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Abstract: Cylindrospermopsin (CYN) and microcystins (MC) are cyanotoxins that can occur
simultaneously in contaminated water and food. CYN/MC-LR mixtures previously investigated
in vitro showed an induction of micronucleus (MN) formation only in the presence of the metabolic
fraction S9. When this is the case, the European Food Safety Authority recommends a follow up to
in vivo testing. Thus, rats were orally exposed to 7.5 + 75, 23.7 + 237, and 75 + 750 µg CYN/MC-LR/kg
body weight (b.w.). The MN test in bone marrow was performed, and the standard and modified
comet assays were carried out to measure DNA strand breaks or oxidative DNA damage in stomach,
liver, and blood cells. The results revealed an increase in MN formation in bone marrow, at all the
assayed doses. However, no DNA strand breaks nor oxidative DNA damage were induced, as shown
in the comet assays. The histopathological study indicated alterations only in the highest dose group.
Liver was the target organ showing fatty degeneration and necrotic hepatocytes in centrilobular
areas, as well as a light mononuclear inflammatory periportal infiltrate. Additionally, the stomach
had flaking epithelium and mild necrosis of epithelial cells. Therefore, the combined exposure to
cyanotoxins may induce genotoxic and histopathological damage in vivo.

Keywords: in vivo; genotoxicity; cylindrospermopsin; microcystin-LR; micronucleus; comet assay;
enzyme-modified comet assay; rats

Key Contribution: CYN/MC-LR combinations induced in rats increases MN formation in bone
marrow. No DNA strand breaks were induced and the DNA was not oxidatively damaged as detected
by the comet assays.

1. Introduction

Climate and nutrient changes are contributing to global eutrophication and global expansion
of harmful algal blooms [1], including the proliferation of cyanobacterial blooms [2]. Cyanobacteria
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are producers of a broad group of secondary metabolites called cyanotoxins [3]. The main human
exposure route to cyanotoxins is oral intake, primarily from drinking water. However, the consumption
of contaminated food and dietary supplements with cyanotoxins cannot be disregarded, although
some of them (such as cylindrospermopsin) have not been found in commercially-available blue-green
algal supplements until recently [2,4,5]. The most studied cyanotoxins are microcystins (MCs) and
cylindrospermopsin (CYN) as a consequence of their toxicity and wide distribution. The severity of
these intoxications depends on several factors, such as their chemical structure, mechanisms of action,
and concentrations of cyanotoxins involved [2].

MCs are cyclic heptapeptides that are mainly hepatotoxic [6], including as primary target
organs the liver and kidney, as well as several secondary targets such as testes, ovaries, heart,
lung, and the CNS; to date 246 MC congeners have been identified [7]. Microcystin-LR (MC-LR) is
the most studied MC variant, because of its higher toxicity and wider distribution than other MC
congeners [8,9]. Hepatotoxicity of MC-LR is mediated by the presence of organic anion transport
polypeptides (OATPs) which are expressed mostly in the liver and are responsible for its uptake into
the hepatocytes [10]. MC-LR is a specific inhibitor of protein serine/threonine phosphatases 1 and 2A
(PP1, PP2A) [11]. It induces a hyperphosphorylation of cytoskeletal proteins affecting cell morphology
and cellular adhesion, leading to necrosis [12,13]. Oxidative stress is another mechanism involved in
MC toxicity [14–17]. Therefore, MC-LR could have carcinogenic or genotoxic properties because of
its inhibitory action on PP1 and PP2A, acting as a liver tumor-promoter [18–20]. In fact, MC-LR was
classified only as a possible human carcinogen (Group 2B) by the International Agency of Research on
Cancer (IARC) [21], mainly because of the lack of sufficient evidence for its direct carcinogenicity in
both humans and experimental animals [2].

The genotoxicity of pure MC-LR cyanotoxin has been widely studied and reviewed in the
scientific literature [20,22]. Globally, contradictory results were reported following in vitro and in vivo
experimental systems, and the mechanisms involved are not yet fully understood. Pioneering studies
indicated that MC-LR damaged the DNA in the liver of male and female Swiss albino mice dependent
upon the assayed dose and on the duration of exposure after intraperitoneal injection (i.p.) [23].
This effect was observed after just a single administration of a LD50 dose of MC-LR [6,24]. Likewise,
DNA damage was observed in the blood cells of Swiss albino mice after oral exposure to a single
dose of MC-LR. Higher damage was found in different organs after i.p. injection [25]. Moreover,
MC-LR induced a rapid increase of the amount of DNA in the tail of the comets and increased
micronucleus (MN) frequencies in male mice injected i.p. [26] and in Balb/c mice exposed repeatedly to
MC-LR for 30 d [27]. By contrast, other studies reported that MC-LR did not induce DNA damage
in vivo. Thus, no DNA damage was observed in rat liver after a single intravenous administration
(i.v.) of MC-LR [28], and negative results were observed in the MN assay in male transgenic mice after
intragastric administration [29], and in male CBA mice after i.p. injection of MC-LR [19].

CYN is a stable tricyclic alkaloid consisting of a guanidine moiety combined with a
hydroxymethyluracil [30], whose occurrence in aquatic systems is increasing. This cyanotoxin
can be produced by different cyanobacterial genera such as Aphanizomenon, Cylindrospermopsis, Lyngbya,
Oscilliatoria, Raphidiopsis and Umezaki, but Cylindrospermopsis raciborskii is its main producer [31,32].
CYN has cytotoxic activity and its effects on the liver and other organs have been proven [2,33].
The main mechanism of CYN toxicity is the inhibition of both protein and glutathione synthesis [34–36],
although oxidative stress is also involved [37]. Several studies have shown that cytochrome P450
enzymes are necessary in the metabolic activation of CYN, and consequently in its toxicity [38,39].

At present, the mechanisms of pro-genotoxicity and potential carcinogenic activity of CYN (not yet
classified by the IARC) are still not completely described and, thus, further investigations are needed.
To this end, several in vivo studies in rodents were performed to clarify the genotoxicity of CYN. Thus,
CYN induced DNA strand breaks (sb) in the liver of mice after i.p. administration [40]. Similarly, DNA
damage was observed in the colon of mice after i.p. injection of the toxin, and both in the colon and
bone marrow after oral (gavage) administration [41]. Dordevic et al. [42] demonstrated DNA damage
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(comet assay) in the liver of rats exposed i.p. to CYN and to an extract of Cylindrospermopsis raciborskii.
Recently, Diez-Quijada et al. [43] exposed rats to pure CYN (7.5–75.0 µg/kg b.w) and performed a
battery of assays consisting of MN in bone marrow, as well as the standard and modified comet
assays in stomach, liver and blood. The DNA seemed to be damaged only in the bone marrow of rats
regardless of concentration. By contrast, neither DNA strand breaks nor oxidative DNA damage was
observed in the comet assays in any of the investigated tissues.

Both MC-LR and CYN can be found at the same time in the environment and their simultaneous
presence was previously described [44–46]. Thus, the European Food Safety Authority (EFSA)
documented and stated the importance of studying the effects of their combined exposure [47]. A few
studies dealt with the toxicological profile of CYN and MC-LR combinations. Thus, the in vitro
assessments of the potential interactions of CYN and MC-LR are very scarce [48–51], and only two
focus on their genotoxicity. Hercog et al. [48] described an induction of DNA sb by MN and comet
assays at 24 h after the treatment of HepG2 cells with CYN/MC-LR combinations, but to a lesser extent
for only CYN. The genomic instability detected by the cytokinesis block micronucleus assay was,
however, comparable to the individual CYN. Recently, Diez-Quijada et al. [49] applied a battery of
in vitro tests in several cell lines, including bacterial systems, and they described genotoxic effects only
in the MN test, when the metabolic fraction S9 was used. To the best of our knowledge, no in vivo
studies have been yet performed to assess the genotoxicity of CYN/MC-LR mixtures and they are
necessary to elucidate the contradictory results obtained in vitro.

Thus, according to the recommendations of the EFSA [52], the purpose of this research was to
investigate, for the first time, the potential in vivo genotoxicity of CYN/MC-LR combinations in rats, as
an experimental model, after oral administration (gavage) of relevant environmental concentrations.
A combined MN—standard and modified comet assay was applied. The enzyme-modified comet assay
was performed with Endonuclease-III (Endo-III) and Formamidopyrimidine glycosilase (Fpg) enzymes.
Bone marrow was the selected tissue for the MN test, Organisation for Economic Co-operation and
Development (OECD )474 [53], and stomach, liver OECD 489 [54] and blood cells for the standard and
enzyme-modified comet assays. Additionally, the potential histopathological alterations were assessed
in stomach and liver.

2. Results

2.1. Micronucleus Assay

This assay was conducted following the recommendations of OECD guideline 474 [53], and it
is especially relevant for assessing genotoxicity because, although they may vary among species,
factors of in vivo metabolism, pharmacokinetics, and DNA repair processes are active and contribute
to the responses. Its purpose is to identify cytogenetic damage which results in the formation of
micronuclei (MN) containing lagging chromosome fragments or whole chromosomes. As positive
control, ethylmethanesulfonate (EMS) was chosen according to this guideline. Results are measured
as the polychromatic erythrocytes (PCE) out of total erythrocytes (normochromatic erythrocytes
(NCE) + (PCE)), and the PCE/NCE ratios, which were calculated by counting 500 erythrocytes per
animal. An increase in the frequency (%) of micro-nucleated polychromatic erythrocytes (%MN-PCEs)
in treated animals is an indication of induced chromosome damage.

The results obtained for the MN test in rats exposed to CYN/MC-LR mixtures are shown in Table 1,
with individual data shown in the Supplementary Materials (Table S1). Significant differences versus the
negative and solvent control groups were found in the PCE/total erythrocytes and PCE/NCE ratios in
male and female rats treated with the highest assessed dose (75 + 750 µg/kg b.w. CYN/MC-LR; **p < 0.01).
Treatment with the positive control, ethylmethanesulfonate (EMS), produced similar significant decreases
in the PCE/total erythrocytes and PCE/NCE ratios. Furthermore, significant increases in the percentage of
MN in immature erythrocytes were observed in all treated groups of both sexes, when compared with the
negative and solvent control groups.
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Table 1. Micronucleus assays results. Bone marrow cytotoxicity expressed as polychromatic erythrocytes
(PCE) out of total erythrocytes (normochromatic erythrocytes (NCE) + PCE), ratio of PCE out of NCE,
and the micronuclei induction expressed as % MN-PCE´s. The values are expressed as mean ± SD.
Significantly different from the negative and solvent control (** p < 0.01).

Groups Sex n Doses PCE/Total %
MN-PCE´s PCE/NCE

Negative Control
(water)

♂ 5 0.49 ± 0.02 0.45 ± 0.64 0.95 ± 0.08

♀ 5 0.49 ± 0.03 0.66 ± 0.32 0.96 ± 0.14

Solvent Control
(0.5% MeOH)

♂ 5 0.50 ± 0.02 0.83 ± 0.51 0.98 ± 0.08

♀ 5 0.50 ± 0.03 0.58 ± 0.24 1.00 ± 0.11

Positive Control (EMS *) ♂ 3 200 mg/kg
b.w.

0.34 ± 0.02 ** 1.93 ± 0.15 ** 0.51 ± 0.05 **

♀ 3 0.36 ± 0.03 ** 2.47 ± 0.9 ** 0.57 ± 0.08 **

CYN/MC-LR

♂ 5 7.5 + 75µg/kg
b.w.

0.51 ± 0.02 1.75 ± 0.42 ** 1.03 ± 0.07

♀ 5 0.50 ± 0.03 1.98 ± 0.21 ** 1.05 ± 0.13

♂ 5 23.7 + 237µg/kg
b.w.

0.46 ± 0.04 1.83 ± 0.41 ** 0.86 ± 0.14

♀ 5 0.47 ± 0.03 2.09 ± 0.15 ** 0.88 ± 0.09

♂ 5 75 + 750µg/kg
b.w.

0.37 ± 0.03 ** 1.88 ± 0.51 ** 0.60 ± 0.08 **

♀ 5 0.34 ± 0.06 ** 2.22 ± 0.27 ** 0.51 ± 0.12 **

* EMS: ethylmethanesulfonate.

2.2. Standard and Enzyme-Modified Comet Assay

The standard comet assay can detect single and double stranded breaks (SBs), resulting, for
example, from direct interactions with DNA, alkali labile sites or as a consequence of transient DNA
strand breaks resulting from DNA excision repair [54]. Moreover, the enzyme-modified comet assay
allowed for detection of oxidative DNA damage using the enzymes Endonuclease III (EndoIII) and
Formamidopyrimidine DNA glycosylase (Fpg), which detect oxidized pyrimidines and purines,
respectively. The results are expressed as the DNA content in the tail (% of DNA in the tail), which is
the intensity of the comet tail relative to the total intensity. As positive control, ethylmethanesulfonate
(EMS) was chosen.

No DNA strand breaks were induced in the standard comet assay at any assessed dose in liver,
stomach, and blood cells, with the exception of rats treated with the positive control (EMS) (Figure 1A,B).
Furthermore, no increases were observed in the % of DNA in the tail of the comets in liver, stomach
and blood cells of both sexes at any exposure assayed after post-treatment with Endo-III (Figure 2).
Similarly, no differences were found in the tissues from the treated and control groups after Fpg
post-exposure (Figure 3). Significant DNA damage was observed in the studied tissues obtained in
all the experiments in the positive control group treated with 200 mg/kg b.w. of EMS, (Figures 1–3).
Individual data of alkaline and enzyme-modified comet assays are shown in the Supplementary
Materials (Table S1). Summary statistics for the treatment groups (male + female) of both assays are
also included in the Supplementary Materials (Table S2).

2.3. Clinical and Histopathological Analysis

No clinical signs of toxicity were detected during the experiment at any assayed dose of CYN/MC-LR
combinations. No macroscopic changes were observed after necropsy in the gastric mucosa or liver
samples of treated groups of both sexes, whereas the stomach had an increased size in the positive control
groups. The relative weight (RW) of liver (excised wet liver weight/animal weight) and stomach collected
from the treated animals with cyanotoxins was similar to that of the control groups (see Tables S3 and S4
in Supplementary Materials).
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Figure 1. The level of DNA damage in cells isolated from liver, stomach, and blood of male (A) and 
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of strand breaks (SBs) detected by the standard comet assay. The levels of DNA strand breaks are 
expressed as % DNA in the tail of the comets. All values are represented as mean ± SD. Significantly 
different from control (***p < 0.001). 

 

Figure 2. The level of DNA damage in cells isolated from liver, stomach and blood of male and female 
rats exposed to CYN/MC-LR combinations as the formation of oxidative DNA damage in the form of 
Endo-III sensitive sites. The levels of oxidized pyrimidines are expressed as % DNA in the tail of the 
comets. All values are represented as mean ± SD. Significantly different from control (**p < 0.01). 

 

Figure 1. The level of DNA damage in cells isolated from liver, stomach, and blood of male (A) and
female (B) rats exposed to cylindrospermopsin/microcystins (CYN/MC-LR) mixtures as the formation
of strand breaks (SBs) detected by the standard comet assay. The levels of DNA strand breaks are
expressed as % DNA in the tail of the comets. All values are represented as mean ± SD. Significantly
different from control (*** p < 0.001).
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rats exposed to CYN/MC-LR combinations as the formation of oxidative DNA damage in the form of
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comets. All values are represented as mean ± SD. Significantly different from control (** p < 0.01).

The liver and stomach from the negative and solvent control groups showed normal histology
without pathological lesions (Figure 4A,B). Degenerate hepatocytes in centrilobular areas together
with small, round, and clear vacuoles (microvesicular vacuolation) inside hepatocytes with a diffuse
distribution were observed in the liver from rats exposed to medium-lower doses (23.7 + 237 and
7.5 + 75 µg/kg b.w. CYN/MC-LR), (Figure 4C,D); however, they did not reach statistical significance
with regard to the negative and solvent controls when quantified (Figure 5).
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Figure 3. The level of DNA damage in cells isolated from liver, stomach, and blood of male and female
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from control (** p < 0.01).
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Figure 4. Representative histopathological changes in the liver of rats exposed to CYN/MC-LR. Normal
hepatic parenchyma is observed in negative (A) and solvent (B) control groups. Details of normal hepatocytes
are observed in the insets (A,B). Rats exposed to 7.5 + 75µg/kg b.w. CYN/MC-LR showed a diffuse distribution
of mild degenerate hepatocytes with micro-vesicular lipid vacuolation (C). There are details of intracellular
accumulation of small, round and clear vacuoles in hepatocytes (C, inset). Rats exposed to 23.7 + 237 µg/kg
b.w. CYN/MC-LR presented mild degenerate and necrotic hepatocytes in centrilobular areas (D). There are
details of degenerate hepatocytes, some of them multinucleated (*) (D, inset). Rats exposed to 75 + 750 µg/kg
b.w. CYN/MC-LR showed moderate degenerate and necrotic hepatocytes in centrilobular areas with
macro-vesicular lipid vacuolation (E). There are details of intracellular accumulation of large, round, and
clear vacuoles inside hepatocytes, some of them multinucleated (*) (E, inset). The positive control group
showed hepatocyte degeneration with lipid accumulation and centrilobular necrosis (F). There are details of
the degeneration of hepatocytes with macro-vesicular lipid vacuolation (F, inset). Hematoxylin and eosin
staining; bars = 100 µm (A–E) and 50 µm (F).
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Figure 5. Mean ± standard error (SE) of the histopathological lesion score from liver and stomach of
rats exposed to CYN/MC-LR. Significantly different from control (* p < 0.05; ** p < 0.01).

Similar, but more severe liver lesions than in the lower doses were observed in the highest
exposed group (75 + 750 µg/kg b.w. CYN/MC-LR). In this case, degenerate and necrotic hepatocytes in
centrilobular areas were observed, as well as ample intracellular lipid accumulation in hepatocytes in
the form of round and clear vacuoles (macrovesicular vacuolation). These had a multifocal distribution
together with mild presence of multinuclear hepatocytes (Figure 4E). This group showed significant
liver damage compared to negative and solvent control groups (Figure 5).

The liver pathology of the positive controls was characterized by severe centrilobular necrosis,
hepatocyte degeneration with lipid accumulation, and mild mononuclear inflammatory periportal
infiltrates (Figure 4F). This group showed significant differences in the lesion scores compared to
negative and solvent control groups (Figure 5).

On the other hand, the main damage in the stomach included flaking epithelium and minimal-mild
necrosis of epithelial cells with different severity, depending on the groups. These lesions were moderate
in the positive controls accompanied by hyperplasia of the gastric glands, while being mild in the
highest exposed group, minimal in the medium-lower doses, and totally absent in negative and solvent
controls (Figure 6A–F). Statistical differences were observed only between positive control and the rest
of the studied groups (Figure 5).
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Figure 6. Representative histopathological changes in the stomach of rats exposed to CYN/MC-LR.
Normal gastric mucosa is observed in negative (A) and solvent (B) control groups. Rats exposed to
7.5 + 75 and 23.7 + 237 µg/kg b.w. CYN/MC-LR showed minimal flaking gastric epithelium (arrows)
(C,D, respectively). Rats exposed to 75 + 750 µg/kg b.w. CYN/MC-LR showed a mild flaking gastric
epithelium with occasional necrosis of epithelial cells and a mild increase of the secretory epithelium
(arrow) (E). Positive control group presented a moderate flaking gastric epithelium with mild necrosis
of epithelial cells and hyperplasia of the gastric glands (arrows) (F). Hematoxylin and eosin staining;
bars = 100 µm (A,C,D), 75 µm (B,E) and 50 µm (F). The lesions were independently examined by
two experienced assessors: a veterinary pathologist and an investigator (M.A.R. and R.M.) in a
single-blinded approach. These findings were evaluated in all the fields of one slide with a section of 1
× 1 cm from each organ studied in all the animals.

3. Discussion

Although the simultaneous occurrence of cyanotoxins such as MCs and CYN is being reported
more and more frequently [44,55], toxicological studies focusing on their potential interaction are very
scarce [50,56]. Particularly, the genotoxicity of mixtures is of great interest for humans exposed to
contaminated waters and food with cyanotoxins, due to the possible carcinogenic effects of MC-LR
and pro-genotoxic activity of CYN. Moreover, as EFSA recommends [47], further studies are needed to
characterize the hazard for a more realistic and reliable risk assessment.

Only two in vitro studies evaluated the genotoxic effects of CYN/MC-LR mixtures. The first was
carried out on the HepG2 cell line exposed to MC-LR (1 µg/mL), CYN (0.01, 0.05, 0.1, and 0.5 µg/mL)
and their mixtures by comet and MN assay [48]. The authors indicated that CYN might have a higher
genotoxic potential than MC-LR and the genotoxic potential of CYN/MC-LR combination was similar
to CYN alone. More recently, the mutagenicity and genotoxicity of 1:10 CYN/MC-LR mixtures were
assayed through a complete battery of in vitro tests including the MN test on L5178Y Tk± cells and the
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standard and enzyme-modified comet assays in Caco-2 cells [49]. Genotoxicity was observed only for
the combination in the MN test with S9 metabolic fraction, in agreement with the previous reports for
only CYN [57]. Together, both in vitro studies suggested the predominance of the pro-genotoxic activity
of CYN in the combinations, hence the necessity to evaluate in vivo the genotoxicity of CYN/MC-LR
mixtures by application of international guidelines such as the OECD guidelines.

This is the first in vivo study which reported the genotoxicity of CYN/MC-LR in rats orally
exposed (by gavage). It combines and relates the results of the two types of comet assays (standard and
enzyme-modified) on cells isolated from stomach, liver, and blood, with the MN test in bone marrow
cells. The assays were performed according to the OECD 489 and 474 guidelines, respectively [53,54]
with some alterations, as described by Diez-Quijada et al. [43]. The combined comet-MN assay [58]
reduces the use of animals according to the 3Rs principles (Replace, Reduce, and Refine), and
it increases the sensitivity and specificity of the assays, decreasing the number of false negative
results [59]. Moreover, in this case, the use of DNA repair enzymes (Endo III and Fpg) was also
included, increasing the sensitivity of the in vivo comet assay [60,61].

In this study, the combined MN-comet assay was performed in both sexes, because differences
in toxicity linked to gender have previously been described. This is in agreement with the OECD
489 [54] that encourages the use of both sexes when relevant differences between males and females
are reported (e.g. differences in systemic toxicity, metabolism, bioavailability, etc. including those in a
range-finding study). In this sense, although no sex-related differences were observed in rats after
MC-LR i.p. exposure [62], male mice were more sensitive than females to CYN administered i.p. [63].
CYN exposure doses (75, 23.7, and 7.5 µg/kg b.w.) were selected according to a previous in vivo study
performed with the individual toxin [43]. The doses of MC-LR were 10 times higher than CYN because
of its proportionally higher abundance in the environment [64]. Overall in this study, using rats as
experimental model, the CYN/MC-LR combinations increased the % MN-PCE in bone marrow cells,
although it induced no DNA strand breaks nor any oxidative DNA damage in any of the investigated
tissues. These results are in accordance with the only two previous genotoxicity in vivo assay carried
out in rats with pure individual toxins: CYN alone under the same combined assays [43] and MC-LR
administered i.v. through the comet assay [28]. Generally, the results of this study show no synergism
or antagonism between CYN and MC-LR in the assayed combinations and concentrations in rats,
because the effects are similar to the in vivo exposure to CYN alone [43]. Moreover, these findings
confirm the in vitro experiments performed with the CYN/MC-LR mixture through a battery of tests,
in which MN and comet assays were included [49].

In the present study, the significant decreases in the PCE/total erythrocytes and PCE/NCE ratios
in the highest dose groups (75 + 750 µg/kg b.w. CYN/MC-LR) in comparison to the controls were
consistent with results observed for CYN tested individually at the same doses (7.5–75.0 µg/kg b.w.) [43].
Previously, in the case of MC-LR no in vivo effects were reported for polychromatic erythrocytes
(PCE) from peripheral blood of male mice after i.p. administration of the toxin (0–55 µg/kg b.w.) nor
induction of MN [19].

Moreover, the induction of MN by the CYN/MC-LR mixture in rats contrasts with the contradictory
results obtained in previous assays performed in mice as experimental model. Thus, negative results
were reported in the colonic cells of mice orally exposed (1–4 mg/kg b.w.) and in bone marrow after i.v.
administration [41]. In contrast, positive results were found in the blood cells of mice exposed i.p. to
37.5 µg/kg b.w. MC-LR, with significant increases in the frequency of MN at 48–72 h after treatment [26].
Additionally, only a rapid and temporary two-fold increase had been detected in the amounts of DNA
in the tail of the comets after 30 min of MC-LR exposure was detected in the comet assay. The authors
suggested that although MC-LR induced DNA damage, the leukocytes might repair the lesions, prior
to the genotoxicity assessment by the comet assay. They concluded that the MN assay could be more
sensitive than the comet assay to evaluate the genotoxicity of MC-LR. This hypothesis could also
explain the results obtained in the present work. Other studies showed a significant dose-dependent
increase in MN frequency of bone marrow cells of Balb/C mice i.p. injected with MC-LR (0.5–8 µg/kg
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b.w.) every 48 h for 30 d [27]. In contrast, an in vivo negative MN induction was found in CBA mice
exposed i.p. to pure MC-LR [19]. Moreover, MC-LR did not show mutagenicity (in lung and liver),
and it did not induce gene mutation nor MN in peripheral blood cells of transgenic λ/lacZ mice at 48 h
after exposure to 1 mg/kg b.w. MC-LR [29]. The authors suggested that the tumor-promoting effect of
MC-LR is independent of its interactions with DNA.

Overall, the in vivo induction of MN by the CYN/MC-LR combinations observed in this study
confirms the genotoxicity demonstrated previously in vitro, and corroborates the reported in vitro
pro-genotoxic activity of CYN [39,57,65–67], and to a lesser degree of MC-LR [26,68]. Moreover, previous
in vivo studies resulted in similar effects for CYN whereas the diversity of results obtained for MC-LR
could be attributed to different animal species, exposure routes, and doses used. Our results were
obtained on rats, the experimental model recommended by the OECD guidelines on genotoxicity [53,54]
and toxicity studies; and they clarify previous contradictory findings reported in mice.

The application of the alkaline comet assay in stomach, liver, and blood cells is a good complement
to the bone-marrow and peripheral blood MN test [58] because this combination allows assessment
of the DNA damage in various potential target tissues (site of contact, metabolism and peripheral
distribution) and it can detect multi-endpoint genotoxic effects [59]. In the present study, the absence
of effects is in consensus with a previous in vivo combined study carried out with CYN alone in male
rats under similar experimental conditions [43].

In contrast, to the best of our knowledge, the few in vivo comet assays available revealed positive
results [40–42]. However, it must be emphasized that CYN was administered i.p., and this could
influence the higher intensity of the results obtained: induction of DNA sb in the liver of mice [40], in
the colon of mice [41], and in the liver of rats [42]. Nonetheless, the oral route is the most representative
for human exposure to cyanotoxins [2,5,33]. In this sense, only Bazin et al. [41] found DNA damage in
colon and bone marrow samples from mice exposed by gavage to CYN in a range of 1–4 mg/kg b.w.,
doses much higher than in this study.

Previous in vivo studies reported contradictory results for individual and pure MC-LR from the
alkaline comet assay. Thus, there were DNA lesions in the blood cells (strand breaks, labile sites, etc.)
of mice at 3 h after oral exposure to MC-LR (4 mg/kg b.w.). However, DNA lesions were observed
mostly in the liver after i.p. administration, although they were also induced in the kidney, intestines,
and colon [25]. The authors concluded that the DNA damage induced in the organs was probably due
to oxidation, and it could be attributed to the more sensitive i.p. route of administration. Similarly, the
DNA breaks were reported in blood cells of mice exposed i.p. to MC-LR (37.5 µg /kg b.w. MC-LR) [26].
In contrast, MC-LR did not induce DNA damage in rat hepatocytes at 2–4 h or 12–16 h after exposure
to a single sublethal doses (ranging between 12.5–50 µg/kg b.w.) administered i.v. [28]. The authors
suggested that the administration route influences the results from the in vivo comet assay and changes
the MC-LR kinetic parameters. Further in vivo combined MN-comet assay for MC-LR should be
carried out in rats, in order to know the genotoxic profile of this toxin.

Moreover, the oxidative stress could be one of the genotoxic mechanisms of CYN and MC
cyanotoxins [20]. Thus, the modified-comet assay was also performed in this study. No oxidative
damage was observed in the pyrimidine and purine bases of DNA, in agreement with the negative
results found in the in vivo experiment performed at the same doses with CYN alone in male
rats [43]. Moreover, it corroborates the results reported in vitro on Caco2 cells exposed to CYN/MC-LR
mixtures [49], and the scarce results obtained from in vitro enzyme-modified comet assay for CYN in
HepG2 cells [69] and in Caco-2 cells [57]. This suggests that oxidative stress could have a minor role in
the CYN mediated genotoxicity [22,69].

In contrast to CYN, MC-LR tested in vitro showed increased DNA strand breaks by oxidation of
pyrimidine and purine bases in HepG2 cells [16,70], providing evidence that the toxin induced strand
breaks from excision of oxidative DNA adducts. Thus, reactive oxygen species (ROS) are involved in
this type of DNA damage. The same authors confirmed that MC-LR displayed oxidation of purine
bases in human peripheral blood lymphocytes when DNA was digested with purified Fpg. Moreover,
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oxidative stress-responsive genes were up-regulated at the molecular level after 24 h, supporting the
hypothesis that MC-LR is an indirect genotoxic agent, acting via induction of oxidative stress [71].

The discrepancy between the negative results of the present study on the DNA oxidative damage
induced by the mixtures and previous reports on individual MC-LR suggests that the genotoxic activity
of CYN rather than MC-LR is responsible of the effects of CYN/MC-LR mixtures in rats. In fact,
Hercog et al. [48] who studied CYN/MC-LR combinations in HepG2 cells concluded that MC-LR did
not seem to deregulate the investigated genes, and they suggested the higher pro-genotoxic potential
of CYN. However, MC-LR was classified in the group 2B by the IARC [21] due to its tumor promotion
mechanism. Thus, caution is required when assessing its toxicity when in the mixture.

The liver was the main target organ of the CYN/MC-LR mixtures as showed by the histopathologic
evaluation. It was also the most severely affected organ in MC-exposed fish [72], rats [73,74], and
mice [75,76]. The major findings of oral toxicity in the present experiment were fatty generation and
necrotic hepatocytes in centrilobular areas, as well as a light mononuclear inflammatory periportal infiltrate,
specially noted in the highest doses of toxins (75 + 750 µg/kg b.w. CYN/MC-LR). This degeneration and
the necrotic processes of hepatocytes were similar to those reported in experimental administrations of
MC-LR in mice [75,77,78] and rats [74]. Thus, our results indicate that MC-LR is undeniably incorporated
into the liver, resulting in the characteristic hepatotoxicity and confirming the sensitivity of this organ
to the oral administration of MC-LR. Further studies with additional inflammatory and hepatotoxic
markers (gene and/or protein expression) should be performed to support the histopathological analysis.
These in vivo results are in accord with other in vivo and in vitro studies where MC-LR induced liver
injury through the production of ROS among other mechanisms [74,79,80]. Hepatocyte injury was also
observed after CYN exposure in rats [42,43,81] and mice [41,63,82,83], with its severity increasing with the
dose [37,63,82–84]. On the other hand, a variable number of multinucleated hepatocytes was observed
in the high and medium-dosed groups (23.7 + 237 or 75 + 750 µg/kg b.w. CYN/MC-LR) implying the
presence of liver injuries. However, this histological change was not observed in the low-dosed group.
An increase in the mitotic frequency was also described in rats exposed only to the highest CYN dose
(75 µg/kg b.w.) [43]. Nevertheless, other liver injuries associated with MC-LR, such as fibrosis, were not
observed upon histological examination. MC-LR is known to induce liver fibrosis in pre-clinical models
and in people after acute exposure to MC [14,85,86]. However, these findings are normally associated
with a more severe liver damage and advanced disease [74].

In the present study, mild histopathological findings were recorded in the stomach of all exposed
groups. In contrast, significantly altered gastric mucus secretions were found previously after oral
administration of MC-LR in mice [87] or pure CYN in rats [43]. These lesions were associated with
an irritant effect of the toxins since the gastric mucus is the first line of defense against luminal
irritants [43,88]. However, the discrepancies could be associated with the age of the animals [87] or the
time of exposure, which was longer in the study of Diez-Quijada et al. [43].

4. Conclusions

The study performed provided evidence of an enhancement of MN formation in the bone
marrow of rats subsequent to an oral exposure to CYN/MC-LR combinations in the range 7.5 + 75 to
75 + 750 µg/kg b.w. However, no genotoxic damage was observed in other organs such as liver, stomach,
and blood as evaluated by the standard and enzyme-modified comet assay. Therefore, the combined
exposure to cyanotoxins may induce genotoxic damage in vivo, although there is no evidence of
synergistic or additive effects due to their combination. Histopathological lesions were observed mainly
in the liver, in agreement with the well-known hepatotoxicity of these cyanotoxins. These results
support the demand for further confirmatory studies needed for a thorough risk assessment of
cyanotoxins and their mixtures, and consequently for possible risk management measures limiting
human exposure if required.
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5. Materials and Methods

5.1. Chemicals and Reagents

Microcystin-LR standard (99% purity) and Cylindrospermopsin standard (95% purity) were
acquired from Alexis Corporation (Lausen, Switzerland). All assay chemicals were obtained from
C-Viral S.L. (Seville, Spain), Gibco (Biomol, Seville, Spain), Moltox (Trinova, Biochem, Germany) and
Sigma-Aldrich (Madrid, Spain).

5.2. Animal Housing and Feeding Conditions

The Ethics Committee on Animal Experimentation of the University of Sevilla approved this
in vivo experiment (09/03/2016/027). In addition, all animals received care following the Directive
2010/63/UE for the protection of animals used for scientific purposes.

Male and female Wistar rats, strain RjHan:WI (type outbred rats), between seven and eight weeks
old were purchased from Animal Production and Experimentation Service (SEPA, University of Cádiz).
Animals were weighed on the arrival day (weight variation did not exceed ± 20%) and housed into
polycarbonate cages with stainless steel covers. Afterwards, the animals were fed during one week
before the experiments with standard laboratory diet (Harlan, 2014; Harlan Laboratories, Barcelona,
Spain) and water ad libitum. During this time, animals were acclimatized to the environmental
conditions with a 12 h dark/light cycle, temperature 23 ± 1 ◦C, relative humidity (55 ± 10)%, and free
from any type of chemical contamination.

5.3. Experimental Design and Treatment

The treatment doses of CYN were selected based on our previous study of genotoxicity following
oral administration of 75µg CYN /kg b.w. for three days [43]. The chosen concentrations of MC-LR were
10 times higher than CYN because MC are proportionally more abundant in nature than CYN [2,89].
Even though occurrence data show that MC-RR and other minority MCs are distributed worldwide
becoming sometimes predominant, the congener MC-LR is widely distributed and the main focus
of toxicological studies [8,64]. The ratio CYN/MC concentrations could oscillate between countries
and continents, climatic conditions, or composition of the cyanobacteria communities [44,45], and in
this study the ratio 1:10 CYN/MC-LR was chosen to compare or confirm previous toxicity studies in
which combinations of CYN/MC-LR were assayed [49–51]. Furthermore, the International Conference
on Harmonisation (ICH) S2 guidelines [90] and the OECD 474 [53] and OECD 489 [54] guidelines
for the MN and Comet assay, respectively, recommend for the combined MN-comet assay the use
of the highest dose and two additional lower doses [58] appropriately separated by less than

√
10 to

prove dose-related responses [54]. Thus, increasing concentrations of CYN/MC-LR mixtures were
selected: 7.5 + 75, 23.7 + 237, and 75 + 750 µg/kg b.w. CYN/MC-LR, respectively, according to
Diez-Quijada et al. [43]. These doses are not only experimentally relevant (according to the OECD
guidelines), but also environmentally significant, especially the lower ones. Thus, lower doses of
23.7 or 7.5 µg CYN/kg, b.w. are very relevant, being the equivalent to an exposure of 3.4 µg or 1.0 µg
CYN/rat/day, respectively.

In this study, 28 male and 28 female rats were randomly divided into six groups, three controls and
three treatment groups: the negative control group (C-) (five male and five female rats) administered
with water by gavage; the solvent control group (C solv) (five male and five female rats) treated with
0.5% Methanol (MeOH); the positive control group (C+) (three males and three females rats) exposed
to 200 mg/kg b.w. ethylmethanesulfonate (EMS). The three exposed groups (five males and five female
rats per group) were treated with 7.5 + 75, 23.7 + 237, or 75 + 750 µg/kg b.w. CYN/MC-LR. All doses
were prepared from a concentrate stock solution to a final volume of 1 mL with 0.5% MeOH. Although
some organic solvents may affect the activity of the cytochrome P450, a 0.5% concentration of MeOH is
lower than the 2% indicated to impact the activity of CYP450s [91] The number of animals included in
each group was based on the OECD 474 [53] and OECD 489 [54] guidelines. Both indicate five animals
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of one sex per group, or five of each if both sexes are used, as an adequate number of rats. The OECD
489 [54] permits the use of a minimum of three animals of one sex, or three of each if both sexes are
used, treated with a positive control. The animals for combined MN and comet assay need to be dosed
at 0, 24, and 45 h, and sacrificed at 3 h after the last administration [58]. The rats were treated by gavage
using an enteral feeding tube (Vygon, Ecouen, France). Clinical signs (e.g. mobility, activity, posture,
blood around nose and eyes, dyspnea and piloerection) and body weight were recorded during the
exposure period.

5.4. Sample Collection

The liver and stomach were extracted, dissected, washed with cold saline solution, and weighed.
Sections of each were rapidly processed for the standard and enzyme modified comet assay as explained
in Section 5.6. Furthermore, blood samples were collected and conserved in Vacutainer®sodium
Heparin Tubes (Becton Dickinson, Rutherford, NJ, USA). Samples were collected from the bone
marrow of both femurs of each animal for the MN assay and immediately spread on slides. The smear
was then allowed to air dry, fixed with absolute methanol and stained with 10% Giemsa. Sections
of liver and stomach were processed according to Diez-Quijada et al. [43] to investigate potential
histopathological changes.

5.5. Micronucleus Assay

For this assay, two smeared glass slides (one per femur of each animal) were prepared with the
bone marrow cells re-suspended in a drop of fetal bovine serum. After allowing the smear to air-dry,
it was fixed in absolute methanol for five minutes and then air-dried and stained with 10% Giemsa
for 10 min. The polychromatic erythrocytes (PCE)/total erythrocytes (normochromatic erythrocytes
(NCE) + (PCE)) ratio and the PCE/NCE ratio were calculated by counting 500 erythrocytes per animal.
The frequency of micro-nucleated immature erythrocytes (MNPCE) was expressed as % MN-PCE´s
and it was determined by counting a total of 5000 PCE per animal, following Diez-Quijada et al. [43].

5.6. Standard and Enzyme-Modified Comet Assay

Single cell suspensions from liver and stomach were isolated according to Corcuera et al. [92]
and Diez-Quijada et al. [43] for the standard and enzyme-modified comet assay. Liver and stomach
were quickly rinsed with Merchant´s buffer (MB) (0.14 M NaCl, 1.47 nM KH2PO4, 2.7 mM KCl, 8.1 mM
Na2HPO4, 10 mM Na2EDTA, with pH 7.4). Then, a section of each tissue was homogenized in the
cold by immersing it in an ice-filled beaker, and the homogenates were centrifuged, filtered, and
mixed with 5 mL MB buffer before slide preparation. Heparinized blood samples were mixed with
phosphate buffered saline solution (PBS) v/v (1/1), and afterwards, the lymphocytes were isolated with
Histopaque® (Sigma-Aldrich, Madrid, Spain) and centrifuged (30 min, 400 G). The cells were washed
with PBS twice and re-suspended at a concentration of 2 × 105 cells/mL in PBS.

Thirty µL of blood cell suspensions were mixed with 140 µL pre-warmed 0.5% low-melting
point agarose, and 12 drops of 5 µL of each cell suspension were placed on microscope slides
pre-coated with agarose. Cell suspensions of liver and stomach were mixed with 1% low-melting
point agarose, and the mixtures were placed on microscope slides precoated with agarose, similar
to blood samples. The standard and enzyme-modified comet assays were carried out as previously
described by Diez-Quijada et al. [43]. The slides were cleaned up three times for 5 min with enzyme
buffer (40 mM HEPES; 0.1 M KCl; 0.5 mM EDTA; 0.2 mg/mL bovine serum albumin; pH 8) subsequent
to lysis at 4 ◦C. Later, two gels in each slide were exposed successively to 30 µL of each of the following:
lysis solution; enzyme buffer alone (buffer F); buffer F containing Endo III; and buffer F containing Fpg
in a metal box at 37 ◦C for 30 min. Then, the nuclei were denatured by electrophoresis carried out
for 20 min, 0.81 V/cm up to 400 mA. The DNA was neutralized in PBS, washed with water and fixed
with 70% and absolute ethanol. Finally, once the slides were dried, nuclei were stained with SYBR
Gold and visualized with an Olympus BX61 fluorescence microscope coupled via a CCD camera to an
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image-analysis system (DP controller-DP manager). Images of at least 150 randomly selected nuclei
per animal were analyzed with the image analysis software Comet Assay IV (Perceptive Instruments,
UK). Percentages of tail DNA (% DNA in tail), automatically obtained by the software, were used to
describe each of the nuclei/comets analyzed and the medians of the scored comets were obtained to
describe each animal.

Endo III and Fpg sensitive sites were determined by subtracting the % of DNA in tail after repair
enzymes incubation.

5.7. Histopathological Analysis

Tissue samples from liver and stomach were fixed in 10% phosphate-buffered formalin for 24 h,
and then immediately dehydrated in ethanol, immersed in xylol, and embedded in paraffin wax
employing an automatic processor. Sections of 4 µm were stained with hematoxylin and eosin and
examined microscopically, with a Modular Microscopy BX43 (Olympus, Shinjuku, Tokyo, Japan).
For the histopathological study, males and females were evaluated and both presented similar
lesions, but the lesion score was performed only in males as they have been reported to be more
sensitive to cylindrospermopsin effects [43,63]. A semiquantitative evaluation of the severity of
lesions was scored. These were independently examined by two blinded and experienced observers,
a veterinary pathologist and an investigator (M.A.R. and R.M.), in all the fields of one slide with a
section of 1 × 1 cm from each organ studied in all the animals. The lesions scored in the liver were
multinucleated hepatocytes, hepatocyte degeneration with lipid accumulation, hepatocellular necrosis,
and mononuclear inflammatory periportal infiltrate, while those scored in stomach were flaking
epithelium, necrosis of epithelial cells and hyperplasia of the gastric glands. Pathology scores were as
follows: 0, no significant lesions (0%); 1, minimal (<10%); 2, mild (11–25%); 3, moderate (26–50%); 4,
marked (51–75%); 5, severe (>75%).

5.8. Statistical Analysis

The results of the MN test are expressed as mean ± standard deviation (SD) for each group of
animals, and a statistical analysis was carried out using the analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test. The results of the standard and enzyme-modified comet assays
were calculated for each group as mean ± SD of the medians. The distribution of the results was
verified for normality utilizing the Kolmogorov- Smirnov test and total scores of the different groups
were compared using the non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison
test. Analyses were conducted using Graph-Pad InStat software (Graph-Pad Software Inc., La Jolla,
San Diego, CA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/6/348/s1,
Table S1: Measurements (MN, alkaline comet and enzyme-modified comet assays) obtained in the target tissues
(liver, stomach and blood) by dose and treatment assayed in male and female rats, Table S2: Summary statistic for
treatment groups including both sexes (male and female) for the standard and enzyme-modified comet assay in
liver, stomach and blood cells, Table S3: Relative weight (RW) (excised wet organ weight /animal weight) of liver
and stomach from exposed male rats, Table S4: Relative weight (RW) (excised wet organ weight /animal weight)
of liver and stomach from exposed female rats.
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70. Žegura, B.; Sedmak, B.; Filipič, M. Microcystin-LR induces oxidative DNA damage in human hepatoma cell
line HepG2. Toxicon 2003, 41, 41–48. [CrossRef]

71. Žegura, B.; Gajski, G.; Štraser, A.; Garaj-Vrhovac, V.; Filipič, M. Microcystin-LR induced DNA damage in
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