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Abstract

The aim of this study was to investigate the potential interference of cyanobacterial metabo-
lites, in particular microcystins (MCs), with steroid hormone biosynthesis. Steroid hormones
control many fundamental processes in an organism, thus alteration of their tissue concen-
trations 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 expo-
sure 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 Microcys-
tis aeruginosa PCC7806 strain or its MC-deficient mutant PCC7806mcyB-. Production of
17-hydroxypregnenolone and dehydroepiandrosterone (DHEA) was increased in the pres-
ence of MC-LR in a dose-dependent manner, indicating an inhibitory effect on 33-hydroxys-
teroid dehydrogenase (33-HSD). This effect was not observed following exposure with a
MCs/NOD-R mixture, and thus the effect of MC-LR on 33-HSD appears to be stronger than
for other congeners. Exposure to extracts from both M. aeruginosa PCC7806 and M. aerugi-
nosa PCC7806mcyB- had an opposite effect on 33-HSD, i.e. concentrations of pregneno-
lone, 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 inhi-
bition of CYP21A2 or CYP11(1, 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 substan-
tial increase in cortisol levels. Our results suggest that MCs can modulate steroidogenesis,
but the net effect of the M. aeruginosa metabolome on steroidogenesis is different from that
of pure MC-LR and independent of MC production.
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Introduction

Cyanobacteria, also commonly known as “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 metab-
olites 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, MCs are structurally diverse
with at least 279 congeners already reported [9]. Several cyanobacterial genera have the ability
to produce MCs, including Microcystis spp. [8]. The toxicity of MCs is primarily connected to
the inhibition of protein phosphatases PP1 and PP2A [12-14] These are ubiquitously
expressed and crucial for regulation of key proteins, which in turn is determinant for key cellu-
lar processes [15-17].

MC:s 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-con-
taminated water in Brazil [18,19]. 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 [25].

It has been reported that extracts and exudates from cyanobacterial blooms have ED activ-
ity, in particular estrogenic activity, through activation of the estrogen receptor [26,27]. How-
ever, 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 that may alter endocrine functions [28,29], including modula-
tion of hormone production at the glandular level [30].

The adrenal cortex, which is the part of the adrenal gland where steroid hormones are pro-
duced, 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 trans-
ported 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 pg/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 inter-
fering 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 con-
serves physiological characteristics of the steroidogenesis. 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-
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operation and Development (OECD) to detect substances that affect production of 17B-estra-
diol 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 concentra-
tion 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-Asp’]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 compen-
satory 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 concentra-
tions in the H295R model. Thus, the exposure of the cells with pure MC-LR, MC-LR in a mix-
ture 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 pro-
tein 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-Asp”,Dhb’]MC-RR (wrongly supplied as [D-Asp’]MC-RR) [55]) and
[D-Asp3 IMC-LR. Individual stock solutions of 12.5 ug/mL (MC-LY, MC-LW, MC-LF,
MC-LA, [D-Asp’,Dhb’]MC-RR, [D-Asp’]MC-LR, 25 ug/mL (MC-RR), and 50 pg/mL
(MC-LR, NOD-R), were prepared in 50% MeOH. From those solutions, a pooled working
stock solution containing 1 pg/mL of each compound was prepared in 100% MeOH and
diluted to the concentrations needed for preparation of samples for cell exposures (S1
Scheme). 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 pur-
chased from BioNordika (Oslo, Norway). For LC-MS analyses, HPLC grade MeOH, acetoni-
trile and water was from VWR Chemicals (Sgborg, Denmark), while formic acid (98-100%)
was from Merck KGaA and of EMSURE®) quality. Steroid standards were from Sigma-
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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. Axenic M. aeruginosa PCC7806 and its MC-deficient
mutant PCC7806mcyB— were from the Pasteur Institute (Paris, France). They were cultivated
in sterile Z8 medium [56] in 100 mL sterilized 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. aerugi-
nosa 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 subsequently vor-
tex-mixed for 20 s, sonicated for 5 min and centrifuged for 10 min at 1,000 rcf. The superna-
tant 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 cm? flasks in DMEM/E-12, containing HEPES bulftfer, 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% CO, under a humidified atmosphere (Air-
Jacketed, DH Autoflow Automatic CO, 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 solu-
tions of individual test compounds were prepared in MeOH. In the assay dilutions, the con-
centration 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 liquid chromatography coupled to
high-resolution mass spectrometry (LC-HRMS) and adjusted so the total in-assay MC con-
centration (MC-LR + [D-Asp3]MC—LR]) (in 50% MeOH) was approximately 5 and 500 ng/mL
(S1 Scheme). The instrumental method used for quantification of MCs against external cali-
bration curves using standards in 50% MeOH was according to method A described by Mallia
etal. [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 concen-
trated using the same protocol as was used for the cyanobacterial cultures, and tested as a sepa-
rate control sample. More details about samples and exposures can be found in the Supporting
Information (S1 Scheme).

H295R steroidogenesis assay and exposure. H295R cells were seeded at a concentration
of 3 x 10 cells/mL, 1 mL/well in white walled, clear and flat-bottomed 24-well plates (Sigma-
Aldrich; Merck), and incubated at 37°C, 5% CO, in a humidified atmosphere. After 24h, cells
were visually inspected under a light microscope to ensure there were no unwanted inter and/
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or intra variations in cell monolayer morphology. Then, the seeding medium was replaced by
fresh medium, which contained forskolin (1.5 uM) 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 con-
trol (cell growth medium, containing 0.5% MeOH) and positive control (cell growth medium,
containing 0.5% MeOH and 1.5 uM forskolin) in triplicate (S1 Scheme). 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 48 h 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 Blue™" assay (Invi-
trogen). 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. Plates were incubated for 3 h at
37°C, in 5% CO, in a humidified atmosphere, and then 100 pL from each well was transferred
to 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 uL, 0.1 pg/mL per compound) was added to each Eppendorf tube containing the
following deuterated steroid analogues in MeOH: d;-androstenedione, d4-estrone, ds-178-
estradiol, dg-corticosterone, dg-11-deoxycorticosterone, do-progesterone, ds-testosterone, d,-
cortisol, ds-11-deoxycortisol and dg-dehydroepindrosterone. Thereafter, 900 pL 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 24532 rcf and 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 pL 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 24532 rcf
and 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].
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. Ini-
tially, 100 pL of each sample was injected onto an octadecylsilane column (3.9 x 20 mm, 10 pm
particles) for purification. Steroids were retained while impurities were washed directly into
waste. For chromatographic separation, steroids were loaded on to an octadecylsilane analyti-
cal 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
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atmospheric pressure chemical ionization (APCI) in the positive ionization mode, and the
mass spectrometer operated in the multiple reaction monitoring (MRM) mode. Data collec-
tion 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 stan-
dards were run for every 6 and 12 samples, respectively. The lower limits of detection for the
method were determined for the current batch of samples and were in the range 0.048 ng/mL
for testosterone to 0.228 ng/mL for DHEA (Table 1). More comprehensive information on
general method performance may be found in Weisser et al. [59].

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 indi-
vidual steroid concentrations relative to the positive (1.5 uM 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 infor-
mation) were normalized prior to statistical analyses by calculating the difference between
individual hormone concentrations and the mean hormone concentrations for the positive
(1.5 uM forskolin) control using Microsoft Excel 2016. Univariate data analyses were per-
formed using JMP 14.0 (SAS Institute Inc., Cary, NC, USA). The majority of the data were not
normally or log-normally distributed, and we thus 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 (Support-
ing information) from one exposure experiment were assumed by taking the mean of the six
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Table 1. Limits of detection (LOD) and limits of quantification (LOQ) for individual steroid hormones using
LC-MS/MS.

Steroid LOD (ng/mL) LOQ (ng/mL)
11-deoxycortisol 0.072 0.218
11-deoxycorticosterone 0.103 0.311
17-hydroxypregnenolone 0.211 0.639
17-hydroxyprogesterone 0.161 0.487
androstenedione 0.090 0.273
cortisol 0.049 0.148
cortisone 0.061 0.185
corticosterone 0.053 0.159
DHEA 0.228 0.691
estrone 0.084 0.254
17B-estradiol 0.137 0.414
pregnenolone 0.134 0.406
progesterone 0.123 0.373
testosterone 0.048 0.144

https://doi.org/10.1371/journal.pone.0244000.t001

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, Ume3, Sweden) prior to multivariate analyses using unsupervised and
supervised models. Principal component analysis (PCA) was performed for an initial explora-
tion 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 dis-
criminant analysis (OPLS-DA) was carried out to identify features (i.e. steroids) that discrimi-
nated between exposures and the positive (1.5 uM 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 hor-
mones 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 R’Y and Q°X 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 quan-
titative 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 expo-
sure 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
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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-Asp’]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 uM forskolin) control (which is represented by the dashed red line). The number of independent repeats was 3. Error bars represent the
standard deviation, and asterisks show significant differences from the positive control at a 5% (*) or 1% (**) level of significance based on the
Wilcoxon signed-rank test.

https://doi.org/10.1371/journal.pone.0244000.9002

concentrations relative to the positive forskolin control (Fig 2). In addition, androstenedione
levels were significantly lower following exposure to M. aeruginosa PCC7806mcyB— extract
(fold change 0.85) (Fig 2). In the high-concentration exposures with both M. aeruginosa
strains, concentrations of 11-deoxycorticosterone were significantly higher relative to the posi-
tive forskolin control (fold change 1.27 and 1.07 for PCC7806 and PCC7806mcyB—, respec-
tively). The steroid 11- deoxycorticosterone was also significantly upregulated following
exposure to 1000 ng/mL MC-LR (fold change 1.11) (Fig 2). However, in contrast to the M. aer-
uginosa PCC7806 exposures, production of DHEA and 17-hydroxypregnenolone was signifi-
cantly higher following exposure with 1000 ng/mL MC-LR (also 100 ng/mL in case of
17-hydroxypregnenolone), compared to the positive control (fold change 1.39 and 1.51,
respectively). There was no such concentration-dependent increase in DHEA and 17-hydroxy-
pregnenolone 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-hydroxypregneno-
lone 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, showed an opposite effect. Thus, the higher-concentration
exposures with M. aeruginosa PCC7806 and M. aeruginosa PCC7806mcyB— extracts substan-
tially 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.

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 rela-
tively 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), a final PCA model 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 Q°X for the three-component
model = 43%) (Fig 3). Only the M. aeruginosa PCC7806 exposures lead to changes in the hor-
mone 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).
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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 explained 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 clustered further away from the positive control and microcystin exposures.

https://doi.org/10.1371/journal.pone.0244000.9003

Subsequently, two-class OPLS discriminant analyses were performed, including the positive
(1.5 uM 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 2). Significant models included 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 three models was medium to high with cumulative Q°X values higher
than 52% (Table 2). 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-

Table 2. 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 uM forskolin).

Classes R%(x) Rz(y) Q*(x) CV-ANOVA P- Steroids predictive for class difference incl. pVIP?
(cum) (cum) (cum) value
PC vs. MC-LR 1000 0.93 0.58 0.52 0.039 11-deoxycorticosterone (1.9), 17-hydroxypregnenolone (1.5), androstenedione (0.96),
ng/mL DHEA (0.67), 17-hydroxyprogesterone (0.64)
PC vs. PCC7806 (high) | 0.97 0.89 0.83 1.1x1073 11-deoxycorticosterone (3.1), 17-hydroxypregnenolone (1.0), DHEA (0.89)
PC vs. PCC7806mcyB— | 0.91 0.84 0.81 1.3x107* 11-deoxycorticosterone (1.9), 17-hydroxypregnenolone (1.6), androstenedione (1.5),
(high) DHEA (1.2), pregnenolone (0.52)

* Selection criteria: predictive Variable Importance for the Projection (pVIP) > 0.5; p[1] >|0.05]; p(corr)[1] >[0.5].

https://doi.org/10.1371/journal.pone.0244000.t002
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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 uM 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).

https://doi.org/10.1371/journal.pone.0244000.9004

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 and Table 2).
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
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to exposure with the high-concentration M. aeruginosa PCC7806 and M. aeruginosa
PCC7806mcyB— extracts. Furthermore, both their direct precursor, pregnenolone, and biosyn-
thetic product, androstenedione, were significantly discriminating variables in two out of the
three models (Fig 4 and Table 2).

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 17f-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 expo-
sures, which might in part be explained by the high variability in the data for this steroid (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). How-
ever, while our cells were treated with 1.5 uM forskolin prior to exposure, the cells were not
stimulated in the study by Hou et al. [39]. The use of 1.5 pM forskolin for studying eftects on
steroidogenesis using H295R cells has previously been suggested as it stimulates hormone syn-
thesis without saturating their production [65]. While MC-LR did not affect 17B-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
and Table 2). The upregulation effect was most obvious (in terms of fold change) for 17-hydro-
xypregnenolone and DHEA, which both are substrates for 3p-hydroxysteroid dehydrogenase
(38-HSD) [32]. Thus, MC-LR appeared to inhibit 33-HSD in a dose-dependent manner (Fig
2). This was most clear for DHEA, probably because this hormone has relatively low 33-HSD
affinity and V ., conversion rates, allowing for stronger interference by MC-LR [66]. Andro-
stenedione is a substrate of 173-HSD, and its upregulation could in addition indicate an effect
on this enzyme, though much weaker than the effect on 3p-HSD. There was no such concen-
tration-dependent effect for the MCs/NOD-R mixture indicating that the effect of MC-LR on
3B-HSD is stronger than for the other congeners in the tested mixture. The observed signifi-
cant 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 173-HSD (Fig 2). An effect of
MC-LR on the gene expression of 17 -HSD has also been observed in male Rana nigromacu-
lata frogs [67]. The same study reports in addition decreased testosterone and increased estra-
diol levels following long-term exposure (14 days) with 1 pug/L and 0.1 pug/L MC-LR,
respectively.

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 pregneno-
lone, 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-Asp’]MC-LR (Fig 2). This effect was also evident in the corresponding supervised
OPLS-DA model (Fig 4 and Table 2). The M. aeruginosa PCC7806mcyB— extract exhibited the
same downregulation effect on pregnenolone, 17-hydroxypregnenolone and DHEA as the
wild-type (Figs 2 and 4 and Table 2). This shows that there were other metabolites in the cya-
nobacterial extracts that had a stronger and opposite effect on 38-HSD compared to MC-LR.

PLOS ONE | https://doi.org/10.1371/journal.pone.0244000 December 15, 2020 12/18


https://doi.org/10.1371/journal.pone.0244000

PLOS ONE

Modulation of steroidogenensis by microcystins and cyanobacterial extracts

The M. aeruginosa PCC7806mcyB— extract also resulted in significant downregulation of
androstenedione indicating that there are cyanobacterial metabolites that also may induce
178-HSD, though to a lesser extent than 33-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 CYP11p1 that are responsible for conversion of 17-hydroxyprogester-
one 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 dra-
matic. Thus, while exposure with 500 ng/mL MC-LR reduced cortisol to 3% relative to the pos-
itive forskolin control, exposure with the high-concentration M. aeruginosa PCC7806 extract
increased it to 255% on average relative to the positive forskolin control.

A statistically significant and concentration-dependent upregulation of 11-deoxycorticos-
terone 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 CYP11B1. 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 rel-
atively hydrophilic, thus they may 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 [9,68]. Therefore, it
could be hypothesized that a similar mechanism of direct interaction with enzymes involved
in steroidogenesis, e.g. HSDs, exist.

The cellular uptake of MCs is mediated by organic anion transporting peptides (OATP) of
the OATP1 and OATP2 type [69]. However, H295R cells have only been shown to express
OATP3 and OATP4 [70]. In this study, we did not investigate the presence of OATPs in
H295R cells, and we did not study the cellular uptake of MCs. Thus, the presented results must
be seen in the light of these limitations. An unexpected finding was that also the Z8 cyanobac-
terial cultivation medium in itself resulted in an obvious response for some steroid hormones,
albeit this was not statistically significant (Fig 2). The medium did not contain any chemicals
that are known to give endocrine effects [56], and the observed effect was not investigated
further.

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
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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 bioactivi-
ties that are shared by MCs and other cyanobacterial metabolites. As steroidogenesis is com-
plex, 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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