monitoring (PRM) was

performed using a mass resolution of 17,500.
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3.4.2. LC–HRMS and LC–HRMS/MS (Method B)

LC-HRMS method B used a Q Exactive-HF Orbitrap mass spectrometer equipped with a HESI-II

heated electrospray ionization interface (ThermoFisher Scientific, Waltham, MA, USA) using an Agilent

1200 LC system including a binary pump, autosampler and column oven (Agilent, Santa Clara, CA,

USA). Analyses were performed with a SymmetryShield C18 column (100 × 2.1 mm, 3.5 µm, Waters,

Milford, MA, USA) held at 40 ◦C with mobile phases A and B of water and acetonitrile, respectively,

each of which contained formic acid (0.1% v/v). Gradient elution (0.3 mL/min) was from 20–90% B

over 18 min, then to 100% B over 0.1 min and a hold at 100% B (2.9 min), then returned to 20% B over

0.1 min with a hold at 20% B (3.9 min) to equilibrate the column (total run time 25 min). Injection

volume was typically 1–5 µL.

The mass spectrometer was operated in positive ion mode and calibrated from m/z 74–1622. The

spray voltage was 3.7 kV, the capillary temperature was 350 ◦C, and the sheath and auxiliary gas flow

rates were 25 and 8 units, respectively, with MS data acquired from 2–20 min. Mass spectral data

was collected using a combined full-scan and data-independent acquisition (DIA) method. Full-scan

data was collected over a range from m/z 500–1400 using the 60,000-mass resolution setting, an AGC

target of 1 × 106 and a max IT of 100 ms. DIA data was collected using the 15,000-mass resolution

setting, an AGC target of 2 × 105, max IT set to ‘auto’ and a stepped collision energy of 30, 60 and

80 eV. Precursor isolation windows were 62 m/z wide centered at m/z 530, 590, 650, 710, 770, 830, 890,

950, 1010, 1070, 1130, 1190, 1250, 1310, and 1370, and DIA chromatograms were typically extracted for

the following product-ions: m/z 121.1011, 121.0647, 135.0804, 135.1168, 213.0870, 361.1758, 375.1915,

379.1864, 389.2072, 393.2020, 412.1939, 426.2096, 440.2252, 454.2409, 585.3395, 599.3552, 613.3709.

Putative MCs detected using the above full-scan/DIA method were further probed in a targeted manner

using the PRM mode with a 0.7 m/z precursor isolation window, typically using the 30,000-resolution

setting, an AGC target of 5 × 105 and a max IT of 400 ms. Typical collision energies were: stepped CE

at 30 and 35 eV for MCs with no Arg, stepped CE at 60, 65 and 70 eV for MCs with one Arg, and CE at

65 eV for [M +H]+ and stepped CE at 20, 25 and 30 eV for [M + 2H]2+ of MCs with two Arg groups.

Full-scan chromatograms were obtained in MS-SIM mode as above but with mass resolution 120,000

and max IT 300 ms.

In negative mode, the mass spectrometer was calibrated from m/z 69–1780 and the spray voltage

was −3.7 kV, while the capillary temperature, sheath, and auxiliary gas flow rates were the same as for

positive mode. Mass spectrometry data were collected in full-scan/DIA scan mode as above using

a scan range of m/z 750–1400, a mass resolution setting of 60,000, AGC target of 1 × 106 and max IT

of 100 ms. For DIA, HRMS/MS data were collected from m/z 93–1400 using a resolution setting of

15,000, AGC target of 2 × 105, max IT set to ‘auto’, and stepped collision energy 65 and 100 V. Isolation

windows were 45 m/z wide and centered at m/z 772, 815, 858, 902, 945, 988, 1032, 1075, 1118, 1162,

1205, 1248, 1294, 1335, and 1378, and DIA chromatograms were extracted for the m/z 128.0353 (or m/z

129.0324 for 15N-labeled MCs) product-ion. Full-scan chromatograms were obtained over a scan range

m/z 750–1400 at a mass resolution setting of 120,000 using an AGC target of 1 × 106 and a max IT of

300 ms.

3.4.3. LC–ITMS/MS (Method C)

The HPLC conditions were identical as for LC–HRMS method A. However, a Finnigan Surveyor

HPLC system was interfaced with an LTQ linear ion trap mass spectrometer (both Thermo Fisher

Scientific) operated in positive or negative ionization mode and fitted with an electrospray ionization

interface. The capillary voltage and tube lens offset of the instrument were tuned with continuous

infusion of MC-LR (10 µg/mL) in 50% methanol into a mobile phase composed of 50% A. The spray

voltage was set to 3.5 kV, the sheath gas and auxiliary gas flow rates were 58 and 3.0 units, respectively,

and the capillary temperature was 275 ◦C. The MS/MS product-ion spectra of the [M + H]+ and

[M − H]− ions were acquired using collision-induced dissociation in the ion trap. The ESI settings

were as described above. Individual precursor ions were selected with an isolation width of m/z 2, the
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activation Q was set to 0.25, and the activation time was set to 30 ms. The normalized collision energy

was 35%.

3.5. 2-Mercaptoethanol Derivatization for Mdha7/Dhb7 Differentiation

To an aliquot (100 µL) of the 50% methanol extract of P. prolifica was added 16 µL of 5 µg/mL

MC-LR as internal standard (in 50% methanol), and then mixed with 60 µL of 0.2 M sodium carbonate

buffer (pH = 9.2) in a septum-capped vial, left in the autosampler tray [28,29] at 20 ◦C for 20 min,

and then analyzed by LC–HRMS (method A). Then, 2-mercaptoethanol (1 µL) was added, with brief

vortex-mixing, and the vial placed back in the autosampler tray. The reaction was then followed by

LC–HRMS method A for 3 h.

Separate derivatization experiments were performed by the addition of ammonium carbonate

(0.1 M, 200 µL) to a filtered extract (200 µL), with 200 µL transferred to two LC-MS vials. To one

vial was added 1 µL of a 1:1 mixture of mercaptoethanol and d4-mercaptoethanol (Sigma–Aldrich, St.

Louis, MO, USA), while 1 µL of water was added to the other vial as a control. The samples were

placed in the LC sample tray (15 ◦C) and the reactions monitored periodically until completion and

then analyzed using LC–HRMS method B.

3.6. Methylation of Carboxylic Acids

An aliquot of the cyanobacterial extract (200 µL) was transferred to the outer tube of a

diazomethane-generator (Aldrich, Steinheim, Germany) and 3 mL of methanol added. The extract was

then exposed to diazomethane generated from diazald (N-methyl-N-nitroso-p-toluenesulfonamide) in

the apparatus, according to the manufacturer’s instructions. After 18 h, 1 mL acetic acid was added to

the inner tube to remove unreacted diazomethane, the methanol solution was transferred to a glass

tube and evaporated at 60 ◦C under a gentle stream of nitrogen. The residue was dissolved in 100 µL

of methanol, vortex-mixed, and transferred to an LC vial for LC–HRMS analysis using LC–HRMS

method A.

3.7. 15N-Incorporation and Molecular Formula Calculations

The incorporation of 15N into the microcystin with an established molecular formula (1) in

cultures of P. prolifica NIVA-CYA 544 grown in 15N-labeled media was calculated with NRC Isotopic

Enrichment Calculator (https://metrology.shinyapps.io/isotopic-enrichment-calculator/, v.1.81) using

intensities of the peaks in the isotope envelopes obtained with LC-HRMS method B (Figures S40

and S41). For MCs where the molecular formula was not established, the number of nitrogen

atoms present was determined from the separation of the isotope envelope peaks of the labeled

and unlabeled compound, greatly restricting the number of feasible molecular formulae that were

consistent with the accurate mass of the compound. A second program, NRC Molecular Formula

Calculator (https://metrology.shinyapps.io/molecular-formula-calculator/, v.1.01), the features of which

are described in the text, was used to obtain the most likely molecular formula for unknown MCs,

based on the accurate masses and relative intensities of the isotope envelope peaks of the labeled

and unlabeled MC obtained from a mixture of labeled and unlabeled extracts, and on the isotopic

composition of 15N in MCs as established for labeled 1. Candidate patterns were ranked using Bayesian

statistics as implemented in R package Rdisop [39,40] and except for 15 and 16 (where several viable

formulae were obtained), the match with the highest score was chosen (scores were normalized to the

best match).

3.8. Reaction of 1 with Glutathione to Produce 19.

Derivatization of 1 with GSH was based on Foss et al. [25] and proceeded by the addition of

200 µL of GSH (2.5 mg/mL in pH 9.4 carbonate buffer) to ca. 40 ng [d-Asp3]MC-RR (1) in methanol

(90 µL). The progress of the reaction was followed by LC-HRMS method A (Figure S15).

https://metrology.shinyapps.io/isotopic-enrichment-calculator/
https://metrology.shinyapps.io/molecular-formula-calculator/


Mar. Drugs 2019, 17, 643 20 of 22

3.9. Oxidation with Sodium Periodate

Periodate oxidations, based on Yilmaz et al. [33], were performed by the addition of aqueous

sodium periodate (1 mg/mL) to an equal volume (100 µL) of the filtered extract. Samples and reactions

were placed in the sample tray (held at 15 ◦C) and the reactions monitored periodically until completion

and then analyzed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/11/643/s1,
LC–MS chromatograms, MS and MS/MS spectra of 15N-labeled, unlabeled and derivatized samples (Figures S1–S41,
S55, S56, and S58–S67); table of retention times for LC–MS methods A–C (Table S1); analysis of mass spectral data
with the NRC Molecular Formula Calculator (Figures S42–S54 and S57); computer code for the isotope enrichment
and molecular formula calculators are available publicly at https://github.com/meijaj/molecular-formula-calculator
and https://github.com/meijaj/isotopic-enrichment-calculator.
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Table S1. Retention times of microcystins detected in P. prolifica NIVA-CYA 544 or authentic samples 
analysed using the three LC–MS methods. 
 

 Microcystin Confidence 
tR (min) 

method A method B method C 

1 [D-Asp3]MC-RR confirmed 2.81 4.28 — 
4 [D-Asp3]MC-LR confirmed 5.72 7.04 4.46 
11 [D-Asp3,Mser7]MC-RR probable 2.59 4.14 1.82 
12 [D-Asp3]MC-ER probable 3.63 6.24 3.53 
13 [D-Asp3]MC-EE probable 4.99 11.62 3.93 

14 [D-Asp3]MC-RW probable 10.01 9.72 8.40 

15 Sulfide conjugate of 1 tentative 9.85e 7.50 7.47 
16 15-sulfoxide tentative 6.50f 6.53 — 
17 [D-Asp3]MC-RY probable 7.16 8.73 — 
18 [D-Asp3]MC-RF probable 9.94 9.82 — 
19 GSH-conjugate of 1 confirmed 2.05 4.09 — 
20 [D-Asp3]MC-RCit probable 3.44 6.79 — 
— Cys-conjugate of 1 tentative — 3.74 — 
— oxidized 1 tentative — 4.09 — 
2 MC-RR standard 3.12 4.63 2.31 
3 MC-YR standard 5.22 7.14 4.09 
5 [Dha7]MC-LR standard — 7.28 4.67 
6 MC-LR standard 5.84 7.29 4.58 
7 MC-LA standard 9.35 15.10 8.39 
8 MC-LY standard 10.65 15.34 9.67 
9 MC-LW standard 13.83 17.20 12.80 
10 MC-LF standard 13.91 17.85 12.89 
23 [D-Asp3,Dhb7]MC-RR standard 2.97 — 2.19 
24 [D-Asp3]MC-EHar tentative — 6.55 — 
25 [D-Asp3]MC-RY(OMe) tentative — 8.89 — 
26 [D-Asp3]MC-HarY tentative — 8.90 — 

  



S4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. LC–HRMS (method A) full scan chromatogram in positive ion mode of a standard mixture 

(200 ng/mL) of 9 microcystins (MCs) and Nodularin-R, used to optimize the method: [D-

Asp3,Dhb7]MC-RR (23) (wrongly labelled by Enzo as [D-Asp3]MC-RR), MC-RR (2), NOD-R, MC-YR 

(3), [D-Asp3]MC-LR (4), MC-LR (6), MC-LA (7), MC-LY (8), MC-LW (9), MC-LF (10). The 

chromatogram was extracted at the specified m/z of standard compounds, as reported in Figure 1, with 

5 ppm tolerance.  
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Figure S2. Left, LC−HRMS chromatograms (method B) before (top left) and after (bottom left) 

treatment with sodium periodate. Both chromatograms are extracted at both m/z 1059.0088 and 

1067.0060, and show complete conversion of sulfide 15 to sulfoxide 16. To the right are the mass spectra 

of the main peak the sulfide (top right) and sulfoxide (bottom right), showing a change in m/z 

corresponding to addition of one oxygen atom (theoretical Δ m/z = 7.9975).
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Figure S3. LC–HRMS chromatograms before (top) and 15 min after (bottom) treatment with sodium 

periodate. Both chromatograms are extracted at both m/z 1059.0088 and 1067.0060, and displayed with 

the same vertical scale. Equivalent injection volumes were used for both chromatograms, and integration 

of the peaks (peak areas in arbitrary units) shows complete conversion of sulfide 15 to sulfoxide 16. 
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Figure S4. Top, LC–HRMS/MS (method A) product ion spectra, and; bottom, LC–MS2 (method C) 

product ion spectra from collision-induced fragmentation of the [M + H]+ ions of [D-Asp3]MC-LR (4) 

and [D-Asp3]MC-ER (12). The blue lines link examples of conserved fragments while the red lines link 

examples of fragments shifted by the exact difference between the masses of L and E (15.9585). 
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Figure S12. LC–MS2 (method C) product ion spectra from collision-induced fragmentation of the [M + 

H]+ ions of [D-Asp3]MC-ER (12), [D-Asp3]MC-EE (13) and [D-Asp3]MC-RW (14).  
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Figure S13. LC–MS/MS (method C) positive product ion spectra from collision-induced fragmentation 

of the [M + H]+ ions of MC-LR (6), [Dha7]MC-LR (5), [D-Asp3]MC-LR (4) and [D-Asp3]MC-ER (12). 
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Figure S14. LC–MS/MS (method C) negative product ion spectra from collision-induced fragmentation 

of the [M − H]− ions of MC-LR (6), [Dha7]MC-LR (5), [D-Asp3]MC-LR (4) and [D-Asp3]MC-ER (12). 
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Figure S15. Extracted ion (at m/z for 1 and 19) LC−HRMS (method A) chromatograms of: a standard 

solution of [D-Asp3]MC-RR (1) (black); the gradual conversion of standard [D-Asp3]MC-RR (1) to the 

GSH-conjugate of 1 (19) by reaction with glutathione in weakly basic solution (blue); an extract of 

NIVA-CYA 544 showing extracted m/z corresponding to [M + H]+ for the GSH-conjugate of 1 (19) and 

[D-Asp3]MC-RR (1) (purple). Results of the reaction (blue) supported the identification of 19 as the 

GSH-conjugate of the major microcystin congener 1, together with elemental composition calculation 

and comparison of the LC–HRMS characteristics of the products with those of 19 in the culture extract. 
LC-HRMS/MS spectra of natural 19 in the culture extract and semi-synthetic 19 produced by reaction 
of 1 with GSH are shown in Figure S39. 
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Figure S38. Extracted ion LC–HRMS chromatograms (method A) of an extract of NIVA-CYA 544 

before (blue) and after (red) esterification with diazomethane. Left, extracted for m/z corresponding to 

[M + H]+ for [D- Asp3]MC-ER (12) and its mono-, di-, and tri-methyl esters; right, extracted for m/z 

corresponding to [M + H]+ for [D-Asp3]MC-EE (13) and its mono-, di-, and tri-methyl esters. Results 

confirmed the presence of one extra carboxylic acid group in 12, and two extra carboxylic acid groups 

in 13, relative to [D-Asp3]MC-LR (4), which was converted almost completely to its mono-methyl ester 

in the same experiment. Earlier retention times (compared to those ones reported in Table 1 and Table 

S1) result from use of an older column for monitoring this reaction. 
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Figure S42. Most probable elemental compositions for [D-Asp3]MC-RR (1) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in 

negative (left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. 

Candidate formulae and their scores are shown above the pairs of spectra in each panel, with the 

measured m/z and intensities indicated by the circles and the calculated values shown with vertical 

lines. For original data, see Figures S40 and S41.  



S46 

 

 
Figure S43. Most probable elemental compositions for oxidized [D-Asp3]MC-RR (1-oxide) based on 

full-scan LC–MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) 

cultures in negative (left) and positive (right) ionization modes using the NRC Molecular Formula 

Calculator. Candidate formulae and their scores are shown above the pairs of spectra in each panel, with 

the measured m/z and intensities indicated by the circles and the calculated values shown with vertical 

lines.  
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Figure S44. Most probable elemental compositions for [D-Asp3]MC-LR (4) based on full-scan LC–MS 

(method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in negative 

(left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. Candidate 

formulae and their scores are shown above the pairs of spectra in each panel, with the measured m/z and 

intensities indicated by the circles and the calculated values shown with vertical lines.  
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Figure S45. Most probable elemental compositions for [D-Asp3,Mser7]MC-RR (11) based on full-scan 

LC–MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in 

negative (left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. 

Candidate formulae and their scores are shown above the pairs of spectra in each panel, with the 

measured m/z and intensities indicated by the circles and the calculated values shown with vertical lines. 
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Figure S46. Most probable elemental compositions for [D-Asp3]MC-ER (12) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in negative 

(left) ionization mode using the NRC Molecular Formula Calculator. Candidate formulae and their 

scores are shown above the pairs of spectra in each panel, with the measured m/z and intensities indicated 

by the circles and the calculated values shown with vertical lines.  
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Figure S47. Most probable elemental compositions for [D-Asp3]MC-EE (13) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in negative 

(left) ionization mode using the NRC Molecular Formula Calculator. Candidate formulae and their 

scores are shown above the pairs of spectra in each panel, with the measured m/z and intensities indicated 

by the circles and the calculated values shown with vertical lines.  
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Figure S48. Most probable elemental compositions for [D-Asp3]MC-RW (14) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in 

negative (left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. 

Candidate formulae and their scores are shown above the pairs of spectra in each panel, with the 

measured m/z and intensities indicated by the circles and the calculated values shown with vertical 

lines.  
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Figure S49. Most probable elemental compositions for the sulfide conjugate of [D-Asp3]MC-RR (15) 

based on full-scan LC–MS (method B) data for normalized 15N-labelled (red) and natural abundance 

(black) cultures in negative (left) and positive (right) ionization modes using the NRC Molecular 

Formula Calculator. Candidate formulae and their scores are shown above the pairs of spectra in each 

panel, with the measured m/z and intensities indicated by the circles and the calculated values shown 

with vertical lines.  
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Figure S50. Most probable elemental compositions for the sulfoxide conjugate of [D-Asp3]MC-RR (16) 

(i.e. 15-oxide) based on full-scan LC–MS (method B) data for normalized 15N-labelled (red) and natural 

abundance (black) cultures in negative (left) and positive (right) ionization modes using the NRC 

Molecular Formula Calculator. Candidate formulae and their scores are shown above the pairs of spectra 

in each panel, with the measured m/z and intensities indicated by the circles and the calculated values 

shown with vertical lines.  
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Figure S51. Most probable elemental compositions for [D-Asp3]MC-RY (17) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in negative 

(left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. Candidate 

formulae and their scores are shown above the pairs of spectra in each panel, with the measured m/z and 

intensities indicated by the circles and the calculated values shown with vertical lines.  
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Figure S52. Most probable elemental compositions for [D-Asp3]MC-RF (18) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in negative 

(left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. Candidate 

formulae and their scores are shown above the pairs of spectra in each panel, with the measured m/z and 

intensities indicated by the circles and the calculated values shown with vertical lines.  
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Figure S53. Most probable elemental compositions for the glutathione conjugate of [D-Asp3]MC-RR 

(19) based on full-scan LC–MS (method B) data for normalized 15N-labelled (red) and natural 

abundance (black) cultures in negative (left) and positive (right) ionization modes using the NRC 

Molecular Formula Calculator. Candidate formulae and their scores are shown above the pairs of spectra 

in each panel, with the measured m/z and intensities indicated by the circles and the calculated values 

shown with vertical lines.  
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Figure S54. Most probable elemental compositions for [D-Asp3]MC-RCit (20) based on full-scan LC–
MS (method B) data for normalized 15N-labelled (red) and natural abundance (black) cultures in negative 

(left) and positive (right) ionization modes using the NRC Molecular Formula Calculator. Candidate 

formulae and their scores are shown above the pairs of spectra in each panel, with the measured m/z and 

intensities indicated by the circles and the calculated values shown with vertical lines.
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Figure S57. Most probable elemental compositions for the major isomer of the cysteine conjugate of 

[D-Asp3]MC-RR based on the full-scan LC–MS (method B) data shown in Figure S55. The panels show 

normalized 15N-labelled (red) and natural abundance (black) mass spectra for cultures in negative (left) 

and positive (right) ionization modes using the NRC Molecular Formula Calculator. Candidate formulae 

and their scores are shown above the pairs of spectra in each panel, with the measured m/z and intensities 

indicated by the circles and the calculated values shown with vertical lines.
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Abstract: Cyanobacteria are cosmopolitan photosynthetic prokaryotes that can form dense

accumulations in aquatic environments. They are able to produce many bioactive metabolites,

some of which are potentially endocrine disrupting compounds, i.e., compounds that interfere with

the hormonal systems of animals and humans. Endocrine disruptors represent potential risks to both

environmental and human health, making them a global challenge. The aim of this study was to

investigate the potential endocrine disrupting activities with emphasis on estrogenic effects of extracts

from cultures of Microcystis or Planktothrix species. We also assessed the possible role of microcystins,

some of the most studied cyanobacterial toxins, and thus included both microcystin-producing and

non-producing strains. Extracts from 26 cyanobacterial cultures were initially screened in estrogen-,

androgen-, and glucocorticoid-responsive reporter-gene assays (RGAs) in order to identify endocrine

disruption at the level of nuclear receptor transcriptional activity. Extracts from selected strains were

tested repeatedly in the estrogen-responsive RGAs, but the observed estrogen agonist and antagonist

activity was minor and similar to that of the cyanobacteria growth medium control. We thus focused

on another, non-receptor mediated mechanism of action, and studied the 17β-estradiol (natural

estrogen hormone) biotransformation in human liver microsomes in the presence or absence of

microcystin-LR (MC-LR), or an extract from the MC-LR producing M. aeruginosa PCC7806 strain.

Our results show a modulating effect on the estradiol biotransformation. Thus, while 2-hydroxylation

was significantly decreased following co-incubation of 17β-estradiol with MC-LR or M. aeruginosa

PCC7806 extract, the relative concentration of estrone was increased.

Keywords: cyanobacteria; endocrine disruptor; estrogenic; microcystin; reporter-gene assay;

Planktothrix; Microcystis

Key Contribution: Cyanobacterial extracts were tested in estrogen-responsive reporter gene assays

(RGAs); while preliminary screening was done using androgen- and glucocorticoid-responsive RGAs.

Interference of cyanobacterial extracts or microcystin-LR (MC-LR) with microsomal 17β-estradiol

biotransformation was studied.

1. Introduction

Cyanobacteria are cosmopolitan photosynthetic prokaryotes, also known as “blue-green algae”.

In favorable conditions they can form dense blooms (water discoloration due to extended accumulation

of biomass) [1], most often in freshwater, but also in brackish and marine water environments [1–3].
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During such blooms, cyanobacteria may release a large variety of bioactive metabolites, including

well-known cyanotoxins [1,4]. Therefore, they may have negative effects on water safety and quality

(drinking, bathing, fishing, and recreational uses) and result in harm to invertebrates and vertebrates

including humans [2,5–9]. Different types of cyanobacterial toxins are classified according to their

toxicological target as hepatotoxins, neurotoxins, and dermatoxins. The most known and studied

cyanotoxins are the microcystins (MCs), potent hepatotoxins produced by several cyanobacterial

species, including Microcystis and Planktothrix spp. [10,11]. MCs are cyclic heptapeptides [12,13],

which share a common core structure. Five of the seven amino acids are in general highly conserved

while the other two are more variable. Thus, at least 279 different MC-congeners have been reported to

date [14]. This enormous structural diversity within the class makes MCs characterization challenging,

especially from a toxicological point of view.

The so-called endocrine disrupting compounds (EDCs), or endocrine disruptors (EDs),

represent another increasing environmental and health concern. EDCs are exogenous substances

or mixtures named by their capability of interfering with normal endocrine (hormonal) system

homeostasis. Such interferences can happen through several different mechanisms and by acting on a

number of different targets of the endocrine system’s components (Figure 1), thereby causing adverse

health effects in an intact organism or its progeny, as well as in entire populations [15,16].

 

Figure 1. Schematic description of main components of the endocrine system. Red arrows symbolize

that endocrine disruption may happen at several levels.

Most studies have mainly focused on EDCs of anthropogenic origin without extensively

considering those that are naturally-produced in the environment [17,18]. However, it has been

reported that cyanobacterial compounds (extracts from blooms and exudates) have ED activity,

mainly through activation of the estrogen receptor [19,20]. It is not entirely clear which of the different

compounds present in cyanobacterial blooms exert estrogen activity. The net effect may be the result

from the interaction of different cyanobacterial metabolites in the bloom, which constitute in themselves

a complex mixture of known and unknown compounds, and/or other substances coexisting in the

water [18,19,21].

In general, available studies on MCs activity mainly focus on just one congener, microcystin-LR

(MC-LR), because of its availability, high occurrence, and high hepatotoxicity. It is, however, well known

that although one or two MC-variants (not necessarily including MC-LR) are generally dominant

in a single cyanobacterial strain [5,22], the majority of blooming cyanobacteria produce multiple

MC-congeners [23], in addition to other bioactive compounds.

Additionally, the few studies supporting the ED potential of MCs are based on MC-LR [24–26].

Some other studies, with a slightly broader approach, have demonstrated ED activities in extracts of

cultures from Microcystis and Planktothrix spp. (which are able to release MCs). However, they seem to

contradict, or at least not confirm, the role of MCs in the observed ED activity as the extracts, but not

pure MC-LR, had effect in the applied assays, including induction of vitellogenin in zebrafish larvae,

an effect associated with exposure to compounds with estrogenic effects [27,28]. The estrogenic effects

are frequently a result of activation of the estrogen receptor (agonist) or inhibition of the activation

of the androgen receptor (antagonist). Reporter gene assays (RGAs) are excellent tools to measure

the agonist or antagonist activity at the receptor levels. Furthermore, Stepankova and collaborators

(2011) highlighted that cytotoxicity and estrogenic effects from extracts of blooming cyanobacteria
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containing MCs were greater than what would be expected from the extracts of pure laboratory cultures.

These studies indicate that cyanobacterial compounds other than MCs are at least partly involved in

the reported estrogenic effects. Furthermore, the potential mechanisms of the estrogenic effects of the

cyanobacterial metabolites were likewise not studied.

MCs have previously been reported to cause reproductive toxicity [29–31]. Although reproduction

is regulated through the endocrine system, it is debated if the reproductive effect of MC exposure

is a direct effect on the endocrine system. Furthermore, there are indications that MCs interfere

with the endocrine system acting on the hypothalamic–pituitary–thyroid axis in addition to the

hypothalamic–pituitary–gonadal axis, which includes the estrogens (endogenous hormones related to

reproduction) [32,33].

Based on the previously reported induction of vitellogenin, a clear indication of an estrogenic or

anti-androgenic effect, the present study investigated potential ED effects of cyanobacterial extracts

from Microcystis and Planktothrix spp. strains and pure MC-LR, with a main focus on estrogenic activity.

We used cell-based models to investigate a direct effect at the receptor level (receptors are natural

targets for endogenous hormones). In addition, we used a human liver microsomes (HLM) model

to investigate possible interferences with cytochrome P450-mediated 17β-estradiol (herein simply

referred to as estradiol) biotransformation. Estradiol is an endogenous hormone belonging to the group

of estrogens (steroid hormones). Thus, this study aimed to address the following research questions

and null hypotheses:

1. Do cyanobacterial metabolites interfere with hormone receptors, especially with the

estrogen receptor? H1-0: Extracts from cyanobacterial cultures do not show effects on the

estrogen receptor (or other hormone receptors).

2. Are there other modes of action that may result in endocrine disrupting activity of cyanobacterial

metabolites, e.g., effects on cytochrome P450 mediated estradiol biotransformation? H2-0: Estradiol

biotransformation is not affected by the presence of cyanobacterial culture extracts or MCs.

3. If cyanobacterial metabolites show ED activity, are MCs responsible for any of the observed effects?

H3-0: MCs do not show ED activity.

The different in vitro assays were therefore chosen to take into account that there are a number of

processes, receptor-mediated and non-receptor mediated, which could alter endocrine functions [34,35].

2. Results

2.1. Reporter Gene Assays (RGAs)

We started from a collection of 26 cyanobacterial strains, representative of two common

cyanobacterial genera, Microcystis and Planktothrix (Table S1). They included both MC-producing and

non-MC-producing strains. An initial screening was done using RGAs. These assays can measure

effects on specific nuclear receptors signaling. It is a high-throughput method for analysis of steroid

hormones agonists and antagonists, which are compounds able to mimic or block natural transcriptional

activation of steroids by binding to their nuclear receptors. In the first part of the study we focused on

effects on estrogen, androgen, and glucocorticoid receptors.

Prior to screening of the 26 cyanobacterial extracts using the RGAs, their cytotoxicity was assessed

using the MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) cell viability assay.

Five assay dilutions of each sample were tested (1:400, 1:800, 1:1600, 1:3200, 1:6400) in order to establish

a suitable (i.e., non-toxic) concentration range that could be used in the RGAs (data not shown).

In general, there was no substantial cytotoxicity for any of the cell lines, and thus we performed

the preliminary screening using the MMV-Luc estrogen-responsive cell line using the two highest

concentrations (i.e., dilutions 1:400 and 1:800). However, one of the cyanobacterial extracts (NIVA-CYA

22), which showed weak cytotoxicity at the highest concentration, was therefore tested at 1:800 and

1:1600 dilution in the preliminary RGAs. The 26 cyanobacterial strains were subsequently screened
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using the TARM-Luc androgen-responsive, as well as TGRM-Luc glucocorticoid-responsive RGAs

using the same extract aliquots and the same dilutions that were used for the estrogen-responsive RGAs.

Six strains were selected for further testing in the estrogen-responsive RGAs because they showed

weak activities in the preliminary RGAs (e.g., 14–32% estrogen agonist activity relative to solvent

control) (Table S2). Several of the extracts also indicated a possible androgen and glucocorticoid

response, but the standard deviation of assay replicates was rather high (Tables S3 and S4). The

follow-up of these preliminary results was beyond the scope of the present study and should be

pursued in the future.

Another criterion for selection of the six strains to re-test in the estrogen-responsive RGAs was that

they should include both MC-producers and non-producers. We aimed also to include representatives

of both Microcystis and Planktothrix spp. In addition, the M. aeruginosa PCC7806 strain was selected

for further testing because of its extensive use in research including previously reported estrogenic

activity [27,36–38]. Thus, the seven strains included five M. aeruginosa strains, one M. novacekii strain

and one P. prolifica strain (Table 1). Three of the strains were MC-producers, while four did not produce

MCs according to literature data, and our own ELISA (Table 1) [38–41].

Table 1. Cyanobacterial strains tested repeatedly in the estrogen-responsive reporter gene assays

(RGAs) including information on production of microcystins (MCs).

Strain ID Species MCs a

NIVA-CYA 431 Microcystis novacekii No
NIVA-CYA 476 Microcystis aeruginosa No
NIVA-CYA 22 Microcystis aeruginosa No

PCC7806 Microcystis aeruginosa Yes
NIVA-CYA 544 Planktothrix prolifica Yes
NIVA-CYA 166 Microcystis aeruginosa No
NIVA-CYA 31 Microcystis aeruginosa Yes

a based on literature data, confirmed by ELISA.

The seven extracts were reanalyzed using the estrogen-responsive RGAs in three independent

experiments using new extract replicates that had been concentrated 20:1 (Figure 2). At this stage

we also included cyanobacterial growth medium Z8 [42] that was extracted and concentrated using

the same protocol as the cyanobacterial cultures, and the effects of the cyanobacterial cultures were

expressed as relative to the Z8 growth medium control (which in itself exhibited a low estrogen

agonist response). However, the estrogen agonist response for strains NIVA-CYA 431 and 476 was

weak but statistically significant (P≤ 0.05) compared to that of Z8 medium (Figure 2a). Extracts from

two Microcystis strains (NIVA-CYA 431 and 166) gave a weak but statistically significant (P≤ 0.001)

enhancement of the estrogen effect from estradiol (positive control) (Figure 2b). The MTT cell

viability assay was always performed in parallel to the RGAs in order to monitor potential cytotoxic

effects of the cyanobacterial extracts in the cells (Figure 3). Results for concentrated extracts showed

that exposure with NIVA-CYA 166 resulted in about 20% reduction of cell viability at the highest

concentration, while the cell viability was little or not affected by exposure with the other six strains or

the cyanobacterial growth medium (Figure 3).

2.2. Interference of Cytochrome P450-Mediated Metabolism of Estradiol Using Human Liver
Microsomes (HLM)

We optimized a human liver microsomes (HLM) assay for the cytochrome P450-mediated

biotransformation of estradiol to its main biotransformation product, 2-hydroxyestradiol, as well as

4-hydroxyestradiol (Figure 4) [43]. The levels of estrone and estriol were also monitored. Estrone is a

natural weak estrogen which is in equilibrium with estradiol. Estrone can be a metabolic intermediate

in the synthesis of estradiol. 17β-hydroxysteroid dehydrogenases (17β-HSD) catalyze interconversion

of estradiol and estrone (Figure 4) [44]. The concentration of estradiol was chosen so it was depleted
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following first-order kinetics, and assay concentrations of its oxidation products as well as estradiol

itself determined using a quantitative LC–MS/MS method (Figure 5). Interference of MCs and/or other

M. aeruginosa metabolites with cytochrome P450-mediated biotransformation of estradiol was studied

by co-incubation of estradiol with either pure MC-LR (0.5 or 5 µM) or an extract of M. aeruginosa

PCC7806, which produces two main MC-variants, MC-LR and [D-Asp3] MC-LR [38]. The extract

concentration of M. aeruginosa PCC7806 was adjusted so that the assay-concentration of MCs was

about 0.5 µM.
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Figure 2. Agonistic (a) and antagonistic (b) responses of repeatedly tested cyanobacterial extracts (shown

for highest concentration) and cyanobacterial growth medium (Z8) in the MMV-Luc estrogen-responsive

reporter-gene assays (RGAs). Measured responses are presented relative to the cyanobacterial growth

medium Z8 (a) and estradiol (b, 1.36 ng/mL or 5 nM), and expressed as the relative response ± SEM

for three independent experiments (each in triplicate). One-way analysis of variance (ANOVA) and

Dunnett’s multiple comparison test were used. p ≤ 0.05 (*), p ≤ 0.001 (***) vs. Z8 medium control (a) or

positive control (b).

 

Solv
en

t c
on

tro
l

Estr
ad

iol
 5n

M

Z8 m
ed

ium

NIV
A-C

YA 43
1

NIV
A-C

YA 47
6

NIV
A-C

YA 22

PCC78
06

NIV
A-C

YA 54
4

NIV
A-C

YA 16
6

NIV
A-C

YA 31
0

20

40

60

80

100

120

140

* *

Samples

R
el

at
iv

e 
R

es
po

ns
e 

(%
)

Solv
en

t c
on

tro
l

Estr
ad

iol
 5n

M

NIV
A-C

YA 43
1

NIV
A-C

YA 47
6

NIV
A-C

YA 22

PCC78
06

NIV
A-C

YA 54
4

NIV
A-C

YA 16
6

NIV
A-C

YA 31

Z8 m
ed

ium
0

20

40

60

80

100

120

140
* *** **

        Samples

R
el

at
iv

e 
R

es
po

ns
e 

(%
)

≤ ≤ ≤

Solv
en

t c
on

tro
l

NIV
A-C

YA 43
1

NIV
A-C

YA 47
6

NIV
A-C

YA 22

PCC78
06

NIV
A-C

YA 54
4

NIV
A-C

YA 16
6

NIV
A-C

YA 31

Z8 m
ed

ium
0

20

40

60

80

100

120

*
***

**

Samples

C
el

l V
ia

bi
li

ty
 (%

)

 

≤ ≤

Figure 3. Viability of MMV-Luc cells following exposure to the seven concentrated cyanobacterial

extracts and cyanobacterial growth medium (Z8) for 48 h, compared to the solvent control. Values are

means of the relative viability ± SEM for three independent experiments (n = 3). One-way analysis of

variance (ANOVA) and Dunnett’s multiple comparison test were used. p ≤ 0.05 (*), p ≤ 0.001 (***) vs.

solvent control.
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Figure 4. Main cytochrome P450-mediated pathways of estradiol to its 2- and 4-hydroxylated

metabolites [45,46], as well as interconversion of estradiol and estrone.
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Figure 5. Estradiol depletion in human liver microsomes (HLM), either alone or in the presence of

microcystin-LR (MC-LR) (0.5 µM and 5 µM) or M. aeruginosa PCC7806 extract. Data points are the

mean ± SEM (n = 3) of three independent experiments.

Estradiol depletion was not significantly affected by the presence of either MC-LR or the PCC7806

extract at the tested concentrations. However, there was a reproducible trend to higher estradiol

depletion when HLM were co-incubated with the PCC7806 extract for one hour (Figure 5).

The major estradiol oxidation products observed in the HLM assay were 2-hydroxyestradiol

and estrone, while only traces of 4-hydroxyestradiol and estriol were detected (Figure S1).

The concentrations of 2-hydroxyestradiol following co-incubation of estradiol with either 0.5 µM or

5 µM MC-LR, or M. aeruginosa PCC7806 extract, were significantly lower compared to when estradiol

was incubated with HLM alone (Table 2, Figure S2, Table S5). In contrast, the concentrations of estrone

were relatively higher when estradiol was co-incubated with either MC-LR or M. aeruginosa PCC7806
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extract (Table 2). The relative increase in estrone was only statistically significant when estradiol was

co-incubated with M. aeruginosa PCC7806 extract (Table 2). All background data from the experiments

involving HLM are available in the Supplementary Material.

Table 2. Overall relative estrone and 2-hydroxyestradiol concentrations from co-incubation of estradiol

with microcystin-LR (MC-LR) or M. aeruginosa PCC7806 extract with human liver microsomes (HLM)

over 60 min. Numbers are the relative peak areas (in percentage, relative to incubation with estradiol

alone) of the individual estradiol metabolites in incubations with or without MC-LR or M. aeruginosa

PCC7806. Numbers are the grand mean of measurements at six time points and three independent

experiments; the standard deviation is shown in parentheses.

Estradiol Metabolite 5 µM Estradiol
(%)

5 µM Estradiol +
0.5 µM MC-LR (%)

5 µM Estradiol +
5 µM MC-LR

5 µM Estradiol +
PCC7806

2-hydroxyestradiol 100 71 (±5) * 72 (±11) * 72 (±12) *
estrone 100 115 (±13) 105 (±10) 124 (±17) **

* significantly different from incubation with estradiol alone based on Dunnett’s test with p < 0.0001. ** significantly
different from incubation with estradiol alone based on Dunnett’s test with p = 0.003.

3. Discussion

Our screening of Microcystis and Planktothrix spp. culture extracts did not show substantial

agonist or antagonist estrogen activity at the estrogen receptor level. Two strains showed statistically

significant estrogen agonist activity when compared to Z8 medium. Furthermore, two strains showed

a weak but statistically significant enhancement of the estradiol response, but we did not investigate

further if this was due to synergism. None of these strains produced MCs, showing that the small

but significant activity was not related to these toxins. We did not measure biomass, cell count, or the

optical density of the cultures prior to extraction, but acknowledge that such measurements should

have been performed. However, with respect to literature data investigating estrogen activity of

MCs or Microcystis spp., we expected that extracts from visually dense cultures of the cyanobacteria

would give a clear response in the estrogen-responsive RGAs provided that there are cyanobacterial

metabolites or constituents that induce effects at the receptor level. Other limitations of the RGA-based

screening approach were that the production of cyanobacterial metabolites might change over time

depending on the growth stage, and metabolite production is also expected to be different in natural

environments compared to laboratory conditions [38,47–49]. The reason for the observed agonist

activity of the cyanobacterial culture medium Z8 is unclear as it does not contain any chemicals that are

expected to possess estrogenic activities [42]. We believe that the origin of its weak biological activity

could be due to contaminants from equipment used during the production of the medium, e.g., plastics,

but did not investigate this further. However, it emphasizes that the activity of metabolites from the

studied cyanobacterial strains on the estrogen receptor was minor. We did thus not aim to trace the

relatively low activities in the estrogen responsive RGAs to specific cyanobacterial constituents.

While the study of estrogenic effects of cyanobacteria has been the subject of several reports,

androgen- and glucocorticoid-type effects have not been studied in depth so far. However, the limited

data did not support such effects from cyanobacterial extracts [19]. We only included androgen- and

glucocorticoid-responsive RGAs in preliminary screenings that need further verification. However,

the limited data indicated that the cyanobacterial extracts included in this study might induce androgen

and glucocorticoid antagonist effects. The replicates variability in these initial screening was high and

underlines the need for verification (Tables S1–S3).

MCs and extracts of Microcystis cultures reportedly reduce the reproduction in experimental

fish [24,50,51]. The exact mechanism behind the effects on reproduction is not known and may involve

effects on several endocrine pathways. Earlier work found that lyophilized M. aeruginosa but not pure

MC-LR increased the expression of vitellogenin genes in zebrafish larvae [28], frequently interpreted

as an indication of exposure to estrogenic compounds. Because of the lack of a clear estrogen activity

at the receptor level, we investigated another mechanism that may lead to estrogenic effects, i.e.,
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the modulation of hormone metabolism and biotransformation. Since we focused on effects of the

cyanobacterial extracts on the estrogen receptor, it was natural to investigate the effect of MCs and

a cyanobacterial extract on the microsomal biotransformation of estradiol. Since most toxicological

studies have been carried out using the major MC-congener MC-LR, we also included this compound in

our microsome trials, and co-incubated estradiol with 0.5 µM or 5 µM of the toxin. We also co-incubated

estradiol with extract from M. aeruginosa strain PCC7806, and adjusted the extract concentration so that

the total MCs assay concentration was about 0.5 µM. The PCC7806 strain has previously been shown to

induce ED activity and produces MC-LR as principal MC congener. However, it is unknown if the effects

were related to the MCs it produces, or other metabolites, but the data indicated that the ED activity

was caused by metabolites other than MC-LR [28]. Although estradiol depletion was little affected

by co-incubation with MC-LR or M. aeruginosa PCC7806, both the pure toxin and the cyanobacterial

extract modulated the production of oxidized metabolites similarly (Table 2). Thus, the main product

from microsomal cytochrome P450-mediated biotransformation, 2-hydroxyestradiol, was markedly

reduced when the liver microsomes were co-incubated with either MC-LR or M. aeruginosa PCC7806.

This effect was accompanied by an increase in relative estrone concentrations, and therefore overall

estradiol depletion remained unaffected.

A large number of estradiol-metabolites have been shown, and they have different estrogenic

potency [52,53]. The main hepatic phase-I metabolite 2-hydroxyestradiol has a considerably lower

estrogenic potential than estradiol, estrone, 4-hydroxyestradiol, and many other tested estrogen

metabolites [52]. Our findings indicate that MC-LR or extracts of a Microcystis culture may alter the

metabolic transformation of estradiol to other metabolites with different estrogenic potential. It is

therefore likely that a decreased formation of 2-hydroxyestradiol could lead to increased occurrence of

estradiol or other metabolites with a higher estrogenic potency and hence induce an overall estrogenic

effect. The degree of modulation of estradiol biotransformation was similar for co-incubation

with 0.5 µM and 5 µM MC-LR (Table 2). However, at present we do not know the underlying

mechanism(s) for the apparent modulation. While 2-hydroxylation is one of the principal microsomal

biotransformation pathways for estradiol and catalyzed by CYP1A2 and CYP3A4, several other

microsomal biotransformation products have been shown [46,54,55]. Future studies should therefore

target as many biotransformation products of estradiol as possible, and should also investigate the

possible interaction with relevant CYPs in detail. MC-LR and Microcystis extracts may also affect

other biotransformation enzymes like sulphotransferase and steroid sulfatase. These enzymes are

key enzymes in the regulation of the equilibrium between the free active form of estradiol and

the much less active conjugates. MCs also affect the hypothalamic-pituitary-thyroid axis and the

hypothalamic-pituitary-gonad axis in zebrafish [32,33,50]. Alterations in these pathways may interfere

with normal homeostasis and hormone levels and hence explain the observed hormonal effects.

Even the well-known inhibition of protein phosphatase PP2A [56–59] may affect the reproduction

as the balance of phosphorylation/dephosphorylation of proteins are crucial for the regulation of

intracellular signaling pathways and alterations may affect the development of gametocytes.

4. Conclusions

The interference of cyanobacterial metabolites from Microcystis and Planktothrix species with the

estrogen receptor appears not to be a major biological effect. Future work should rather concentrate

on studying interferences with the lesser-studied androgen and glucocorticoid receptors. Our data

indicate that ED activity of MCs and/or other cyanobacterial compounds could arise from modulation

of estrogen biotransformation as shown in HLM assays. Thus, MC-LR (and other MCs) may have

ED activity.
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5. Materials and Methods

5.1. Chemicals and Reagents

Extraction of cultures: Methanol (MeOH) (gradient quality) was from Romil (Cambridge, UK).

RGAs: Cell culture reagents were supplied by Life Technologies (Paisley, UK). Standards used

for RGAs (estradiol, testosterone, progesterone), phosphate buffered saline (PBS), MeOH, dimethyl

sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were

purchased from Sigma-Aldrich (Poole, Dorset, UK). Lysis reagents and luciferase assay system were

obtained from Promega (Southampton, UK).

Estradiol biotransformation: NADP+, NADPH, D-glucose 6-phosphate sodium salt,

D-glucose-6-phosphate dehydrogenase from baker’s yeast (Saccharomyces cerevisiae), HEPES buffer

and ammonium formate were purchased from Sigma-Aldrich Norway (Merck Life Science AS, Oslo,

Norway). Estradiol, 2-hydroxyestradiol, 4-hydroxyestradiol, estrone and estriol were purchased from

Sigma-Aldrich (Millipore-Sigma; St. Louis, MO, USA). All stock solutions were prepared in MeOH at

1 mg/mL (estradiol, estrone, and estriol) or 0.5 mg/mL (2-hydroxyestradiol and 4-hydroxyestradiol).

For estradiol, the working solution at 0.25 µg/mL was prepared by appropriate dilution from stock with

MeOH. Stock solutions of 2-hydroxyestradiol, 4-hydroxyestradiol, estrone, and estriol were combined

for the preparation of the mixed solution containing 2 µg/mL of each compound in 50% acetonitrile

(MeCN). The mixture was used to prepare calibration standards in 50% MeCN at 12.5 ng/mL, 15 ng/mL,

75 ng/mL, 150 ng/mL, and 300 ng/mL for quantitative analysis (Table 3).

Table 3. Instrument parameters for the LC–MS/MS analysis of estradiol and related metabolites.

Compound Transition a [m/z] CE b FV c CAV d RT e

estriol 271.2→ 133.0 (157.0) 27 85 2 10.5
2-hydroxyestradiol 271.2→ 175.0 (149.0) 19 120 4 11.8
4-hydroxyestradiol 271.2→ 175.0 (149.0) 19 115 4 12.0
estradiol 255.2→ 159.0 (133.0) 19 100 2 13.5
estrone 271.2→ 133.0 (157.0) 31 70 4 15.1

a precursor-ion to product-ion transitions, qualifier ion in parentheses. b collision energy in eV. c fragmentor voltage
in V. d collision cell accelerator voltage in V. e retention time in min.

ELISA: Inorganic chemicals and organic solvents were reagent grade or better. MC-LR for the

multihapten ELISA was from Enzo Life Sciences Inc. (Farmingdale, NY, USA). For further details refer

to Samdal et al. (2014) [60].

5.2. Cultivation of Cyanobacterial Strains and Extraction

Twenty-five cyanobacterial strains (19 strains from Microcystis spp. and 6 strains from

Planktothrix spp.) were purchased from The Norwegian Culture Collection of Algae, NORCCA,

jointly maintained and owned by the Norwegian Institute for Water Research (NIVA) and the

University of Oslo (Table S1). The M. aeruginosa PCC7806 strain was purchased from the Pasteur

Institute (Paris, France) (Table S1). All strains were cultivated in Z8 medium [42] in 100 mL glass

Erlenmeyer flasks in an incubator (IPP110plus, Memmert GmbH + Co.KG, Schwabach, Germany) at

18 ◦C with a 14/10 h light/dark photoperiod, using 1% of maximum light intensity.

For extract preparation, 3 mL of a cyanobacterial culture was transferred to a glass tube and

stored at −20 ◦C overnight, then allowed to thaw at room temperature, and 3 mL of MeOH was added.

The tube was then vortex-mixed for 20 s, sonicated for 5 min and centrifuged for 10 min at 1,000 × g.

The supernatant was transferred to screw-cap liquid-chromatography (LC) glass vials and stored at

−20 ◦C until use. For concentration of extracts, 1ml aliquots were dried under a gentle stream of

nitrogen and re-dissolved in 50 µL of 50%MeOH in screw-cap LC glass vials and stored at −20 ◦C

until use.
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5.3. Microcystin ELISA

MCs production was assessed using an indirect competitive ELISA as described by Samdal et

al. (2014) [60]. All samples and standard dilutions were done in duplicate and performed at ~20 ◦C.

Absorbances were measured at 450 nm using a SpectraMax i3x plate reader (Molecular Devices,

Sunnyvale, USA). For further details refer to Samdal et al. (2014) [60].

5.4. Cell Culture

Three reporter gene assay (RGA) cell lines were cultivated and used: the MMV-Luc (estrogen

responsive), TARM-Luc (androgen responsive), and TGRM-Luc (glucocorticoid responsive). They were

previously developed by transforming human mammary gland cell lines using the luciferase gene

under the control of a steroid hormone inducible promoter, as reported by Willemsen et al. (2004) [61].

The cells were routinely grown in 75 cm2 tissue culture flasks (Nunc, Roskilde, Denmark), incubated at

37 ◦C in an atmosphere containing 5% CO2 and at 95% humidity. The MMV-Luc cell culture medium

was made up of: Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine

serum (FBS) and 1% L-glutamine (2 mM). The TARM-Luc and TGRM-Luc cell culture medium was

made up of DMEM Glutamax, supplemented with 10% FBS. The MMV-Luc culture medium was free

from phenol red because of its weak estrogenic activity that may interfere with the assay.

5.5. Reporter-Gene Assays (RGAs)

Reporter gene assays (RGAs) are produced by transfecting cell lines with relevant receptors.

A transactivation step with a signaling protein (the luciferase) is included. This step allows the

measurement of receptor activation, distinguishing at the same time between agonist and antagonist

behaviour [61]. The RGA procedures have previously been described by Frizzell et al. (2011) [62].

Briefly, cells were seeded at a concentration of 4 × 105 cells/mL, 100 mL/well in white walled, clear,

and flat bottomed 96-well plates (Greiner Bio-One, Fricken-hausen, Germany). RGA medium differed

from that used for maintaining cell cultures in that hormone depleted serum was used instead of

common FBS. After 24 h pre-incubation, cyanobacterial extract solutions as well as steroid hormone

standards were added in triplicate to the cells at a final methanol concentration of 0.1%. Positive

controls for the estrogen-, androgen-, and glucocorticoid-responsive RGAs were estradiol (1.36 ng/mL

or 5 nM), testosterone (14.5 ng/mL) and cortisol (181 ng/mL), respectively. A solvent control (0.25%

MeOH in deionized water, v/v) was also included. Antagonist tests included co-incubation of test

compounds with the positive controls. The cells were incubated for 48 h. Supernatants were then

discarded, and the cells were washed once with PBS. Then, 25 µL cell lysis buffer was added to each

well. Reading was performed by adding 100 µL of luciferase substrate to each well and measuring

luciferase activity with a Mithras Multimode Reader (Berthold, Other, Germany). Agonist response

was measured relative to the solvent or cyanobacterial growth medium, and antagonist response was

measured relative to the positive controls.

Estrogen-responsive RGAs and connected MTT cell viability assays were performed

in triplicate and repeated in three independent exposures, while androgen-responsive and

glucocorticoid-responsive RGAs and connected MTT cell viability assays were performed in triplicate,

but in only one exposure each.

5.6. MTT Cell Viability Assay

Flat-bottomed 96-well plates (Nunc) were seeded with 4×105 cells/well of the appropriate RGA

cell line. Cyanobacterial extracts were added to the cells after a pre-incubation period of 24 h at the

desired concentration and maintaining a solvent concentration of 0.1% MeOH. Controls and extracts

were incubated for 48 h. Supernatants were then discarded, and 50 µL of MTT solution (MTT stock

solution/assay media ratio 1:6) added to each well and the cells incubated for another 3 h. Viable cells

would convert the soluble and yellow dye MTT into insoluble and purple formazan. Supernatant
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were removed and 200 µL of DMSO added to each well to solubilize the formazan crystals. Optical

density was measured at 570 nm (630 nm as reference) using a Sunrise spectrophotometer (TECAN,

Switzerland). Cell viability was expressed as the relative absorbance of samples compared to the

solvent control.

5.7. Human Liver Microsome (HLM) Incubation

In vitro metabolism trials were performed using commercially available human liver microsomes

(HLM; No. X008067, Lot YAO; Celsis In Vitro Technologies, Baltimore, MD, USA). Estradiol (5 µM assay

concentration) was incubated either alone or in presence of MC-LR solutions (0.5 µM and 5 µM assay

concentration), as well as in presence of a M. aeruginosa PCC7806 extract. The extract was concentrated

to obtain an in-assay concentration of MCs (sum of MC-LR and [D-Asp3]MC-LR) of approximately

0.5 µM. Individual incubations were carried out with 2 mg/mL of microsomal protein in a final volume

of 1 mL containing a NADPH-generating system (0.91 mM NADPH, 0.83 mM NADP+, 19.4 mM

glucose-6-phosphate, 1 U/mL glucose-6-phosphate dehydrogenase and 9 mM magnesium chloride

hexahydrate) as well as an incubation buffer (45 mM Hepes, pH 7.4) at 37 ◦C for 60 min. Enzymatic

reactions were stopped by adding aliquots from the individual incubations to ice-cold MeCN (1:1).

All samples were vortex-mixed and placed on ice. They were centrifuged at 2,000 × g (Eppendorf,

Hamburg, Germany) to precipitate proteins, filtered (0.22 µm Corning Costar Spin-X centrifuge tube

filters, Corning Inc., NY, USA) and transferred to chromatography vials.

5.8. Quantification of Estradiol and Biotransformation Products Using LC–MS/MS

Estradiol and estradiol-related oxidative metabolites were determined by using an Agilent 1290

Infinity Binary UHPLC System with vacuum degasser and thermostatted column compartment (30 ◦C)

coupled via an electrospray ionisation interface (ESI) to an Agilent 6470 TripleQ mass spectrometer

(Agilent Technologies, Santa Clara, CA, USA). The instrument’s MassHunter Optimizer software

(version B 8.0; Agilent) was used to evaluate the fragmentation patterns of the target compounds.

The precursor-ion to product-ion transition, mass-to-charge ratio (m/z), fragmentor voltage (FV),

collision energy (CE), and cell accelerator voltage (CAV) for multiple reaction monitoring (MRM) of all

analytes (Table 3) were optimized by infusing a solution of the compounds isocratically with a flow rate

of 0.4 mL/min (MeCN:water, 1/1, both containing 0.1% formic acid). Two transitions were monitored

for each compound using dynamic multiple reaction monitoring (dMRM) according to Table 3.

The ES interface was operated in positive ion mode including a drying gas temperature of 300 ◦C,

a drying gas flow of 10 L/min, a nebulizer gas pressure of 25 psi, a sheath gas temperature of 375 ◦C,

a sheath gas flow of 12 L/min, a nozzle voltage of 1000 V, and a capillary voltage of 4 kV. A novel

separation method was developed using a 150 × 2.1 mm i.d. Kinetex F5 (2.6 µm particles) HPLC

column including a 0.5 µm KrudKatcher Ultra pre-column filter (Phenomenex). The target compounds

were eluted using a mobile phase gradient consisting of water (A) and MeCN (B), both containing

0.1% formic acid. Chromatographic separation was achieved using isocratic elution at 2% B for 6 min

followed by a linear gradient to 35% B over 2 min, and followed by a second linear gradient to 48%

B over 10 min. After flushing the column for 3 min with 95% B, the mobile phase was returned to

the initial conditions, and the column was eluted isocratically for an additional 2 min. The total run

time was 24 min. The flow rate was 0.25 mL/min, the injection volume was 1 µL and the column

temperature was maintained at 30 ◦C.

The biotransformation of estradiol to 2-hydroxyestradiol and estrone in the different groups (i.e.,

0.5 µM MC-LR + 5 µM estradiol, 5 µM MC-LR + 5 µM estradiol or M. aeruginosa PCC7806 + 5 µM

estradiol) was compared to the reference group (5 µM estradiol) using One-Way Analysis of Variance

(ANOVA) followed by Dunnett’s test (JMP 14.0, SAS Institute Inc., Cary, NC, USA) (Figure S2, Table S4).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/4/228/s1,
Table S1. Background information for cyanobacterial strains used in this study, including ID, species, origin
and production of microcystins (MCs), Table S2. ER RGA summary, Table S3. AR RGA summary, Table S4.

http://www.mdpi.com/2072-6651/12/4/228/s1


Toxins 2020, 12, 228 12 of 15

GR RGA summary, Table S5. P-values from post-hoc analyses (Dunnett’s test and Student’s t test) of the data
set shown in Figure S2. Figure S1. Overlay of total ion chromatograms from LC–MS/MS analyses of estradiol
incubations at 0 min and 60 min with human liver microsomes, Figure S2. One-way analysis of the relative
production of 2-hydroxyestradiol and estrone in human liver microsomes, including Dunnett’s and Student’s t
tests for post-hoc analysis.
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Table S1. Background information for cyanobacterial strains used in this study, including ID, species, origin 
and production of microcystins (MCs) according to ELISA. 

Strain ID Species Origin and year of isolation 
MCs 

(ELISA) 

NIVA-CYA 431* M. novacekii L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 476* M. aeruginosa L. Victoria, Murchison Bay, Uganda, 2004 no 

NIVA-CYA 22* M. aeruginosa L. Mendota, Madison, WI, 1948 no 

PCC7806* M. aeruginosa Braakman Reservoirs, The Netherlands, 1972 yes 

NIVA-CYA 544* P. prolifica L. Steinsfjorden, Buskerud, Norway, 2004 yes 

NIVA-CYA 166* M. aeruginosa L. Hellesjøvatnet, Akershus, Norway, 1987 no 

NIVA-CYA 31* M. aeruginosa L. Little Rideau, Ontario, Canada, 1954 yes 

NIVA-CYA 24 P. prolifica L. Levrasjön, Kristianstad, Sweden, 1975 no 

NIVA-CYA 56/1 P. mougeotii L. Steinsfjorden, Buskerud, Norway, 1978 no 

NIVA-CYA 116 P. agardhii L. Årungen, Norway,1983 no 

NIVA-CYA 123/1 M. aeruginosa L. Mälaren, Sweden, 1983 no 

NIVA-CYA 140 M. aeruginosa Bendig's Pond, Bruno, Saskatchewan, Canada, 1975 yes 

NIVA-CYA 143 M. aruginosa L. Akersvatnet. Norway, 1984 no 

NIVA-CYA 144 M. cf. aeruginosa L. Borrevatnet, Vestfold, Norway, 1984 no 

NIVA-CYA 264 M. botrys L. Frøylandsvatnet, Rogaland, Norway, 1990 yes 

NIVA-CYA 279 M. cf. ichthyoblabe L. Østensjøvatnet, Oslo, Norway, 1990 no 

NIVA-CYA 432 Microcistys sp. L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 475 M. aeruginosa L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 478 M. aeruginosa L. Victoria, Murchison Bay, Uganda, 2000 no 

NIVA-CYA 482 M. aeruginosa L. Mburo, Uganda, 2004 no 

NIVA-CYA 598 P. prolifica L. Kolbotnvatnet, Akershus, Norway, 2007 yes 

NIVA-CYA 613 M. botrys L. Steinsfjorden, Buskerud, Norway, 2008 yes 

NIVA-CYA 632 P. rubescens L. Lyseren, Østfold, Norway, 2008 yes 

NIVA-CYA 754 M. aeruginosa Roodeplaat, South Africa, 2011 no 

NIVA-CYA 842 M. aeruginosa Hartbeespoort Dam, South Africa, 2013 no 

K-0540 M. aeruginosa Bagsværd Sø, Denmark, ? no 

*selected strains, concentrated for further reporter gene assays. 
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Table S2. ER RGA summary. 

ESTROGEN RESPONSIVE REPORTER GENE ASSAY 

Sample Dilution 

Agonism 

% SC* response 

(SEM) 

Antagonism 

% PC** response 

(SEM) 

Cell viability-Cytotoxicity 

% response rel. to SC* 

(SEM) 

NIVA-CYA 
598 

1/400 8.4 (2.2) 11.2 (3.0) -10.3 (1.1) 
1/800 4.9 (1.6) 8.3 (6.1) -11.5 (3.2) 

NIVA-CYA 
842 

1/400 3.3 (1.1) 4.6 (1.9) -16.6 (2.6) 
1/800 6.0 (3.0) 3.4 (1.4) -18.8 (6.5) 

NIVA-CYA 
613 

1/400 1.9 (1.4) 7.7 (3.3) -15.0 (1.9) 
1/800 1.7 (0.5) 8.3 (3.0) -11.6 (0.5) 

NIVA-CYA 
431 

1/400 15.7 (1.4) 14.6 (2.8) 1.8 (0.7)  
1/800 5.0 (1.1) -11.2 (3.9) 10.0 (3.7)  

NIVA-CYA 
140 

1/400 8.5 (1.6) 8.4 (1.9) -6.1 (1.7) 
1/800 11.2 (6.4) 3.1 (4.4) -8.1 (0.7) 

K-0540 
1/400 0.8 (1.2) 9.4 (3.7) -3.8 (4.0) 
1/800 3.3 (1.8) 8.5 (1.4) -8.5 (2.3) 

NIVA-CYA 
475 

1/400 2.1 (1.1) 14.5 (2.0) -13.2 (0.8) 
1/800 -0.2 (0.8) 11.8 (5.1) -12.5 (3.5) 

NIVA-CYA 
476 

1/400 1.3 (0.8) 6.4 (2.7) -0.4 (1.5) 
1/800 29.2 (2.8) 6.4 (3.2) 12.3 (5.8) 

NIVA-CYA 
22 

1/800 20.5 (1.3) 11.4 (3.6) 2.7 (5.7) 
1/1600 14.1 (1.3) 11.3 (5.4) 11.6 (1.3) 

NIVA-CYA 
632 

1/400 0.7 (0.9) 24.0 (7.7) 5.9 (2.8) 
1/800 0.1 (0.7) -4.0 (17.3) 7.3 (1.7) 

NIVA-CYA 
143 

1/400 3.8 (1.6) 18.3 (2.8) -11.3 (2.5) 
1/800 8.7 (1.5) 15.2 (11.0) -10.1 (1.0) 

NIVA-CYA 
24 

1/400 9.8 (0.6) 5.8 (23.4) -5.2 (1.5) 
1/800 0.4 (0.3) -6.9 (11.1) 4.1 (1.7) 

PCC7806 
1/400 12.6 (3.9) -0.3 (22.5) -11.2 (2.4) 
1/800 2.0 (0.7) -7.3 (15.3) 25.7 (3.3) 

NIVA-CYA 
478 

1/400 9.3 (1.0) 6.8 (0.5) -6.6 (0.6) 
1/800 -6.8 (1.3) 15.7 (10.2) -9.1 (1.3) 

NIVA-CYA 
544 

1/400 -2.2 (0.9) 5.1 (1.6) 10.6 (1.9) 
1/800 23.2 (11.9) 10.7 (6.8) 1.2 (3.2) 

NIVA-CYA 
279 

1/400 6.9 (1.0) -1.5 (4.6) -6.2 (3.8) 
1/800 -2.9 (0.8) 11.5 (2.6) -5.2 (2.9) 

NIVA-CYA 
144 

1/400 5.2 (0.8) 9.4 (4.3) 1.9 (4.1) 
1/800 1.6 (0.6) 9.8 (5.8) 8.5 (1.6) 

NIVA-CYA 
482 

1/400 -1.6 (0.4) 8.0 (5.6) 3.4 (1.1) 
1/800 -4.0 (0.2) -6.2 (5.1) 6.8 (2.2) 

NIVA-CYA 
754 

1/400 -6.6 (0.9) 0.1 (9.6) 1.9 (2.6) 
1/800 -7.3 (0.6) 3.1 (7.9) 9.3 (1.5) 

NIVA-CYA 
166 

1/400 22.3 (1.4) -2.1 (5.7) 14.4 (2.3) 
1/800 -2.2 (2.0) 4.2 (6.2) 9.9 (0.4) 

NIVA-CYA 
31 

1/400 32.5 (1.8) 19.2 (8.6) 20.1 (2.2) 
1/800 0.6 (0.5) 7.6 (8.9) 37.1 (8.5) 

NIVA-CYA 
432 

1/400 -2.4 (0.6) -9.0 (2.7) 18.6 (3.1) 
1/800 -3.3 (1.0) -4.1 (4.8) 13.7 (2.5) 

NIVA-CYA 
56/1 

1/400 11.7 (0.4) 9.6 (1.1) 10.6 (2.7) 
1/800 -2.1 (1.3) -1.5 (3.4) 9.8 (1.5) 
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NIVA-CYA 
116 

1/400 0.9 (0.2) -5.3 (7.2) 2.1 (1.1) 
1/800 -1.5 (1.3) -2.5 (7.0) 8.3 (2.4) 

NIVA-CYA 
264 

1/400 -4.2 (1.4) 14.0 (9.0) 10.1 (0.4) 
1/800 -6.3 (1.0) 10.0 (17.7) 9.2 (1.7) 

NIVA-CYA 
123/1 

1/400 -1.0 (1.7) 5.7 (26.5) 3.4 (2.7) 
1/800 -3.3 (0.6) -11.8 (4.0) 14.8 (5.2) 

*SC= solvent control (0.25% methanol in deionized water, v/v). **PC= positive control (Estradiol 1.36 ng/mL). 

Table S3. AR RGA summary. 

ANDROGEN RESPONSIVE REPORTER GENE ASSAY 

Sample Dilution 

Agonism 

% SC* response 

(SEM) 

Antagonism 

% PC** response 

(SEM) 

Cell viability-Cytotoxicity 

% response rel. to SC* 

(SEM) 

NIVA-CYA 
598 

1/400 3.9 (1.3) -61.4 (3.1) -3.9 (3.8) 
1/800 4.0 (0.5) -54.5 (4.3) -1.4 (2.9) 

NIVA-CYA 
842 

1/400 4.0 (1.2) -46.1 (2.7) -7.1 (3.3) 
1/800 -0.2 (0.3) -44.4 (8.1)  -11.0 (1.8) 

NIVA-CYA 
613 

1/400 0.3 (0.6) -34.6 (13.1) -6.2 (0.8) 
1/800 3.1 (1.2) -46.0 (2.7) -3.0 (2.0) 

NIVA-CYA 
431 

1/400 1.6 (1.1) -54.1 (0.3) -2.1 (3.9) 
1/800 5.1 (4.0) -88.7 (1.6) 1.8 (6.7) 

NIVA-CYA 
140 

1/400 2.6 (0.8) -78.4 (5.2) 7.0 (1.5) 
1/800 3.3 (1.0) -71.5 (6.2) 4.4 (1.7) 

K-0540 
1/400 2.9 (0.8) -55.4 (7.9) 1.3 (2.1) 
1/800 3.6 (1.4) -54.3 (4.4) -4.6 (1.4) 

NIVA-CYA 
475 

1/400 2.7 (1.9) -47.6 (8.5) -8.9 (3.2) 
1/800 1.2 (0.4) -47.9 (6.9) -13.2 (1.3) 

NIVA-CYA 
476 

1/400 4.6 (1.7) -44.0 (8.4) -4.7 (2.1) 
1/800 3.0 (1.5) -37.6 (1.9) 0.8 (3.3)  

NIVA-CYA 
22 

1/800 2.8 (1.1) -33.4 (4.1) -10.2 (3.6) 
1/1600 1.7 (1.0) -24.4 (12.6) 2.0 (0.9) 

NIVA-CYA 
632 

1/400 3.2 (0.5) -31.2 (5.8) -4.3 (1.3) 
1/800 2.3 (0.5) -25.5 (7.7) -3.1 (0.6) 

NIVA-CYA 
143 

1/400 3.1 (1.1) -36.1 (6.6) -3.5 (2.4) 
1/800 2.2 (0.7) -21.3 (8.2) -3.4 (1.2) 

NIVA-CYA 
24 

1/400 3.4 (1.2) -36.3 (4.4) -4.3 (1.8) 
1/800 3.1 (1.5) -39.9 (6.9) 0.7 (3.8) 

PCC7806 
1/400 2.7 (1.1) -50.9 (1.3) 1.3 (1.5) 
1/800 1.2 (0.2) -30.5 (1.0) 4.0 (0.4) 

NIVA-CYA 
478 

1/400 2.3 (0.3) -34.6 (10.8) -6.4 (0.8) 
1/800 2.1 (0.9) -22.7 (1.1) -6.3 (2.4) 

NIVA-CYA 
544 

1/400 3.9 (0.6) -17.4 (8.5) -2.3 (3.2) 
1/800 3.7 (0.9) -20.6 (6.2) 42.3 (0.8) 

NIVA-CYA 
279 

1/400 2.6 (0.7) -8.7 (5.5) 16.8 (17.6) 
1/800 4.1 (1.0) -11.6 (2.9) -1.9 (6.6) 

NIVA-CYA 
144 

1/400 2.8 (0.9) -25.9 (14.3) -2.1(21.6) 
1/800 2.7 (0.5) -34.6 (8.1) -4.2 (1.8) 

NIVA-CYA 
482 

1/400 1.4 (0.5) 2.1 (2.3)  2.8 (2.6) 
1/800 3.2 (0.8) 11.3 (5.6) -3.5 (2.7) 

NIVA-CYA 
754 

1/400 3.5 (0.5) 18.1 (14.7) 1.8 (2.4) 
1/800 2.4 (0.5) 9.9 (6.0) -3.9 (4.5) 
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NIVA-CYA 
166 

1/400 2.8 (0.6) 20.7 (5.3) 0.8 (9.8) 
1/800 4.0 (0.9) -1.3 (7.4) -4.8 (2.1) 

NIVA-CYA 
31 

1/400 3.1 (0.5) 9.8 (14.3) -5.7 (1.4) 
1/800 2.6 (0.4) 22.7 (2.5) 0.5 (4.0) 

NIVA-CYA 
432 

1/400 1.7 (0.2) 8.8 (14.5) 7.2 (0.9) 
1/800 0.3 (0.4) 6.1 (7.2) -0.5 (3.1) 

NIVA-CYA 
56/1 

1/400 5.2 (0.7) 3.6 (3.8) -4.7 (4.7) 
1/800 1.9 (0.4) 1.6 (0.5) 17.2 (11.3) 

NIVA-CYA 
116 

1/400 2.3 (1.3) 12.3 (7.8) -9.4 (1.9) 
1/800 1.5 (0.6) 4.6 (14.0) -7.5 (1.3) 

NIVA-CYA 
264 

1/400 2.6 (0.5) 15.8 (13.2) -4.5 (10.7) 
1/800 2.9 (0.7) 5.0 (11.9) -7.0 (3.6) 

NIVA-CYA 
123/1 

1/400 2.5 (0.6) 17.3 (18.2) -5.3 (0.7) 
1/800 2.0 (1.4) 28.3 (8.9) 9.9 (7.8) 

*SC= solvent control (0.25% methanol in deionized water, v/v). **PC= positive control (Testosterone 14.5 ng/mL). 

Table S4. GR RGA summary. 

GLUCOCORTICOID RESPONSIVE REPORTER GENE ASSAY 

Sample Dilution 

Agonism 

% SC* response 

(SEM) 

Antagonism 

% PC** response 

(SEM) 

Cell viability-Cytotoxicity 

% response rel. to SC* 

(SEM) 

NIVA-CYA 
598 

1/400 1.9 (0.7) -7.6 (21.9) 9.1 (9.3) 
1/800 0.4 (0.2) 30.2 (27.4) 4.2 (3.9) 

NIVA-CYA 
842 

1/400 0.1 (0.0) -10.6 (33.3) 7.9 (7.4) 
1/800 0.0 (0.0) 17.1 (34.0) 13.0 (7.9) 

NIVA-CYA 
613 

1/400 0.0(0.0) 14.0  (13.5) 3.7 (6.1) 
1/800 -0.1 (0.0) -39.4 (31.2) -4.8 (2.3) 

NIVA-CYA 
431 

1/400 0.0 (0.0) -17.1 (16.6) -2.8 (2.5) 
1/800 0.2 (0.2) -12.3 (21.3) -7.0 (7.5) 

NIVA-CYA 
140 

1/400 0.3 (0.2) -5.7 (26.6) 17.2 (6.6) 
1/800 1.7 (1.6) 31.6 (37.3) 7.7 (0.7) 

K-0540 
1/400 0.2 (0.1) -52.4 (9.9) 7.6 (5.4) 
1/800 0.0 (0.0) -23.4 (16.9) 4.1 (15.7) 

NIVA-CYA 
475 

1/400 0.0 (0.0) -20.6 (4.8) 20.4 (20.5) 
1/800 2.6 (1.4) -20.0 (5.1) 8.7 (8.2) 

NIVA-CYA 
476 

1/400 0.1 (0.0) -28.0 (11.9) 8.2 (6.0) 
1/800 0.0 (0.0) 32.4 (25.1) -4.4 (6.8) 

NIVA-CYA 
22 

1/800 0.0 (0.0) -19.3 (8.1) -9.2 (4.5) 
1/1600 0.0 (0.0) 9.9 (54.5) 4.5 (1.4) 

NIVA-CYA 
632 

1/400 0.0 (0.0) -39.9 (11.0) -9.4 (6.2) 
1/800 0.0 (0.0) -25.4 (28.8) -14.8 (12.2) 

NIVA-CYA 
143 

1/400 0.1 (0.1) -88.6 (8.2) -3.7 (8.6) 
1/800 0.1 (0.1) -29.9 (17.5) -1.0 (7.1) 

NIVA-CYA 
24 

1/400 0.2 (0.2) 17.8 (9.2) -6.5 (3.9) 
1/800 0.1 (0.1) -15.2 (30.4) -10.1 (8.6) 

PCC7806 
1/400 0.0 (0.0) 0.7 (19.6) -15.0 (5.8) 
1/800 0.0 (0.0) -40.0 (18.5) 7.5 (19.0) 

NIVA-CYA 
478 

1/400 0.7 (0.6) -7.9 (26.5) -4.6 (12.7) 
1/800 0.2 (0.1) -11.3 (37.3) -7.7 (3.1) 

NIVA-CYA 
544 

1/400 0.1 (0.0) 7.7 (20.5) 4.2 (13.1) 
1/800 0.0 (0.0) -76.7 (13.0) 7.0 (10.3) 
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NIVA-CYA 
279 

1/400 0.0 (0.0) -54.0(19.3) -1.3 (16.2) 
1/800 0.0 (0.0) 25.8(14.2) -2.0 (6.1) 

NIVA-CYA 
144 

1/400 0.0 (0.0) -79.1 (9.0) -16.1 (4.8) 
1/800 0.1 (0.0) 26.7 (14.9) -18.9 (7.3) 

NIVA-CYA 
482 

1/400 0.1 (0.1) 32.2 (19.8) -9.2 (5.5) 
1/800 0.1 (0.1) -57.3 (8.5) -0.4 (14.0 

NIVA-CYA 
754 

1/400 0.0 (0.0) -43.3 (15.8) -5.9 (5.2) 
1/800 0.0 (0.0) -13.0 (10.0) -3.5 (4.2) 

NIVA-CYA 
166 

1/400 0.0 (0.0) -23.1 (24.6) -9.9 (4.3) 
1/800 0.6 (0.1) 28.0 (22.3) -5.5 (1.3) 

NIVA-CYA 
31 

1/400 9.1 (2.0) -31.6 (32.1) -12.6 (1.2) 
1/800 0.0 (0.0) -55.9 (32.0) -4.2 (4.7) 

NIVA-CYA 
432 

1/400 0.1 (0.1) -74.1 (19.0) -5.0 (4.6) 
1/800 0.0 (0.0) -38.9 (18.5) -2.6 (3.8) 

NIVA-CYA 
56/1 

1/400 -0.1 (0.0) -26.5 (11.5) -18.9(1.8) 
1/800 0.0 (0.0) -2.5 (25.2) -10.2 (3.4) 

NIVA-CYA 
116 

1/400 0.2 (0.1) -40.6 (28.5) -16.2 (3.0) 
1/800 0.3 (0.2) -20.6 (11.0)  -10.4 (2.4) 

NIVA-CYA 
264 

1/400 0.2 (0.1) -3.0 (9.5) -12.1 (4.3) 
1/800 0.1 (0.0) -69.8 (17.1) -5.4 (3.9) 

NIVA-CYA 
123/1 

1/400 0.1 (0.0) 17.7 (30.1) -17.8 (3.4) 
1/800 0.1 (0.0) 39.3 (5.2) 0.2 (11.4) 

*SC= solvent control (0.25% methanol in deionized water, v/v). **PC= positive control (Cortisol 181 ng/mL). 
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Figure S1. Overlay of total ion chromatograms from LC–MS/MS analyses of estradiol incubations at 0 min 
(red line) and 60 min (black line) with human liver microsomes (HLM). The concentration of individual 
compounds in the calibration standard was 125 ng/ml (green line). 
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Figure S2. One-way analysis of the relative production of 2-hydroxy-estradiol and estradione in human liver 
microsomes, including Dunnett’s and Student’s t tests for post-hoc analysis. The data set consists of the 
following groups: 1, 5 µM estradiol only (reference); 2, 5 µM estradiol + 5 µM MC-LR; 3, 5 µM estradiol + 0.5 
µM MC-LR; 4, 5 µM estradiol + M. aeruginosa PCC7806 containing 5 µM MC-LR. 

Table S5. P-values from post-hoc analyses (Dunnett’s test and Student’s t test) of the data set shown in Figure 
S2 using estradiol as reference (n=18, i.e. three replicate experiments including six time points). P-values that 
identify statistically significant differences relative to incubations with estradiol alone are shown in bold. 

Estradiol 

Metabolite 

5 µM estradiol + 

0.5 µM MC-LR 

5 µM estradiol + 

5 µM MC-LR 

5 µM estradiol + 

PCC7806 

 P-value 

(Dunnett’s) 
P-value 

(Student’s t) 

P-value 

(Dunnett’s) 
P-value 

(Student’s t) 

P-value 

(Dunnett’s) 
P-value 

(Student’s t) 

2-
hydroxyestradiol 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

estrone 0.096 0.038 0.845 0.508 0.003 0.001 
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Abstract  

The aim of this study was to investigate the potential interference of cyanobacterial 

metabolites, in particular microcystins (MCs), with steroidogenesis, which is the complex 

process of steroid hormone biosynthesis. Steroid hormones control many fundamental 

processes in an organism, thus alteration of their tissue concentrations may affect normal 

homeostasis. We used liquid chromatography–tandem mass spectrometry (LC–MS/MS) to 

investigate the modulation of 14 hormones involved in the adrenal steroid biosynthesis 

pathway using forskolin-treated H295R cells, following exposure with either microcystin-LR 

(MC-LR) alone, a mixture made up of MC-LR together with eight other MCs and nodularin-R 

(NOD-R), or extracts from the MC-LR-producing Microcystis aeruginosa PCC7806 strain or its 

MC-deficient mutant PCC7806mcyB−. Production of 17-hydroxypregnenolone and 

dehydroepiandrosterone (DHEA) was increased in the presence of MC-LR in a dose-

dependent manner, indicating an inhibitory effect on 3-hydroxysteroid dehydrogenase (3-

HSD). This effect was not observed following exposure with a MCs/NOD-R mixture, and thus 

the effect of MC-LR on 3-HSD appears to be stronger than for other congeners. Exposure to 

extracts from both M. aeruginosa PCC7806 and M. aeruginosa PCC7806mcyB− had an opposite 

effect on 3-HSD, i.e. concentrations of pregnenolone, 17-hydroxypregnenolone and DHEA 

were significantly decreased, showing that there are other cyanobacterial metabolites that 

outcompete the effect of MC-LR, and possibly result instead in net-induction. Another finding 

was a possible concentration-dependent inhibition of CYP21A2 or CYP11β1, which catalyse 

oxidation reactions leading to cortisol and cortisone, by MC-LR and the MCs/NOD-R mixture.  

However, both M. aeruginosa PCC7806 and M. aeruginosa PCC7806mcyB− extracts had an 

opposite effect resulting in a substantial increase in cortisol levels. Our results suggest that 



MCs can modulate steroidogenesis, but that the net effect of the M. aeruginosa metabolome on 

steroidogenesis is different from that of pure MC-LR and independent of MC production. 

Keywords: steroidogenesis; H295R; LC–MS/MS; cyanobacteria; endocrine disruptor; 

microcystin; Microcystis aeruginosa 

 

Introduction 

Cyanobacteria, the infamous “blue–green algae”, represent an increasing concern for 

wildlife and human health [1-3]. They are photosynthetic prokaryotic inhabitants of aquatic 

environments worldwide, mainly in freshwater basins. Under certain conditions (e.g. 

abundance of nutrients, favorable light and temperature), cyanobacteria may over-

accumulate, forming so-called “blooms” [3]. Blooming cyanobacteria may release harmful 

bioactive metabolites into the water, including potent toxins (cyanotoxins) [1, 2, 4-7].  

MCs are likely the most studied among cyanobacterial toxins [8]. They are a large 

family of cyclic heptapeptides, sharing a common core structure [8-11]. As a result of variations 

in their amino acid composition and additional structural modifications, the MCs are 

structurally diverse with at least 279 congeners already reported [9]. Several cyanobacterial 

genera have the ability to produce MCs, including Microcystis [8]. The toxicity of MCs is 

primarily connected to the inhibition of protein phosphatases PP1 and PP2A [12-14], which 

are ubiquitously expressed and crucial for regulation of key proteins, which in turn is crucial 

for key cellular processes [15-17]. 



MCs are known as hepatotoxins, especially following a well-documented event in 1996, 

when more than fifty patients died of acute liver failure following hemodialysis with MC-

contaminated water in Brazil [18, 19]. However, literature reports several other adverse effects 

that MCs can exert, both in humans and wildlife, including reproductive toxicity and 

endocrine disrupting (ED) activity [9, 18, 20-24], which is the interference with normal 

homeostasis of the endocrine (hormonal) system, at any level of its functioning [25]. 

It has been reported that extracts and exudates from cyanobacterial blooms have ED 

activity, in particular estrogenic activity, through activation of the estrogen receptor [26, 27]. 

However, it is not entirely clear which of the many compounds present in cyanobacterial 

blooms exert estrogen activity and what role MCs might have. Furthermore, there are several 

non-receptor-mediated mechanisms, which are less studied but nevertheless important, that 

may alter endocrine functions [28, 29], including modulation of hormone production at the 

glandular level [30]. 

The adrenal cortex, which is the part of the adrenal gland where steroid hormones are 

produced, has been identified as a major target organ affected by endocrine disruptors (EDs) 

[31]. Steroid hormones regulate several functions including growth and development, 

metabolism and reproduction. The overall process of steroid hormone production is called 

steroidogenesis. It includes several steps and utilizes cholesterol as the common precursor. 

Cholesterol is transported to the inner mitochondrial membrane by steroidogenic acute 

regulatory protein (StAR) [32]. Following this rate-limiting step, several key enzymes modify 

cholesterol into other steroid hormones [33-35].  

Most studies into the toxicology of cyanobacteria, including those addressing their ED 

activity, have focused on microcystin-LR (MC-LR) [13, 20-22, 24, 36], which is considered one 



of the most prevalent and toxic MC congeners [8, 9]. Thus, it is the only congener for which 

the World Health Organization (WHO) has recommended a limit for its concentration in 

drinking water (1 µg/L) [37]. A recent study by Wang and co-authors showed that persistent 

MC-LR exposure in adult male zebrafish increased serum cortisol levels by modulating the 

expression of hypothalamic-pituitary-interrenal (HPI)-axis genes [38]. In an earlier report, Hou 

et al. [39] indicated that MC-LR could elicit non-dose-dependent estrogenic effects interfering 

with steroidogenic gene expression. The latter study was performed using the H295R 

steroidogenesis assay. The adrenocortical human cell line H295R is an in vitro model that 

conserves physiological characteristics of the undifferentiated adrenal cortex gland. Thus, 

these cells have the unique property of expressing genes that encode for all the key 

steroidogenesis enzymes [28, 40-44]. The H295R assay has been optimized and validated by 

the Organization for Economic Co-operation and Development (OECD) to detect substances 

that affect production of 17-estradiol and testosterone [45]. 

In this study, we employed the H295R model, but focused on the modulation of 

individual steroids rather than gene expression as in Hou et al. [39]. We investigated the 

production of 14 hormones of the steroidogenesis pathways after exposing the cells to MC-LR 

in a concentration range that overlapped with that reported by Hou and co-workers [39], and 

quantified the hormones by liquid chromatography–tandem mass spectrometry (LC–MS/MS). 

We also investigated exposures to MC-LR in a mixture together with eight other MC congeners 

and the closely related pentapeptide, nodularin-R (NOD-R) [8, 14, 46]. Furthermore, we 

included exposures to extracts from the M. aeruginosa PCC7806 strain and its MC-deficient 

mutant PCC7806mcyB− [47]. PCC7806 has been widely employed in other research on 

cyanobacteria, including in studies on their ED activity [7, 23, 48-53]. It produces MC-LR as 



the major MC congener, together with lesser amounts of [D-Asp3]MC-LR, including a range of 

known other bioactive metabolites such as cyanopeptolins, aerucyclamides and aeruginosins, 

as well as unknown compounds [50-52]. In culture, the mcyB− mutant grows similarly to the 

wild-type, but produces higher concentrations of some compounds other than MCs in a kind 

of compensatory mechanism [54]. 

The objective of performing these different exposures was to get a clearer picture of the 

involvement of MCs in general, and MC-LR in particular, on steroidogenesis, and to clarify 

whether there are other cyanobacterial metabolites that may modulate hormone 

concentrations in the H295R model. Thus, the exposure of the cells with pure MC-LR, MC-LR 

in a mixture with other congeners, an extract from a MC-LR producing cyanobacterial culture 

or its MC-deficient mutant, was expected to give detailed insight into the role of MC-LR, or 

other cyanobacterial metabolites, on steroidogenesis. 

 

Materials and methods 

Chemicals and reagents 

Methanol (MeOH, gradient quality) and acetonitrile for extraction of cyanobacteria and 

protein precipitation, respectively, were from Romil (Cambridge, UK). Water for other 

purposes than LC–MS was purified and deionized using an ELGA Purelab Maxima system 

(Vivendi Water Systems, High Wycombe, UK). For H295R cell exposure, the following MC 

standards (≥ 95% purity) were from Enzo Life Sciences (Enzo Biochem, Inc., Farmingdale, NY, 

USA): Hepatotox Set 1 (containing MC-LR, MC-RR, MC-LY, MC-YR, MC-LW, MC-LF, MC-



LA, and NOD-R), [D-Asp3,Dhb7]MC-RR (wrongly supplied as [D-Asp3]MC-RR) [55]) and [D-

Asp3]MC-LR. Individual stock solutions of 12.5 µg/mL (MC-LY, MC-LW, MC-LF, MC-LA, [D-

Asp3,Dhb7]MC-RR, [D-Asp3]MC-LR, 25 µg/mL (MC-RR), and 50 µg/mL (MC-LR, NOD-R), 

were prepared in 50% MeOH. From those solutions, a pooled working stock solution 

containing 1 µg/mL of each compound was prepared in 100% MeOH and diluted to the 

concentrations needed for preparation of samples for cell exposures (Scheme S1). Dulbecco's 

Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) and trypsin containing 0.25% EDTA (Gibco), were from Fisher Scientific 

(Trondheim, Norway). Forskolin (from Coleus forskohlii, ≥ 98% (HPLC), powder) and charcoal-

stripped foetal bovine serum (FBS) were from Sigma-Aldrich (Merck KGaA, Darmstadt, 

Germany). Alamar Blue solution was purchased from Thermo Fischer Scientific (Waltham, 

MA, USA). Insulin-transferrin-selenium (ITS 500x) was purchased from BioNordika (Oslo, 

Norway). For LC–MS analyses, HPLC grade MeOH, acetonitrile and water was from VWR 

Chemicals (Søborg, Denmark), while formic acid (98–100%) was from Merck KGaA and of 

EMSURE® quality. Steroid standards were from Sigma-Aldrich and of >96% purity. 

Deuterated internal standards were either from Toronto Research Chemicals (North York, ON, 

Canada), CDN isotopes (Pointe-Claire, QC, Canada) or Sigma-Aldrich. 

 

Cyanobacterial material 

Cultivation of cyanobacteria  

M. aeruginosa PCC7806 and its MC-deficient mutant PCC7806mcyB− were from the 

Pasteur Institute (Paris, France). They were cultivated in Z8 medium [56] in 100 mL glass 



Erlenmeyer flasks in an incubator (IPP110plus, Memmert GmbH + Co.KG, Schwabach, 

Germany) at 18 °C with a 14/10 h light/dark photoperiod, using 1% of maximum light 

intensity. 

Cyanobacterial extract preparation 

Cultures of M. aeruginosa PCC7806 and M. aeruginosa PCC7806mcyB− were extracted 

when they were visually dense. For extract preparation, 5 mL of each culture was transferred 

to a glass tube and stored at −20 °C overnight, then allowed to thaw at room temperature, and 

5 mL of MeOH was added. The tube was then vortex-mixed for 20 s, sonicated for 5 min and 

centrifuged for 10 min at 1,000 rcf. The supernatant was transferred to glass containers and 

stored at −20 °C until use. 

 

H295R cell culture and exposure 

Culture conditions  

The H295R cell line was from American Type Culture Collection (ATCC). Cells were 

cultured in 75 cm2 flasks in DMEM/F-12, containing HEPES buffer, L-glutamine and phenol 

red. Additional supplements were added: FBS at 5% and ITS 500x at 0.2%. H295R cells were 

incubated at 37 °C, in 5% CO2 under a humidified atmosphere (Air-Jacketed, DH Autoflow 

Automatic CO2 Incubator; NuAire, Fernbrook, MN, USA), changing the medium every 2–3 

days, depending on the density of cells. Cells were passaged when approximately 80% 

confluent by trypsination using 0.25% trypsin-EDTA. The cells were used for experiments 

between passages 9 and 10. 



Preparation of test compounds and cyanobacterial extracts  

Concentrated stock solutions of individual test compounds were prepared in MeOH. 

In the assay dilutions, the concentration of MeOH was kept constant at 0.5% to avoid solvent-

related cytotoxicity. MC-LR was tested at concentrations of 1, 5, 100, 500, and 1000 ng/mL. The 

mixture of standard MCs and NOD-R was tested at assay concentrations of 1, 5 and 100 ng/mL 

(of each toxin, resulting in total toxin concentrations of 10, 50 and 1000 ng/mL, respectively). 

The MC concentration in the M. aeruginosa PCC7806 extract was established using LC–HRMS 

and adjusted so the total in-assay MC concentration (MC-LR + [D-Asp3]MC-LR]) (in 50% 

MeOH) was approximately 5 and 500 ng/mL (Scheme S1). The instrumental method used for 

quantification of MCs against external calibration curves using standards in 50% MeOH was 

according to method A described by Mallia et al. [57]. The PCC7806mcyB− strain was also 

tested at two different concentrations. These concentrations were obtained by adjusting the 

overall signal/noise of metabolites observed in full-scan LC–HRMS chromatograms to the 

same order of magnitude as that observed for the M. aeruginosa PCC7806. Cyanobacterial 

growth medium Z8 [56] was extracted and concentrated using the same protocol as was used 

for the cyanobacterial cultures, and tested as a separate control sample. More details about 

samples and exposures can be found in the Supporting Information (Scheme 1).  

H295R steroidogenesis assay and exposure  

H295R cells were seeded at a concentration of 3 × 105 cells/mL, 1 mL/well in white 

walled, clear and flat-bottomed 24-well plates (Sigma-Aldrich; Merck), and incubated at 37 °C, 

5% CO2 in a humidified atmosphere. After 24h, cells were visually inspected under a 

microscope to ensure there were no unwanted inter and/or intra variations in cell monolayer 



morphology. Then, the seeding medium was replaced by fresh medium, which contained 

forskolin (1.5 µM) to start stimulating cells directly before exposure, in all wells except for 

medium and solvent controls. Cells were then exposed to test compounds  and cyanobacterial 

extracts, as well as Z8 cyanobacterial growth medium [56] (see below). Each experimental plate 

included medium control (cell growth medium), solvent control (cell growth medium, 

containing 0.5% MeOH) and positive control (cell growth medium, containing 0.5% MeOH 

and 1.5 µM forskolin) in triplicate (Scheme S1). Medium controls and solvent controls were 

used to verify cell performance during the experiments, ensuring that the cells were not 

affected by unwanted external effects or technical bias. Positive controls were used as a 

reference for evaluating how test compounds and extracts impacted hormone production. 

After 48h of exposure, the medium from each well (~1 mL) was collected in 2-mL Eppendorf 

tubes and stored at −80 °C until further processing.  

Cell viability  

Potential cytotoxicity was evaluated using the Alamar BlueTM assay (Invitrogen). After 

48 h of exposure, the medium was removed from the wells and replaced by 1 mL of fresh 

medium containing 10% Alamar Blue assay solution was added to each well. Plates were 

incubated for 3 h at 37 °C, in 5% CO2 in a humidified atmosphere, and then 100 µL from each 

well was transferred into a 96-well plate (Thermo Fisher Scientific), for fluorescence reading 

using a Spectramax i3x plate reader (Molecular Devices, San Jose, Ca, USA) [58]. Cells with 

lower viability than 80% compared to solvent control were discarded. 

Steroid extraction of H295R cell culture medium  



Protein precipitation was performed according to Weisser et al. [59] before chemical 

analysis by LC–MS/MS. Internal standard (IS) solution (50 μL, 0.1 µg/mL per compound) was 

added to each Eppendorf tube containing the following deuterated steroid analogues in 

MeOH: d7-androstenedione, d4-estrone, d5-17-estradiol, d8-corticosterone, d8-11-

deoxycorticosterone, d9-progesterone, d3-testosterone, d4-cortisol, d5-11-deoxycortisol and d6-

dehydroepindrosterone. Hereafter, 900 μL of ice-cold acetonitrile was added and the tubes 

vortex-mixed for 20 s. The tubes were stored at −20 °C for at least 10 min to allow complete 

precipitation and then centrifuged at 14800 rpm (24532 rcf) at 4 °C for 20 min. Supernatants 

were transferred to glass tubes and evaporated at 60 °C under a gentle stream of nitrogen to a 

volume of about 1 mL. For a second protein precipitation, 900 μL of ice-cold MeOH was added 

and the tubes vortex-mixed for 20 s. Again, tubes were stored at −20°C for at least 10 min, to 

allow complete precipitation and then centrifuged at 14800 rpm at 4 °C for 15 min. 

Supernatants from each tube (approximately 1.9 mL) were transferred to 2 mL 

chromatography vials and evaporated at 60 °C to approximately 0.7 mL under a gentle stream 

of nitrogen. Finally, vials were filled up with purified water, to a final volume of 1 mL and 

stored at −20 °C until hormone analyses.  

 

LC–MS/MS steroid analyses 

The samples collected from the H295R cell assay were analyzed for 14 steroid 

hormones involved in the steroidogenesis (Fig 1) using LC–MS/MS according to earlier work 

[59].  



 

Fig 1. Steroidogenesis pathway. Steroidogenesis pathway, including hormones and enzymes involved [32]. The 14 

hormones analysed in this study are underlined. 

 

Briefly, a combination of a binary 1290 Agilent Infinity system and a binary 1100 

Agilent HPLC pump was used for on-line clean-up and chromatographic separation of 

steroids. Initially, 100 µL of each sample was injected onto an octadecylsilane column (3.9 x 20 

mm, 10 µm) for purification. Steroids were retained while impurities were washed directly 

into waste. For chromatographic separation, steroids were loaded on to an octadecylsilane 

analytical column with guard column thermostatted at 40 °C by gradually increasing the 

proportion of MeOH in acidic water (0.1% (v/v) formic acid in water) utilizing a flow rate of 

0.3 mL/min. For the detection and identification of steroids an AB Sciex 4500 QTRAP tandem 

quadrupole mass spectrometer was used (AB Sciex LLC, Toronto, Canada). The analytes were 

ionized by atmospheric pressure chemical ionization (APCI) in the positive ionization mode, 



and the mass spectrometer operated in the multiple reaction monitoring (MRM) mode. Data 

collection and processing were performed using the Analyst 1.6.2 software package (AB Sciex).  

The analytical method had been validated according to the ICH (2005) guideline [60] 

on bioanalytical method validation. A standard curve for each steroid was plotted according 

to Weisser et al. [59]. To evaluate and verify the performance of the instrument, blanks and 

standards were run for every 6 and 12 samples, respectively. 

Data processing and statistical analysis 

The obtained chromatographic peak areas were integrated using MultiQuant 3.0 

Software (AB Sciex). The chromatograms from all samples were inspected and, if necessary, 

integrated manually. The fold-change was calculated for individual steroid concentrations 

relative to the positive (1.5 µM forskolin) control, and the results plotted in Sigma Plot v. 14 

(Systat Software Inc., San Jose, CA, USA). 

Univariate data analyses  

Hormone concentrations for all exposures (Supporting information) were normalized 

prior to statistical analyses by calculating the difference between individual hormone 

concentrations and the mean hormone concentrations for the positive (1.5 µM forskolin) 

control using Microsoft Excel 2016. Univariate data analyses were performed using JMP 14.0 

(SAS Institute Inc., Cary, NC, USA). Because the data were not normally distributed, we used 

a two-tailed Wilcoxon signed-rank test to assess whether differences in hormone 

concentrations deviated from zero. A p-value of <0.05 was considered significant. 

 



Multivariate data analyses  

Missing concentrations for 11-deoxycorticosterone (Supporting information) from one 

exposure experiment were assumed by taking the mean of the six concentration readings from 

the two other experiments. The data were log-transformed in order to reduce noise and impact 

of high variance, and pareto-scaled by dividing each variable by the square root of its standard 

deviation using Umetrics SIMCA 15.0 (Sartorius Stedim Data Analytics AB, Umeå, Sweden) 

prior to multivariate analyses using unsupervised and supervised models. Principal 

component analysis (PCA) was performed for an initial exploration of the data with the main 

purpose of detecting patterns and potential outliers. Principal component analysis was also 

performed using the original non-normalized data in order to assess the homogeneity of 

medium and solvent controls. Orthogonal partial least-squares discriminant analysis (OPLS-

DA) was carried out to identify features (i.e. steroids) that discriminate between exposures 

and the positive (1.5 µM forskolin) control. The discriminant analysis included a default seven-

round cross-validation. Furthermore, cross-validation ANOVA (CV-ANOVA) was performed 

to assess the reliability of the models. Steroid hormones that contributed to class separation in 

valid OPLS-DA models were inferred from the model S-plots and the predictive variable 

importance in the projection (VIP) values. Models were rejected if the P-value from CV-

ANOVA was higher than 0.05. Furthermore, models were regarded as robust when R2Y and 

Q2X were higher than 50% and 40%, respectively [61, 62]. 

 

 

 



Results 

Of the 14 analysed hormones in the H295R cell culture medium, we were able to 

acquire quantitative data for 13 steroids. Corticosterone was not detected above the lower limit 

of detection (0.023 ng/mL) in any of the samples. 

Univariate Analyses 

Exposure to the high-concentration extracts of M. aeruginosa PCC7806 and 

M. aeruginosa PCC7806mcyB−, and to higher concentrations of MC-LR or MCs/NOD-R, were 

associated with significant changes in several steroids (Fig 2). Steroid hormone profiles 

following exposure with both high-concentration M. aeruginosa PCC7806 and M. aeruginosa 

PCC7806mcyB− extracts showed a similar pattern. In both cases, dehydroepiandrosterone 

(DHEA), 17-hydroxypregnenolone and pregnenolone were detected with significantly lower 

concentrations relative to the positive forskolin control (Fig 2). In addition, androstenedione 

levels were significantly lower following exposure to M. aeruginosa PCC7806mcyB− extract 

(Fig 2). In the high-concentration exposures with both M. aeruginosa strains, concentrations of 

11-deoxycorticosterone were significantly higher relative to the positive forskolin control. The 

steroid 11- deoxycorticosterone was also significantly upregulated following exposure to 

1000 ng/mL MC-LR (Fig 2). However, in contrast to the M. aeruginosa PCC7806 exposures, 

production of DHEA and 17-hydroxypregnenolone was significantly higher following 

exposure with 1000 ng/mL MC-LR (also 100 ng/mL in case of 17-hydroxypregnenolone), 

compared to the positive control. There was no such concentration-dependent increase in 

DHEA and 17-hydroxypregnenolone when H295R cells were exposed to MCs/NOD-R (Fig 2). 



A second effect of our exposures was on the pathway that leads from 17-

hydroxypregnenolone and via 17-hydroxyprogesterone and 11-deoxycortisol to cortisol and 

cortisone (Fig 2). This effect was strongest for the MCs/NOD-R mixture and culminated in 

significantly reduced cortisol (fold change 0.16 relative to positive control) at 1000 ng/mL total 

toxin concentration (including MC-LR at 100 ng/mL) (Fig 2). The same effect was observed for 

the 500 ng/mL exposure with MC-LR that significantly (p<0.01) reduced cortisol and cortisone 

by 97% and 93%, respectively (Fig 2). Again, both M. aeruginosa PCC7806 extracts, i.e. its wild-

type and the MC-deficient mcyB− mutant, reversed the effect. Thus, the higher-concentration 

exposures with M. aeruginosa PCC7806 and M. aeruginosa PCC7806mcyB− extracts 

substantially increased cortisol with fold changes of 2.55 and 2.15, respectively (Fig 2). This 

effect was not statistically significant due to high variability of cortisol concentrations between 

experiments. 



 



Fig 2. Modulation of individual steroids including results from univariate statistical analysis. 

Modulation of hormone production in H295R cells following exposure to different concentrations of 

MC-LR, a mixture of nine MCs and NOD-R (MCs/NOD-R), the MC-producing strain M. aeruginosa 

PCC7806 or its MC-deficient PCC7806mcyB− mutant, or the cyanobacterial growth medium Z8 [56] for 

48 h. The in-assay MC concentration (MC-LR + [D-Asp3]MC-LR) in the M. aeruginosa PCC7806 exposures 

were adjusted to approximately 5 ng/mL (“low”) and 500 ng/mL (“high”). MC-deficient PCC7806mcyB− 

exposures were adjusted so the LC–HRMS response of metabolites other than MCs were in the same 

order of magnitude as for corresponding M. aeruginosa PCC7806 exposures. Data are presented as fold 

change relative to the positive (1.5 µM forskolin) control (which is represented by the dashed red line). 

Error bars represent the standard error of the mean, and asterisks show significant differences from the 

positive control at a 5% (*) or 1% (**) level of significance based on the Wilcoxon signed-rank test. 

 

Multivariate Analyses 

Principal component analysis (PCA) was carried out in order to visualize data structure 

within and between exposure experiments. Solvent and medium controls formed a separate 

and relatively homogeneous cluster across experiments showing the absence of technical bias 

(S1 Fig). As hormone levels within the same exposure groups varied considerably between 

experiments (S1 Fig), PCA was limited to the highest exposures only and based on the positive 

control normalized data (i.e. the identical data set that was used for the univariate analysis). 

The resulting PCA scores plots show that the first three principal components explained 95% 

of the variation in the 13 measured hormones (cumulative Q2X for the three-component model 

= 43%) (Fig 3). Only the M. aeruginosa PCC7806 exposures lead to changes in the hormone 

profiles that could be visualized in the PCA scores plot (Fig 3). Thus, both the PCC7806 and 



the MC-deficient PCC7806mcyB− mutant clustered separately from all other exposures, but 

individual observations were also more dispersed. The 1000 ng/mL MC-LR or MCs/NOD-R 

exposure groups did not form separate clusters and were partially overlapping with the 

positive control or the Z8 cyanobacterial growth medium (Fig 3). 

 

Fig 3. Principal component analysis scores plot including data from high-concentration exposures. 3-

D scores plot from unsupervised principal component analysis based on pareto-scaled and positive-

control-subtracted hormone concentrations, from high-exposure groups only. The first three 

components explain 95% of the total variation. The plot shows a larger dispersion of the data from 

M. aeruginosa PCC7806 exposures, but individual observations from these exposures also cluster further 

away from the positive control and microcystin exposures. 



 

Fig 4. S-plots from valid orthogonal partial least squares discriminant analysis (OPLS-DA) models. 

S-plots from two-class OPLS-DA models including observations for positive (1.5 µM forskolin) control 

versus either the wild type of M. aeruginosa PCC7806 (upper plot), its MC-deficient mutant 

PCC7806mcyB− (middle plot), or 1000 ng/mL MC-LR (lower plot). The plots show that 11-



deoxycorticosterone was upregulated for all exposures. Dehydroepiandosterone (DHEA) and 17-

hydroxypregnenolone were downregulated in exposures for both M. aeruginosa PCC7806 strains but 

upregulated following MC-LR exposure. Related hormones, i.e. androstenedione and pregnenolone 

followed the same pattern but were not among the main discriminating variables in all three models. 

Cortisol was not included in the selection of significant variables as it was the major contributing factor 

to orthogonal variation (oVIP = 3.5). 

 

Subsequently, two-class OPLS discriminant analyses were performed, including the positive 

(1.5 µM forskolin) control as one of the test groups, with the aim of identifying variables (i.e. 

steroids) with class-separating power. Three models were robust and met the quality criteria 

outlined above; these were from discriminant analysis of positive control vs. both of the high-

concentration M. aeruginosa PCC7806 extracts (i.e. wild-type and mcyB−) and from positive 

control vs. 1000 ng/mL MC-LR (Table 1). Significant models used between two and three 

components and interpreted at least 91% of the variation in X (i.e. the hormone levels). The 

predictive value of the models was medium to high with cumulative Q2X values higher than 

52% (Table 1). Hormones that were predictive for the observed class separation were extracted 

from the OPLS-DA S-plots (Fig 4) [63, 64]. The strongest predictive hormone for class 

separations was 11-deoxycorticosterone (OPLS-DA predictive VIP=1.9–3.1), which was 

upregulated in H295R cells following exposure both with 1000 ng/mL MC-LR and the high-

concentration M. aeruginosa PCC7806 extracts (Fig 4). In contrast, several steroid hormones 

were downregulated following exposure with the high-concentration M. aeruginosa PCC7806 

extracts, but upregulated following exposure with 1000 ng/mL MC-LR (Fig 4, Table 1). Thus, 

both 17-hydroxypregnenolone and DHEA were significantly discriminating variables in all 

three OPLS-DA models, but with opposite sign in the 1000 ng/mL MC-LR exposure relative to 



exposure with the high-concentration M. aeruginosa PCC7806 and M. aeruginosa 

PCC7806mcyB− extracts. Furthermore, both their direct precursor, pregnenolone, and 

biosynthetic product, androstenedione, were significantly discriminating variables in two out 

of the three models (Fig 4, Table 1). 

 

Table 1. Characteristics of valid two-class OPLS-DA models based on quantitative hormone 

concentrations from 13 hormones following H295R cell exposures with either 1000 ng/mL MC-LR, 

M. aeruginosa PCC7806 or PCC7806mcyB− extracts, compared to the positive control (1.5 µM forskolin). 

Classes 
R2(x) 

(cum) 

R2(y) 

(cum) 

Q2(x) 

(cum) 

CV-ANOVA 

P-value 

Steroids predictive for class 

difference incl. pVIPa 

PC vs. MC-LR 1000 ng/mL 0.93 0.58 0.52 0.039 

11-deoxycorticosterone (1.9), 17-

hydroxypregnenolone (1.5), 

androstenedione (0.96), DHEA 

(0.67), 17-hydroxyprogesterone 

(0.64) 

PC vs. PCC7806 (high) 0.97 0.89 0.83 1.1×10−3 
11-deoxycorticosterone (3.1), 17-

hydroxypregnenolone (1.0), DHEA 

(0.89) 

PC vs. PCC7806mcyB− 

(high) 
0.91 0.84 0.81 1.3×10−4 

11-deoxycorticosterone (1.9), 17-

hydroxypregnenolone (1.6), 

androstenedione (1.5), DHEA (1.2), 

pregnenolone (0.52) 
a Selection criteria: predictive Variable Importance for the Projection (pVIP) > 0.5; p[1] >|0.05|; p(corr)[1] >|0.5| 

 

Discussion 

Exposure of H295R cells with either MC-LR, a mixture of MCs (including MC-LR) and 

NOD-R or M. aeruginosa PCC7806 or PCC7806mcyB− modulated steroidogenesis in H295R 

cells in our study (Figs 2-4). A recent study reported the upregulation of testosterone levels in 

H295R cells following exposure to 10 ng/mL MC-LR, while 17-estradiol levels were elevated 

following exposure with 1 and 10 ng/mL MC-LR, but decreased when the cells were exposed 



with 500–5000 ng/mL [39]. We did not observe an effect on estrogen levels in any of our 

exposures (Figs 2 and 4). Testosterone was significantly (p<0.05) increased following exposure 

to 10 ng/mL MCs/NOD-R mixture, but with a rather small fold change (1.05) relative to the 

positive control (Fig 2). Thus, the detected difference in this case is likely a result of chance 

(type I error) rather than a true difference. However, while our cells were treated with 1.5 µM 

forskolin prior to exposure the cells were not stimulated in the study by Hou et al. [39]. The 

use of 1.5 µM forskolin for studying effects on steroidogenesis using H295R cells has 

previously been suggested as it stimulates hormone synthesis without saturating their 

production [65]. While MC-LR did not affect 17-estradiol and testosterone concentrations in 

forskolin-treated H295R cells, the toxin significantly increased 17-hydroxypregnenolone and 

DHEA in a concentration-dependent manner, as well as 11-deoxycorticosterone (Fig 2). 

Furthermore, multivariate statistical modelling in addition showed the significant 

upregulation of androstenedione and 17-hydroxyprogesterone (Fig 4, Table 1). The 

upregulation effect was most obvious (in terms of fold change) for 17-hydroxypregnenolone 

and DHEA, which both are substrates for 3-hydroxysteroid dehydrogenase (3-HSD) [32]. 

Thus, MC-LR appears to inhibit 3-HSD in a dose-dependent manner (Fig 2). This was most 

clear for DHEA, probably because this hormone has relatively low 3-HSD affinity and Vmax 

conversion rates, allowing for stronger interference by MC-LR [66]. Androstenedione is a 

substrate of 17-HSD, and its upregulation could in addition indicate an effect on this enzyme, 

though much weaker than the effect on 3-HSD. There was no such concentration-dependent 

effect for the MCS/NOD-R mixture indicating that the effect of MC-LR on 3-HSD is stronger 

than for the other congeners in the tested mixture. The observed significant decrease in estrone 

levels following exposure with 500 ng/mL MCs/NOD-R mixture or 1000 ng/mL MC-LR 

supports a possible interaction with 17-HSD (Fig 2). 



The M. aeruginosa PCC7806 extract also showed a concentration-dependent effect on 

3-HSD. However, the effect was opposite to that observed for pure MC-LR as both 

pregnenolone, 17-hydroxypregnenolone and DHEA levels were significantly (p<0.01) 

downregulated at the higher exposure concentration that contained approximately 500 ng/mL 

of total MC-LR and [D-Asp3]MC-LR (Fig 2). This effect was also evident in the corresponding 

supervised OPLS-DA model (Fig 4, Table 1). The M. aeruginosa PCC7806mcyB− extract 

exhibited the same downregulation effect on pregnenolone, 17-hydroxypregnenolone and 

DHEA as the wild-type (Figs 2 and 4, Table 1). This shows that there were other metabolites 

in the cyanobacterial extracts that had a stronger and opposite effect on 3-HSD compared to 

MC-LR. The M. aeruginosa PCC7806mcyB− extract also resulted in significant downregulation 

of androstenedione indicating that there are cyanobacterial metabolites that also may induce 

17-HSD, though to a lesser extent than 3-HSD. 

A second effect of our exposures was on enzymes that are involved in the pathway that 

leads from 17-hydroxypregnenolone and via 17-hydroxyprogesterone and 11-deoxycortisol to 

cortisol and cortisone (Fig 2). This effect was not revealed by the multivariate statistics. Thus, 

Fig 2 shows a concentration-dependent inhibition effect of both MC-LR and the MCs/NOD-R 

mixture on CYP21A2 or CYP111 that are responsible for conversion of 17-

hydroxyprogesterone to 11-deoxycortisol, and of 11-deoxycortisol to cortisol, respectively [32]. 

Also this effect was reversed by both high-concentration M. aeruginosa PCC7806 extracts, 

though not with statistical significance (Fig 2). The reversing effect of the cyanobacterial 

extracts was quite dramatic. Thus, while exposure with 500 ng/mL MC-LR reduced cortisol to 

3% relative to the positive forskolin control, exposure with the high-concentration  

M. aeruginosa PCC7806 extract increased it to 255% relative to the positive forskolin control. 



A statistically significant and concentration-dependent upregulation of 11-

deoxycorticosterone was observed for MC-LR and both M. aeruginosa PCC7806 and 

M. aeruginosa PCC7806mcyB− extracts, which was evident from both univariate analysis and 

multivariate modelling. The relative increase was highest for the wild-type M. aeruginosa 

PCC7806 (fold change 1.27 relative to positive control) and supports the interaction of both 

MC-LR, but also other cyanobacterial metabolites with CYP111. This result was further 

supported by non-detectable concentrations of corticosterone, which is the product of the 

CYP111 catalyzed oxidation of 11-deoxycorticosterone. 

Our results show that cyanobacterial compounds have ED activity via modulation of 

steroid biosynthesis. Furthermore, the results indicated an opposite or at least different effect 

of MCs relative to other cyanobacterial bioactive metabolites. Different effects may reflect 

different modes of action. MC congeners have a relatively high molecular weight (ca. 1 kDa) 

and are relatively hydrophilic, thus they could not be regarded as classical EDs. However, they 

are known to bind PP1 and PP2A, as main mechanisms of toxicity, leading to 

hyperphosphorylation and interference with key cellular processes. When in complex with 

PP1 and PP2A, the MC-cycle is twisted, and blocks potential substrates from entering the 

active site [9, 67]. The lipophilic group of Adda (3S-amino-9S-methoxy-2S,6,8S-trimethyl-10-

phenyldeca-4E,6E-dienoic acid) in position-5 of the heptacyclic core structure, as well as the 

glutamic acid (Glu) moiety in position-6, which are highly conserved in reported MC 

congeners [9], are key elements for binding both PP1 and PP2A, giving either hydrophobic 

interactions or hydrogen bonds in the enzyme’s catalytic sites, respectively. Therefore, it could 

be hypothesized that a similar mechanism of direct interaction with enzymes involved in 



steroidogenesis, e.g. HSDs, exist. Alternatively, MCs may act indirectly through affecting gene 

expression resulting in up- or down-regulating enzyme levels. 

 

Conclusion 

Our results show that MCs and other Microcystis metabolites may alter steroidogenesis 

in a dose-dependent manner. MC-LR increased the levels of 17-hydroxypregnenolone and 

DHEA, while MC-LR alone and in a mixture with eight other MCs and NOD-R resulted in 

decreased cortisol and cortisone concentrations in vitro. Extracts from a MC-producing 

Microcystis strain and its MC-deficient mutant modulated the same hormones but in opposite 

direction showing that, although MCs in itself can alter steroidogenesis, the extracts contained 

other bioactive molecules that affected steroidogenesis independently from MC production. 

One hormone, 11-deoxycorticosterone, was increased following exposure with either MC-LR, 

extract from MC-producing or MC-deficient M. aeruginosa indicating that there are 

bioactivities that are shared by MCs and other cyanobacterial metabolites. As steroidogenesis 

is complex, including branched pathways and reversible reactions, extrapolation of our 

findings to exposure of a whole organism with MCs or Microcystis is difficult or even 

impossible. 
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Fig. S1. Scores plot from principal component analysis of the pareto-scaled and log-transformed H295R 

hormone data. The purpose of the figure is to show that hormone concentrations of the solvent and 

medium control samples were homogeneous across experiments thus confirming the absence of 

technical bias. 
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