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ABSTRACT

Radiocystis fernandoi R28 strain is a cyanobacterium which produces mostly the RR and YR microcystin
variants (MC-RR and MC-YR, respectively). The effects of crude extract of the R. fernandoi strain R28
were evaluated on the protein phosphatases and on the structure and ultrastructure of the liver of the
Neotropical fish, Hoplias malabaricus, after acute and subchronic exposure. Concomitantly, the accumu-
lation of the majority of MCs was determined in the liver and muscle. The fish were exposed to 120.60
MC-RR+MC-LR kg-fish~! (=100 g MC-LReq kg-fish~1) for 12 and 96 h (one single dose, acute exposure)
and 30days (one similar dose every 72 h, subchronic exposure). MCs did not accumulate in the muscle
but, in the liver, MC-YR accumulated after acute exposure and MC-RR and MC-YR accumulation occurred
after subchronic exposure. Protein phosphatase 2A (PP2A) activity was inhibited only after subchronic
exposure. Acute exposure induced liver hyperemia, hemorrhage, changes in hepatocytes and cord-like
disorganization. At the ultrastructural level, the decreasing of glycogen and lipid levels, the swelling of
mitochondria and whirling of endoplasmic reticulum suggested hepatocyte necrosis. Subchronic expo-
sure resulted in a complete disarrangement of cord-like hepatocytes, some recovery of mitochondria
and whirling endoplasmic reticulum and extensive connective tissues containing fibrous materials in the
liver parenchyma. Despite microcystin toxicity and liver alterations, no tumor was induced by MCs. In
conclusion, the increased algal mass of R. fernandoi in tropical freshwater, producing mainly MC-RR and
MC-YR variants, results in fish liver impairments.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

amino acids in position 2 and 4 respectively, is the most toxic and
commonly found (Andrinolo et al., 2008).

Cyanobacteria are important components of phytoplankton
in most freshwater ecosystems worldwide and include a large
number of toxin-producing species. Among toxins, the micro-
cystins (MCs) are hepatotoxic to animals and humans (Carmichael
et al., 2001). Structurally, the MCs are cyclic heptapeptides hav-
ing a cyclo-(D-alanine 1-X2-p-MeAsp3-Z4-Adda 5-p-glutamate
6-Mdha7), in which the position of 2 and 4 amino acids are variable
L-amino acids (Carmichael, 1997). Over 70 MCs variants have been
identified, and the MC-LR, which has arginine and leucine as the
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The genus Radiocystis (Cyanobacteria, Chroococcales) is mor-
phologically similar to Microcystis except for a few characteristics,
such as radially oriented cell disposition and crosswise cell division
in one plane (Pereira et al., 2012). In the last decade, this genus has
been reported as one of most abundant in cyanobacterial blooms in
tropical freshwater (Sant’Anna et al., 2008). The species, Radiocystis
fernandoi is abundant in Brazilian freshwater blooms (Borges et al.,
2008; Fonseca et al., 2011; Sant’Anna et al., 2008), reaching up to
70% of the total cyanobacterial biomass in some blooms (Borges
et al., 2008). According to Vieira et al. (2003), the level of MC-LR
production may be elevated in this cyanobacterium species; how-
ever, Pereiraetal.(2012)showed that numerous R. fernandoi strains
isolated from different reservoirs in Brazil did not produce MC-LR
as majority toxin. Currently, there are little information about R.
fernandoi and its toxicity for freshwater organism.
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Fish may be impacted for days or weeks by toxins produced dur-
ing cyanobacterial blooms and, despite the damages caused by such
toxins, they seem to be less susceptible to them than other verte-
brates (Zhang et al., 2013). In general, MCs inhibit serine threonine
protein phosphatases 1 and 2A (PP1 and PP2A, respectively), which
affect cell physiology resulting in hyperphosphorylation of pro-
teins, disruption of the cytoskeleton and other hepatocyte changes
(Bieczynski et al., 2014; Falconer and Yeung, 1992; Li et al., 2005).

Numerous cyanobacterial toxicity studies have evaluated fish
exposed to one MC variant, particularly MC-LR (Atencio et al., 2009;
Bieczynski et al., 2013; Ernst et al., 2006; Fischer et al., 2000; Hao
et al., 2008; Li et al., 2005); however, more than one type of MC,
along with other algal products are present in aquatic ecosystems
during cyanobacterial blooms. Thus, exposure to the crude extract
of cyanobacteria represents a more realistic condition than purified
MCs (Palikova et al., 2003).

In this context, the aim of the present study was to evaluate
the effects of crude extract of Radiocystis fernandoi strain R28on
structure and function of liver and to examine the potential accu-
mulation of these toxins in the liver and muscle of the fish Hoplias
malabaricus after acute and subchronic exposure.

2. Materials and methods

2.1. R.fernandoi strain R28 cyanobacteria cultivation and
extract preparation

R. fernandoi strain R28 was isolated from cyanobacterial blooms
in the Furnas reservoir (20°40'S; 46°19'W), located in Minas Gerais
State, Brazil. This strain, produces MC-RR and MC-YR and minute
amounts of other variants, but does not produce MC-LR (Pereira
et al,, 2015; Pereira and Giani, 2014; Pereira et al. 2012). R. fernan-
doi was cultivated at 25-30molm~2s-! irradiance under a 12h
light:12h dark photoperiod at 20°C according to Pereira et al.
(2012) in the Phycology Laboratory of Botany Department of Fed-
eral University of Minas Gerais. Crude cyanobacterial extract was
obtained from freeze-dried cyanobacteria which was homogenized
in 10 mL of 80% HPLC-grade methanol (PanReac AppliChen, Castel-
lar del Vallés, Spain) in Milli-Q water (18 M € cm~1) (Merck KGaA,
Darmstadt, Germany) (v:v) using an Ultra Turrax (IKA — T10).
Thereafter, the homogenate was centrifuged at 18514g for 20 min at
18°C(Eppendorf 5810 R, Germany). The supernatants were pooled
together and evaporated at room temperature in a vacuum solvent
evaporator (SpeedVac®). Dried extract were resuspended in milli-
Q water and then the total MC-LR equivalents (MC-LReq) in the
extract were quantified using the enzyme-linked immunosorbent
assay (ELISA) commercial kit (Beacon Analytical Systems Inc., U.S.)
in a Molecular Devices Spectra MAX GEMINI X (Molecular Devices,
U.S.) at 450 nm.

2.2. Microcystins quantification in the extract using HPLC-UV
analysis

Quantitative confirmation of the majority presence of MC-RR
and MC-YR was achieved using a reverse-phase high performance
liquid chromatography system (HPLC-UV, Agilent 1200 Series, Agi-
lent Technologies, Santa Clara, USA). This system was equipped
with a G1322A degasser, a G1311A quaternary pump, a G 1367B
auto-sampler, a G 1316A thermostatted column and a G1316A
diode array detector according to Aranda-Rodriguez et al. (2005),
with minor modifications. The MC concentrations were deter-
mined by comparing the peak areas of the test samples with
those of standard solutions containing MC-LR, MC-YR and MC-
RR (Sigma, USA). The chromatographic separation of MCs was
achieved using 15 x 0.46cm 100A (10 um) and 110A (5 pum) C-

18 ODS Phenomenex columns with mobile phases of MilliQ water
(A) and methanol (B), both acidified with 0.05% formic acid.
The applied gradients (A-B%) were 10-30% B (10 min), 30-55% B
(15 min), 55-100% B (28 min) and 100% B (7 min), with A =240 nm,
1.0 mLmin~! flow rate and 20 p.L volume injected. MC-RR and MC-
YR were identified in the extract and the peak areas of the standard
solutions containing MC-LR, MC-YR and MC-RR (Sigma, USA) were
applied for quantification of these microcystins.

2.3. Experimental design

Juveniles traira, H. malabaricus (n=60 from both sexes, body
mass 260.6 +£9.44 g; body length 27.5+0.16 cm) was purchased
from Santa Candida fish farm (Santa Cruz da Concei¢do, Sdo
Paulo State, Brazil). H. malabaricus is a carnivorous fish species
widespread throughout South America except for, the West Andes
and Patagonian areas, and well appreciated for human consump-
tion (Nakatani et al.,, 2001). Fish were acclimated for 30days in
1000-L tanks containing dechlorinated tap water and constant aer-
ation at 25+ 1°C. The fish were fed with fish pieces every 72h
according to the natural feeding habits of this species.

The fish were randomly distributed into six groups (n=10 in
each group) in 1000-L tanks. The acute exposure experiments con-
sisted of two control groups (C) and two crude extract groups
(CE) which received only one injection (a single dose); one C and
CE groups were analyzed 12h (C12 h; CE12 h) post-injection and,
the other C and CE groups were analyzed 96 h (C96 h and CE96 h)
post-injection. The subchronic exposure experiments consisted
of one C and one CE group, which received one dose i.p. injec-
tion every 72h during 30days (C30 d and CE30 d). All control
groups were injected with 0.5 mL of sterile saline (0.9% NaCl) and
the CE groups were injected with R. fernandoi crude extract con-
taining 120.60 MC-RR+MC-LRkg~! (=100 g MC-LReq kg-fish~1)
diluted in 0.5 mL of sterile saline. This MC-LReq represents relevant
environmental concentration found in Brazilian aquatic systems
(Santos and Bracarense, 2008). After each experiment, the fish
were anesthetized with benzocaine (0.1 gL~1) and killed by sever-
ing the spinal column. The liver was removed and macroscopically
analyzed. Liver samples were collected and frozen at —80°C for
biochemical analyses; other liver samples were fixed with aque-
ous Bouin’s fluid for light microscopy (LM) or 2.5% glutaraldehyde
solution in 0.1 M phosphate buffer, pH 7.3, for transmission elec-
tron microscopy (TEM) analyses. Liver and muscles samples were
also collected for MC accumulation analyses.

The University Federal of Sdo Carlos Animal Ethics Committee
approved this study (Proc. n.026/2012).

2.4. HPLC-ESI-MS/MS analyses of MC variants in the liver and
muscles

The MC extraction and tissue sample preparation were per-
formed according to Deblois et al. (2011) and Mekebri et al.
(2009), with minor modifications. Fresh liver (50 mg) and mus-
cle (100 mg) tissue samples were homogenized in 10 mL of 80%
methanol solution (MeOH:H,0). The extracts were centrifuged at
18514.08g for 20 min at 18°C, and the supernatants were dried
in a vacuum solvent evaporator at room temperature. The extract
was re-solubilized in 1 mL of deionized water and subjected to
clean-up with solid phase extraction cartridges (SPE; RP-18; 6 mL,
500 mg). The stationary phase cartridge was activated with 10 mL
methanol and conditioned with 20 mL of acidified water (0.05%
formic acid). Subsequently, 1 mL of extract was applied to the
cartridge and eluted with acidified water, 20% methanol (MeOH:
acidified H,0; v:v), 75% methanol (MeOH: acidified H,0O; v:v) and
acidified methanol. Next, the fraction eluted with 75% methanol
was dried in a vacuum solvent evaporator (SpeedVac®) at room
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temperature. The fraction extracted with MC was re-solubilized
in 1mL of 50% methanol (MeOH:H,0; v:v) and filtered through
nylon filters (0.20 wm). The chromatographic separation and MC
identification were performed as described in Section 2.2.

The MC concentration was quantified, in triplicate, using
an HPLC connected to an API 2000™ triple Quadrupole Mass
Spectrometer (AB/MDS Eciex, CA, USA) with a TurbolonSpray elec-
trospray interface (ESI-MS) using a standard mixture (500 ng mL~1)
of MC-RR and MC-YR (Sigma-Aldrich, USA). The ESI source was
used in positive multiple reaction-monitoring (MRM) mode. The
HPLC/ESI-MS/MS analysis of MCs was conducted under the fol-
lowing conditions: declustering potential, 40 V; focusing potential,
400V; collision energy, 40V; cell entrance potential, 11V, cell
exit potential, 2V; TurbolonSpray voltage, 4500V; turbo tem-
perature, 400°C; nebulize gas (N,), 55 psi; heated gas, 60 psi;
curtain gas, 30 psi; and collision-activated dissociation, 8 psi. The
MC quantification was achieved through external calibration using
analytical curves of standard solutions containing MC-RR and
MC-YR obtained from transition m/z 520 ([M+2H]*2) and 534
(IM+H+Na]*2), respectively, and m/z 135 transition from fragment
ADDA(-(2S, 3S, 8S, 9S)-3-Amino-9-methoxy-2,6,8-trimethyl-10-
phenyl-deca-4,6-dienoic acid). The precision (repeatability degree)
was evaluated as intra-day (1.41 — 3.83% and 2.39 —4.79% for MC-
RR and MC-YR, respectively). The accuracy (91.59 — 101.85% and
87.82 — 103.09% for MC-RR and MC-YR, respectively) was calcu-
lated by averaging the calculated concentrations and the average
value of the nominal concentrations. In agreement with the FDA
(2013) guidelines, the mean value for accuracy was within 15% of
the nominal value. The limit of detection (LOD,2ngg ' and 5ngg!
for MC-RR and MC-YR, respectively) was considered as three times
the signal/noise ratio (S/N), and the limit of quantification (LOQ,
20ngg-! and 50ngg-! for MC-RR and MC-YR, respectively) was
10 times the S/N ratio. The selectivity of the method was charac-
terized by assessing accurate quantification of MC-RR and MC-YR
in the presence of endogenous compound, confirmed by the anal-
ysis of the blank. Recovery experiments were performed through
fortification in triplicate fish samples (liver and muscle) with mixed
MC solution (MC-RR and MC-YR).

2.5. Endogenous liver protein phosphatase activity

Liver samples were homogenized in ice cold buffer (40 mM
Tris-HCl, 20mM KCl, 30 mM MgCl,, pH 8.6 with 2mM PMSF)
(1:4w/v) using an Ultra Turrax homogenizer. Homogenates were
centrifuged at 12,000g, 4°C for 15 min and the supernatants were
used as PP1 and PP2a enzyme sources. PP1 and PP2A activities
(nmol min—! mg protein—1) were measured in a microplate reader
using p-nitrophenyl phosphate (pNPP) as a substrate, according to
Carmichael and An (1999) and Heresztyn and Nicholson (2001),
respectively, adapted by Bieczynski et al. (2013). The absorbance
was read at 405 nm, in triplicate, every 10 min for 60 min at 25°C.
The protein concentration in the homogenate was determined
using Bradford reagent with bovine serum albumin as a standard
(Kruger, 1994) at 595 nm.

2.6. Liver morphological analysis

The hepatosomatic index (HIS) was calculated as HSI = fresh liver
mass/fresh body mass*100 according to Ratton et al. (2003).

LM analyses were used to evaluate liver histomorphology, col-
lagen fibers and cell proliferation. For histomorphology, the liver
samples fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.3 were dehydrated in ethanol crescent series, embedded
in historesin (Leica, Germany) and the sections (3 wm in thick-
ness) were stained with Toluidine blue and basic fuchsin. For
identification of collagen fibers, the liver samples fixed in Bouin’s
solution were dehydrated in ethanol crescent series, embedded in
paraffin and serial sections (6 wm in thickness) were stained with
Masson’s trichrome (EasyPath kit, Brazil). Cell proliferation was
evaluated applying immunohistochemistry against proliferating
cell nuclear antigen (PCNA); the liver samples fixed in Bouin’s solu-
tion were processed as described above for embedding in paraffin
and sectioned with 8 wm in thickness. Briefly, endogenous per-
oxidase activity was blocked with 1% hydrogen peroxidase and
heated in 1% ZnSQOy,, followed by cooling with distilled cold water
for antigen retrieval. Subsequently, the sections were washed in
Tris-buffered saline containing 0.1% Triton X-100 (TBS-T) and incu-

70 1 MC-RR, MC-YR, MC-LR standard mixture
2 Metanol
3 Crude extract of Radiocystis fernandoi strain R28

60

20 22 24 26 28 30 32 34 36

Time (min)

Fig. 1. HPLC chromatograms of microcystin in the crude extract of Radiocystis fernandoi strain R28, blank (methanol) and standard microcystin mixtures monitored at UV

240 nm.
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bated with primary antibody PC10 (1:100 Immuny, Rheabiotech,
Brazil), overnight in a wet chamber. After washing in TBS-T, a goat
anti-mouse peroxidase conjugated secondary antibody (GAMPO,
1:2000) was added, and the sections were incubated for 1h. The
antibody complex was visualized by staining the sections with
0.5% DAB (3,3’-diaminobenzidin). For the negative controls, the pri-
mary or secondary antibodies were omitted, and the samples were
incubated and stained as described above. PCNA-positive nuclei
were expressed as a percentage of those in the control group. All
morphological analyses were performed under an Olympus BX51
(Olympus, Denmark) light microscope equipped with a camera
connected to a computer using Olympus DP2-B5W software and
a randomized blind method with a range of 5 fields per section
(n=5) for each fish.

For TEM analyses, the liver samples fixed in 2.5% glutaraldehyde
in 0.1 M phosphate buffer, pH 7.3, were post-fixed in 1% osmium
tetroxide and block contrasted with 0.5% uranyl acetate in 10.5%
sucrose. The samples were dehydrated in an acetone crescent series
and embedded in Spurr’s resin (EMS — Low Viscosity Embedding
Media, U.S.). Ultrathin sections (60nm in thickness) were con-
trasted with 3% uranyl acetate and 0.01% lead citrate. The images
obtained from a transmission electron microscope (Philips CM-120,
USA) at 80kV using a range of 5 fields per 5 sections (n=5) were
analyzed for each fish.

2.7. Statistical analyses

The results are presented as the means +S.E.M. Data normal-
ity was verified using the D’Agostino-Pearson test. Differences
between acute exposure groups were analyzed with ANOVA,
followed by Bonferroni’s post-test. Differences between chronic
exposure groups were analyzed using a t-test. All tests were per-
formed using GraphPad Prism software (version 5.0) and data
significance was designated at p <0.05.

Table 1

Microcystin (MC) accumulation in the liver and muscle of Hoplias malabaricus from
crude extract group (CE, Radiocystis fernandoi strain R28 crude extract injected) after
acute (one single dose injection, 12 h and 96 h post-injection) and subchronic (one
dose injection every 72 h, for 30 d) exposure.

Microcystin Accumulation

CE Groups MC-RR (ng mg tissue1) MC-YR (ng mg tissue~')
Liver Muscle Liver Muscle

Acute exposure

12h - - 135.74+17.2 -

96 h - - 47.4+8.8 -

Subchronic exposure

30d 21.9+0.07 - 444+0.7 -

CE group (n=3 pools); (-) indicate MC lower than detection/quantification limit.

3. Results

No fish died during acute and subchronic exposure experiments,
and no changes in fish color or behavior were observed. During
subchronic exposure, fish i.p. injected with crude extract showed a
slight reduction in feeding.

3.1. MC-YR and MC-YR in R. fernandoi strain R28 crude extract
and accumulation in fish liver and muscle

The similarity of chromatograms peaks in the HPLC suggested
the presence of variants MC-RR and MC-YR and the absence of
MC-LR in the crude extracts of R. fernandoi strain R28 (Fig. 1).
The relative retention times of MC-RR and MC-YR were 24.3 and
30.5 min, respectively. The MC content in R. fernandoi crude extract
was 2.40 mg of MC, comprising 1.46 mg of MC-RR and 0.94 mg of
MC-YR per gram of freeze-dried cyanobacterial cells.

After 12 and 96 h crude extract injection (acute exposure) the
MC-RR were identified in the liver, but this accumulation was not
quantified because the amount was lower than the quantification
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Fig. 2. MRM chromatograms of liver extract of Hoplias malabaricus from control group (C, saline injected) and crude extract group (CE, Radiocystis fernandoi strain R28 crude
extract injected) after acute (one single dose injection; 12 h and 96 h post-injection) and subchronic (one dose injection every 72 h for 30d) exposure. (A) Control 12 and
96 h; (B) CE 12 h; (C) CE 96 h; (D) Control 30d and, (E) CE 30d. The detection parameters are described in the Materials and Methods section.
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Fig. 3. Endogenous activity of protein phosphatase (PP1 and PP2A) in the liver of
Hoplias malabaricus (n=10) from control group (C, saline injected) and crude extract
group (CE, Radiocystis fernandoi strain R28 crude extract injected) after acute (one
single dose injection; 12 h and 96 h post-injection): A and C, respectively and, sub-
chronic (one dose injection every 72 h for 30d): B and D, respectively. The values
are expressed as the mean 4 SEM. *Indicates significant difference from respective
control.

limits. Nevertheless, MC-YR accumulated in the liver at a concen-
tration three times higher after i.p. crude extract injection for 12 h
compared with 96 h (Table 1, Fig. 2). After subchronic exposure,
both MC-RR and MC-YR accumulated in the liver; the MC-YR con-
centration was two times higher than the MC-RR concentration
(Table 1). There was no accumulation of MCs in the white muscles,
the edible part of fish (Table 1).

3.2. Endogenous PP1 and PP2A enzyme activity

The PP1 and PP2A activities unchanged after 12 and 96h i.p.
injection of the crude extract of R. fernandoi containing mostly

Table 2

MC-RR and MC-YR (acute exposure) (Fig. 3A, C). After subchronic
exposure, PP1 activity remained unaffected; however, the activity
of PP2A was significantly inhibited (Fig. 3B, D).

3.3. Liver morphological alterations

The fish body mass remained unchanged in either acute or sub-
chronic exposed groups; whereas, the liver mass increased (155%)
after 96 h exposure to R. fernandoi crude extract resulting in a
HSI two times higher than that from control fish. However, after
subchronic exposure, the liver mass decreased (29%) resulting in
a HSI 0.6 lower than the controls (Table 2). Macroscopically, the
liver from control fish presented an homogeneous aspect with a
reddish-brown color (Fig. 4A), while the livers of fish exposed to
R. fernandoi crude extract presented a yellowish color and hem-
orrhages at 12 and 96 h after i.p. injection (Fig. 4B and C) with a
reddish-brown color and numerous dark blood spots after 30 days
exposure (Fig. 4D).

The crude extract induced several changes in the structure of
the liver at microscopic and ultrastructure levels (Fig. 5 and 6).
The normal liver (control groups) showed homogenous distribu-
tion of hepatocytes and low connective tissue between these cells
and the blood vessels (Fig. 5A, B). The hepatocytes were organized
in a cord-like structure around sinusoid capillaries; they exhibited a
polyhedral shape with well-defined cell limits and a central nucleus
with a prominent nucleolus (Fig. 5A). Acute exposure caused alter-
ations in the liver parenchyma that increased from 12 to 96 h.
After 12 h crude extract i.p. injection, the hepatocytes presented
a round shape and the loss of cord-like arrangement, peripheral
nuclei, sinusoid enlargement and increased extracellular spaces
(Fig. 5C). After 96 h, the sinusoids significantly increased (Fig. 5D),
and some fibroblasts were detected in the liver parenchyma around
the hepatocytes (Fig. 5E). Subchronic exposure (30days) resulted
in the complete disarrangement of the liver architecture (Fig. 5F),
and extensive hepatic areas exhibited collagen fibers (Fig. 5G). Cell
proliferation remained unchanged in the livers of fish i.p. injected
with R. fernandoi crude extract after acute and subchronic exposure
compared with fish i.p. injected with saline (controls) (Fig. 6).

At the ultrastructural level, the hepatocytes from control groups
had nuclei with some condensed chromatin underneath the
nuclear membrane and nucleolus. Abundant glycogen and sev-
eral lipid drops of different in sizes were distributed throughout
the cytoplasm, numerous mitochondria and abundant endoplasmic
reticulum were localized around the nuclei and beneath the mem-
brane perimeter (Fig. 7A and B), and a well-defined Golgi apparatus
was around nuclei (Fig. 7C). The cell limits were clearly identified,
and the bile canaliculus between hepatocytes was characterized by
microvilli in the lumen of the canaliculus and junction complexes
(Fig. 7D). After acute and chronic exposure to crude R. fernandoi
extract, the hepatocytes structure changed. Twelve hours after i.p.
crude extract injection, rounded hepatocytes presented extended
chromatin throughout the nucleus, most of which showed reduced
sizes or the absence of a nucleolus; cytoplasmic disorganization

Body and liver mass and hepatosomatic index (HSI) of Hoplias malabaricus (n=10) from control (C, saline injected) and crude extract group (CE, Radiocystis fernandoi strain
R28 crude extract injected) after acute (a single dose injection; 12 h and 96 h post-injection) and subchronic (one dose injection every 72 h for 30d) exposure. Values are

mean + SEM.

Acute exposure

Subchronic exposure

Ci2h CE12h C96h CE96h c30d CE30d
Initial body mass (g) 261.1+£35.05 247.0+£33.29 264.8 £39.53 237.2+£23.15 271.4+13.52 301.9+20.62
Final body mass (g) 243.5+31.30 242.2+31.95 245.0+34.95 222.3+21.97 279.1+18.32 300.2+16.24
Hepatic mass (g) 48+1.18 6.2+1.16 4.7+1.06 7.3+1.01% 4.2+0.32 3.0+0.45°
HSI (%) 1.8+043 2.7+£0.58 1.94+0.40 3.3+£0.40° 1.5+0.07 0.9+£0.10°

2 Indicates significant difference from the respective control group (p <0.05).
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Fig. 4. Macroscopic view of Hoplias malabaricus liver. A. Control group (saline injected) and B-D, crude extract group (Radiocystis fernandoi strain R28 crude extract injected)
after acute (one single dose injection; 12 h and 96 h post-injection, B and C) and subchronic (one dose injection every 72 h for 30d, D) exposure. Note the yellowish color in B,
hemorrhages areas (arrow) in B and C and dark blood spots (arrow) in D. Scale bars are in mm. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

was characterized by glycogen and lipid droplets depletion, elec-
tron lucent vacuoles and shrunken cytoplasmic organelles around
the nucleus (Fig. 8A-C). Mitochondrial swelling and extensive
endoplasmic reticulum disorganization (Fig. 8C) were common fea-
tures in the hepatocytes after 12 h (Fig. 8C), and cells exhibiting
advanced necrotic features were observed after 12 and 96 h expo-
sures (Fig. 8D, E). Disrupted cellular membranes were common
features of the hepatocytes after 96 h (Fig. 8E), and many hepa-
tocytes contained electron dense bodies and concentric layers of
membranes resembling myelinated bodies (Fig. 8F). Some hepato-
cytes maintained organized mitochondria around the nucleus and
presented blebbing of the cellular membrane (Fig. 8G). In the extra-
cellular space, numerous vacuolated materials and some fibroblasts
were observed (Fig. 8H).

After subchronic exposure, despite hepatic cells showed a round
shape and organelle disorganization, it was difficult to identify the
cell outline. Some of the hepatocytes had endoplasmic reticulum
and normal mitochondria around the nucleus (Fig. 9A and B). Most
of the endoplasmic reticulum exhibited whirling features (Fig. 9B).
Connective cells and large amounts of collagen fibers characterized
the liver parenchyma (Fig. 9C and D).

4. Discussion

The present study is the first to examine in fish the toxicity of
R. fernandoi strain R28, a common cyanobacterium and MC-RR and
MC-YR producer in blooms in Neotropical regions. MC-RR is the one
of the dominant variants in the lakes of China (Xie et al., 2015) and,
despite the abundance of the RR form, there are few studies on the
toxicity of this variant; MC-YR is less produced by cyanobacteria
than MC-LR and MC-RR (WHO, 1998).

The differences in MC-RR and MC-YR accumulation in the liver
of H. malabaricus likely reflect the hydrophilic/hydrophobic char-
acteristics or metabolism/excretion efficiency following acute and
subchronic fish contamination. Consequently, the crude extracted
toxicity showed time-dependent changes in the liver and hepato-
cytes at 12 and 96 h after a single dose injection (acute exposure)
and a dose injection every 72 h for 30 days (subchronic exposure).
The replacement of the amino acid leucine in position 2 in the
MC-LR by tyrosine in MC-YR or arginine in MC-RR change the
hydrophobic characteristics of MC molecule and, consequently, the
absorption, metabolism and toxicity of these variants (Gehringer
et al., 2005). A comparison between the toxicity of MC-LR and that
of MC-RR and MC-YR in mice revealed that the LD5g. 24 h increased

from 43 to 111 and 235 pgkg~! body mass for MC-LR, MC-YR and
MC-RR, respectively, showing that less hydrophobic MC variants
have lower toxicity (Gupta et al., 2003).

The hydrophilic characteristic of MC-RR favors its metabolism
and fast transportation to the kidneys, where this variant is
excreted (Wu et al., 2013), which might explain the identifica-
tion of MC-RR in the liver of H. malabaricus 12 and 96h after
i.p. injection at a lower level than the quantification limit. How-
ever, after subchronic exposure, the continuous MC contamination
of fish for 30days resulted in MC-YR and MC-RR accumulation
in the liver suggesting that the depuration is not fast enough to
avoid MC accumulation in liver under continuous contamination.
In general, independent of the absorption route, the MC accumu-
lation was higher in the liver than in other organs (Deblois et al.,
2011; Xie et al., 2004). The accumulation of MC in different tis-
sues depends on tissue metabolism/excretion capability and/or
the presence/absence of expression of organic anion-transporting
polypeptide (Oatp) types which transport MC into the cell (Dietrich
and Hoeger, 2005; Popovic et al., 2010). The lack of MC accu-
mulation in the muscles of H. malabaricus, even after subchronic
exposure, may be related to Oatps in the muscle cells.

MC toxicity has been associated with the interaction of MC
molecules with PP1 and PP2A, which promotes the phospho-
rylation of the cellular proteins responsible for many signal
transduction responses (Buratti et al,, 2013). PP1 and PP2A are
inhibited because of interactions with the hydrophobic region of
Adda, the glutamyl carboxylate and the methyldehydro-Ala of MC
(Hastie etal.,2005). The variable amino acids from the MC molecule
are not critical for the protein phosphatase inhibition (Heussner
et al., 2014; MacKintosh et al., 1995), although, crucial to toxicity,
and the toxicity of MC decreases from MC-LR to MC-YR and MC-
RR (Buratti et al., 2013; Covaci et al., 2012). The absence of PP1 and
PP2Ainhibition 12 and 96 h after R. fernandoi crude extract injection
in H. malabaricus probably reflected the reversible binding of MC
with these phosphatases. In general, the maximum PP inhibition
occurs between 3 and 6 h after fish MC contamination (Malbrouck
et al.,, 2004; Tencalla and Dietrich 1997). In trout, Oncorhynchus
mykiss, the inhibition of PP activity (60%) was observed up to
3 h post-gavage, followed by gradual recovery until 72 h (Tencalla
and Dietrich, 1997), and in goldfish, Carassius auratus, the inhibi-
tion of PP activity primarily occurred at 6 h post-gavage and was
completely recovered after 96 h Malbrouck et al. (2004). Further-
more, MC underwent rapid covalent binding with cysteine (Cys)
and glutathione (GSH) favoring metabolism and excretion of tox-
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Fig. 5. Microscopic view of Hoplias malabaricus liver. A and B, control group (saline injected), normal liver; note hepatocytes shape (arrow) and cord-like organization,
sinusoid (*) in A and connective tissue (double arrow) close to blood vessels in B. C-G, crude extract exposure (Radiocystis fernandoi strain R28 crude extract injected): acute
exposure (a single dose injection) 12h (C) and 96 h (D and E) post-injection and subchronic exposure (one dose injection every 72h) 30 d post-injection (F and G). Note
rounded hepatocytes (arrow) and sinusoids intercellular space (*) in C; highly increasing of enlarged sinusoids (*) in D and fibroblasts (double arrow) among hepatocytes
(arrow) in E; hepatocytes showing hypertrophied nucleus (arrow) and fibroblast (double arrow) among them in F and large amount of connective tissue in G. v vessels. A,
C-E, toluidine blue and basic fucsine stain; B and G, Masson’s trichrome stain. Scale bars are in pwm. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

ins and metabolites which may reduce the MC action on the PP.
Nevertheless, PP inhibition in both fish and mammals is time/dose-
dependent (Cohen et al., 1988; Runnegar et al., 1993 Runnegar
et al,, 1993). In the present study, the inhibition of PP2A activity in
the liver of H. malabaricus after subchronic exposure, suggests that
the MC-RR and MC-YR accumulation in this organ overcomes its
capability to metabolize and excreted MC resulting in PP inhibition
under continuous contamination.

The overall changes in the liver of H. malabaricus after R.
fernandoi crude extracti.p. injection suggesting toxicity was macro-

scopically observed based on varying color, mass and tissue
characteristics as already reported by Molina et al. (2005) in Ore-
ochromis niloticus exposed to the MC during cyanobacterial blooms.
The increasing liver mass and HSI after 96 h likely reflected the
intense blood flow into the liver, which was confirmed after micro-
scopic analyses. Notably, the blood flow was highly dispersed after
12 h and more localized in some liver areas after 96 h exposure,
despite the sharp decrease of hepatic glycogen after acute expo-
sure, as observed in the hepatocyte ultrastructure. HSI is typically
associated with the nutritional state and energy reserves as the
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Fig. 6. PCNA-positive cells in the liver of Hoplias malabaricus (n=10) from control
groups (saline injected) and crude extract groups (Radiocystis fernandoi strain R28
crude extract injected): acute exposure (a single dose injection) 12 h and 96 h post-
injection (A) and subchronic exposure (one dose injection every 72 h) 30 d post-
injection (B). The values are expressed as the means 4 SEM. *Indicates significant
difference from respective control.

storage of large amounts of glycogen and lipids inside hepato-
cytes. However, stressful conditions induce variations in these
reserves and consequently in HSI (Querol et al., 2002). Increasing
HSI after acute exposure (24 h) to Microcystis extract containing MC
and lipopolysaccharides from the cyanobacteria cell surface was
reported in Oncorhynchus mykiss (Best et al., 2003), and no changes
in the HSI were observed in Coregonus lavaretus at 72 h after oral

(gavage) exposure to whole cyanobacterial cells (Ernst et al., 2006).
In H. malabaricus, the maintenance of hyperemia and the replace-
ment of hepatocytes by collagen fibers after continuous exposure
to crude cyanobacterial extract resulted in decreased liver mass
and HSI. Similarly, a decrease in HSI was reported in Oreochromis
niloticus after subchronic exposure (10 days) to crude cyanobacte-
rial extract (Ibrahem et al., 2012), and these effects likely reflected
liver impairment. These results suggest that the modality of expo-
sure is an important factor facilitating the uptake of toxins and
other cyanobacterial components affecting the liver.

Changes in the liver parenchyma and the histological and ultra-
structural features of hepatocytes were time- and form-exposure
dependent. Changes in shape of hepatocytes from polyhedral to
rounded cells and the disjunction of cellular adhesion, which
increased the intercellular space, might reflect the disorganiza-
tion of polymer proteins, components of the cellular cytoskeleton
(Fischer et al., 2000). This effect causes blood increase in the sinu-
soids leading to hyperemia and bleeding in liver. Such effects are
characteristic of the toxicity of MC-RR and MC-YR in the crude
extract of R. fernandoi and have been reported in numerous fish
species exposed to cyanobacterial extracts or natural blooms. This
toxicity leads to hypovolemic shock and death, depending on the
dose and exposure time (Atencio et al., 2009; Ernst et al., 2006; Li
et al., 2007; Marie et al., 2012).

The sequence of events in the liver at 12 to 96 h post i.p. extract
injection revealed a progressive effect of the MCs present in crude
extract that were consistent with the findings of Fischer et al.
(2000) and Li et al. (2005, 2001). Increased energy mobilization
was evidenced by a decrease in glycogen and lipid droplets and
cytoplasmic vacuolization after 12 h, which were followed by the

Fig. 7. TEM micrographs of the normal hepatocyte ultrastructure of Hoplias malabaricus (Control, saline injection). A. Hepatocyte showing nucleus, glycogen distributed
throughout cytoplasm and lipid droplets and a well-defined cell membrane (arrow); B. Extensive endoplasmic reticulum and glycogen and nuclear pore (arrow) in the
nuclear membrane; C. Mitochondria around the nucleus and Golgi apparatus, nuclear pore (arrow) in the nuclear membrane; D. High magnification of the bile canaliculus
filled with hepatocyte microvilli (*) and junctional complexes (arrow). ER — endoplasmic reticulum, G — Golgi apparatus, Gly — glycogen, Li — lipid, M — mitochondria, N —

nucleus, nu — nucleolus. Scale bars are in pm.
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Fig. 8. TEM micrographs of the liver of Hoplias malabaricus injected with crude extract of Radiocystis fernandoi strain R28: acute exposure (a single dose injection) 12h
(A-D) and 96 h (E-H) post-injection. A. Round hepatocytes showing the nucleus and nucleolus and electron lucent cytoplasm (*), necrotic bodies (arrow) in the extracellular
space; B. High magnification of a hepatocyte showing numerous dispersed vesicles (*); C. Hepatocyte with altered organelles (arrow) and condensed bodies (*) in the
cytoplasm; D. Macrophage (Ma) with cellular bodies (*); E. Disruption of the plasma membrane (arrow) in necrotic hepatocytes; F. Endoplasm reticulum disorganization,
swelled mitochondria (M) and electron dense bodies (*) around nucleus; G. Hepatocyte with disorganized cellular organelles (*) around the nucleus and blebbing of the cell
membrane (arrow); H. Fibroblasts (*) in the intercellular space. ER — endoplasmic reticulum, N — nucleus, nu — nucleolus; M — mitochondria. Scale bars are in wm.

disorganization of endoplasmic reticulum, mitochondrial swelling
and membrane rupture after 96 h exhibiting signs of necrosis. These
severe injuries imply in impairments of energy production and
alterations of cellular functions (Maioli et al., 2011) eventually lead-
ing to fish death due to extensive hepatic necrosis.

After subchronic exposure, the swollen mitochondria and
degranulation, dispersion of the stacks and whirling endoplasmic
reticulum in the hepatocytes of H. malabaricus suggested high dam-
age in the liver, consistent with the reports of the hepatocytes of

Cyprinus carpio exposed to 50 g MC-LReq kg~ for 28 days (Li et al.,
2004). Furthermore, the overall reduction of enlarged sinusoids
in the liver of H. malabaricus and the extensive increase of con-
nective tissue among hepatocytes characterizing fibrosis was also
other characteristic of liver damage after subchronic exposure to
the crude extract of R. fernandoi, which, to our knowledge, has not
yet been described in fish. The presence of liver fibrosis after sub-
chronic MC exposure has only been reported in mammals (Falconer
and Buckley, 1989; Gupta et al., 2003). Liver fibrosis has many
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Fig. 9. TEM micrographs of the liver of Hoplias malabaricus injected with crude extract of Radiocystis fernandoi strain R28: subchronic exposure (one dose injection every
72 h for 30 d). A. Hepatocyte showing endoplasmic reticulum disorganization and mitochondria; B. High magnification of whirling endoplasmic reticulum and mitochondria;
C. Liver parenchyma showing sinusoid (*) and fibroblasts; D. Collagen fibers (arrows) among hepatocytes and fibroblasts. ER — endoplasmic reticulum, F — fibroblast, H —

hepatocytes, M-mitochondria; N — nucleus, Scale bars are in wm.

causes (Rose, 2002) and might reflect the collapse of the hepatic
parenchyma and its substitution by collagen-rich tissue.

Although poorly documented, it is generally assumed that MC-
LR is a potent tumor promoter (Menezes et al., 2013); however, no
evidence of tumor induction was provided by MC-RR and MC-YR
present in the crude extract of R. fernandoi in this study. This effect
might involve many factors, such as dose, exposure time, input and
MC metabolic capacity of different species

5. Conclusions

Radiocystis fernandoi strain R28 can be characterized as a toxic
clade of microorganisms that primarily produce MC-RR and MC-YR.
Although these variants are less toxic than MC-LR, this study sup-
ports the hypothesis that the exposure of fish to a mixture of MCs
in natural blooms might produce similar effects as those produced
by MC-LR, leading to serious structural changes and physiologi-
cal impairments of the liver, depending on the concentration and
exposure time. Furthermore, the decreased detoxification capacity
of the liver and increased MC accumulation might be potential risks
for human health, in the long-term, the accumulation may occurs
in other tissues, such as muscles.
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