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The alkaloid cylindrospermopsin has been recognized of increased concern due to the global expansion
of its main producer, Cylindrospermopsis raciborskii. Previous studies have shown that bivalves can
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cylindrospermopsin. Based on the potential for human health risks, a provi-
ke of 0.03 mg/kg-body weight has been recommended. However, the human
been based on the cylindrospermopsin concentration in raw food items. Thus,
s the changes on cylindrospermopsin concentration in edible mussels with
me as well as cylindrospermopsin bioaccessibility. Mussels, (Mytilus gallopro-
mopsin-producing C. raciborskii, were subjected to the treatments and then
Mussels stored frozen allowed a significantly higher recovery of cylin-
48 h and 57.7% in one week). The cooking treatments did not produce signif-
ndrospermopsin concentration in the mussel matrices (flesh), however,
found in the cooking water, suggesting that heat processing can be used to
cylindrospermopsin. The in vitro digestion considerably decreased the cylin-
in uncooked and steamed mussels, highlighting the importance in integrating

ndrospermopsinin in the human health risk assessment.

1. Introduction
The occurrence and progressive proliferation of harmful cya-
nobacteria in freshwater, estuarine and marine ecosystems have
d Nations; 

dem mass spectrometry; 
 monitoring; 
been recognized as a potential consequence of eutrophication and
climate change (O'Neil, Davis, Burford, & Gobler, 2012). During last
decades, the expansion of Cylindrospermopsis raciborskii (a

planktonic freshwater cyanobacterium) from its tropical origin to
temperate waterbodies has been reported (Poniedziałek, Rzymski,
& Kokoci�nski, 2012). The cyanotoxin cylindrospermopsin (CYN),
an alkaloid consisting of a hydroxymethyluracil moiety linked to a
tricyclic guanidine (Ohtani, Moore, & Runnegar, 1992) (Fig. 1), was
firstly isolated from a culture of C. raciborskii (Ohtani et al., 1992).
Since then, several CYN-producing cyanobacteria have been iden-
tified, as follows: Umezakia natans (Terao et al., 1994), Aphanizo-
menon ovalisporum (Banker et al., 1997), Raphidiopsis curvata (Li
et al., 2001), Lyngbya wollei (Seifert, Mcgregor, Eaglesham,
Wickramasinghe, & Shaw, 2007), Anabaena bergii, Aphanizomenon
flos-aquae (Preussel, Stüken, Wiedner, Chorus, & Fastner, 2006),
and Anabaena lapponica (Spoof et al., 2006). Structural variants of
CYN, 7-epi-CYN and deoxy-CYN (Banker, Teltsch, Sukenik, &

Carmeli, 2000; Norris et al., 1999; Seifert et al., 2007) (Fig. 1),
have also been identified. Although the molecular mechanism of
CYN toxicity is not yet established, it is known that it inhibits the
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Fig. 1. The molecular structure of cylindrospermopsin (1) and its analogs, 7-deoxy-cylindrospermopsin (2) and 7-epicylindrospermopsin (3).
eukaryotic protein synthesis (Froscio, Humpage, Wickramasinghe,
Shaw, & Falconer, 2008; Runnegar et al., 2002) as well as gluta-
thione (GSH) synthesis (Runnegar, Kong, Zhong, & Lu, 1995).
Furthermore, the metabolic activation of CYN by cytochrome P450
(CYP450) seems to contribute to its toxicity (Froscio, Humpage,
Burcham, & Falconer, 2003; Runnegar et al., 1995), and probably
due to the high CYP450 activity in the hepatocytes, the liver seems
to be the main target organ of sub-chronic oral exposure (Froscio
et al., 2003; Runnegar et al., 1995). Nevertheless, although to a
lesser extent, toxic effects of CYN have also been reported in kid-
neys, thymus, spleen, lungs, intestine and heart (Falconer et al.,
1999; Froscio et al., 2003; Runnegar et al., 1995; Terao et al.,
1994). Studies in mouse have shown that the overall toxic effects
of CYN are delayed and progressive (LD50 of 2100 mg/kg at 24 h and
200 mg/kg at 5e6 days, intra-peritoneal administration (Ohtani
et al. 1992)), and they are exerted by the following mechanisms:
(1) acute toxicity produced by CYP450 generated metabolites of
CYN (Froscio, Humpage, Burcham, & Falconer, 2001; Runnegar
et al., 1995) and (2) a slower toxicity generated by the inhibition
of protein synthesis, non-dependent of CYN metabolism (Froscio
et al., 2001, 2003). The bioactivation of CYN by CYP450 seems to
be responsible for the induction of genotoxic effects (Falconer &
Humpage, 2006), since CYP450 inhibitors appear to prevent DNA
damage in in vitro assays (Humpage, Fontaine, Froscio, Burcham, &
Falconer, 2005; Runnegar et al., 1995). A preliminary study suggests
that tumors are generated in mice by oral exposure to CYN
(Falconer & Humpage, 2001), however, it remains to be elucidated
whether the genotoxic effects might increase the risk of carcino-
genicity in vivo. Although the lack of consistent epidemiological
data, consumption of contaminated water and food seem to be the
major sources of chronic human exposure to CYN. The first human
intoxication associated to CYN was in Palm Island (Queensland,
Australia in 1979), where 149 people supplied with drinking water
from a reservoir with CYN-producing C. raciborskii suffered a
hepatoenteritis-like illness (Griffiths & Saker, 2003). Since then,
public health concerns because of CYN exposure have increased,
and the risks associated to this toxin are still under investigation.
CYN is highly water soluble due to its zwitterionic character, and
contrary to themajority of cyanotoxins, as much as 90% of total CYN
is outside of the cells, dissolved in the surrounding water (Chiswell
et al., 1999; Rücker et al., 2007). Furthermore, CYN can persist in the
water, since its photodegradation seems to be very low under
natural conditions (W€ormer, Huerta-Fontela, Cir�es, Carrasco, &
Quesada, 2010). Thus, the high levels and the persistence of CYN in
water can potentiate its accumulation in a wide range of aquatic
organisms. Indeed, previous studies have shown that aquatic or-
ganisms, especially bivalves, can accumulate high levels of CYN
without lethal effect (Guti�errez-Praena, Jos, Pichardo, Moreno, &
Came�an, 2013; Ibelings & Chorus, 2007; Kinnear, 2010; Saker,
Metcalf, Codd, & Vasconcelos, 2004). Based on the potential for
human health risks a provisional tolerable daily intake (TDI) of
0.03 mg/kg of body weight has been proposed by Humpage and
Falconer (2003). The human exposure assessment due to the
consumption of CYN-contaminated food has been based on the
direct comparison between CYN concentration in raw edible or-
ganisms and TDI (Ibelings & Chorus, 2007). However, edible or-
ganisms are usually stored and processed before consumption and
these practices may change the concentration of CYN available in
food. Recent studies with microcystin-LR, the most studied cya-
notoxin, have shown that its recovery from food matrices is
changed after applying common food storage and cooking prac-
tices, as well as proteolytic digestion (Freitas, Azevedo, Carvalho,
Campos, & Vasconcelos, 2014; Guzm�an-Guill�en, Prieto, Moreno,
Soria, & Came�an, 2011; Morais, Augusto, Carvalho, Vale, &
Vasconcelos, 2008; Zhang, Xie, & Chen, 2010). According to our
knowledge and as it was recently reviewed by Guti�errez-Praena
et al. (2013) there are no studies regarding to the influence of
different food storage and cooking procedures on the CYN con-
centration in edible organisms. Furthermore, from the health risk
point of view, the oral bioavailability of CYN is an important
parameter to consider, once it can vary from the CYN contained in
food matrices. The bioavailability of a contaminant depends on its
(1) bioaccessibility, (2) transport across the intestinal epithelium
into the portal vein and (3) metabolism, mainly in the liver
(Versantvoort, Oomen, Van de Kamp, Rompelberg, & Sips, 2005).
The bioaccessibility corresponds to the fraction of a contaminant
that is released from food matrix by digestive juices and can be
seen as an appropriate indicator of the maximal oral bioavail-
ability. Nowadays, several in vitro digestion models can be used to
determine bioaccessibility, by simulating in a simplified manner
the digestion processes in mouth, stomach and small intestine
(Guerra et al., 2012).

CYN is highly water-soluble and stable to extreme temperatures
and pH (Chiswell et al., 1999), thus the knowledge of the influence
of common food storage and processing practices as well as human
digestion is required to achieve a more accurate human health risk
assessment. Therefore, the aim of this study was to assess the
changes on CYN concentration in edible mussels with storage and
processing time as well as to assess the bioaccessibility of CYN in
raw and processed (steamed) edible mussels.



2. Material and methods

2.1. Reagents and chemicals

The mammalian enzymes a-amylase (A-3176), pepsin (P7000),
trypsin (T0303), chymotrypsin (C4129), pancreatin (P1750) and bile
salts (B-8756) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Potassium chloride (KCl, 99.5e100%), sodium chloride (NaCl,
�98%), sodium phosphate monobasic (NaH2PO4, 98e102%), sodium
hydrogen carbonate (NaHCO3, 99%), ammonium chloride (NH4Cl,
A-0171), calcium chloride dihydrate (CaCl2$2H2O,>99%), hydro-
chloric acid (HCl, 37%, g/g), glucosamine hydrochloride (>99%),
bovine serum albumin (BSA, 98%), magnesium chloride (MgCl2,
99%), sodium sulfate (Na2SO4, �99%), potassium phosphate
monobasic (KH2PO4, �99%), glucuronic acid (97.5e102.5%), glucose
(99.5%), uric acid (99%) and urea were analytical grade and were
also purchased from the Sigma-Aldrich (St. Louis, MO, USA).
Analytical grade potassium thiocyanate (KSCN, 99%) was purchased
fromMerck (Germany). All solutions were prepared with ultrapure
water supplied by aMillipore water purification system (0.0054 mS/
cm) (MilliQ water). The acetonitrile (ACN) and water used for CYN
extraction were analytical grade and all solvents used in liquid
chromatography coupled to tandem mass spectrometry (LC-MS/
MS) analysis were high-purity LC-MS grade (HiPerSolv CHROMA-
NORM® for LC-MS, VWR). Reagents used in the Z8 medium were
analytical grade. Analytical grade purity CYN was used as the
reference standard (Lot# 20050531, CAS No.: 143545-90-8, Na-
tional Research Council, Canada).

2.2. Biological material e cyanobacterial culture and mussels

The exposure experiment was carried out with CYN-producing
cells of C. raciborskii (LEGE 97047). Cyanobacteria were cultured
to the death phase in Z8 medium (Kotai, 1972) (6 L flask) under
fluorescent light (light/dark cycle of 14/10 h) and a temperature of
25 ± 1 �C. Live mussels, Mytilus galloprovincialis (Lamark, 1819),
with a mean shell length of 6.50 ± 0.56 cm (n¼ 90) were purchased
in a Portuguese local market as for human consumption. The
mussels were acclimated for two weeks prior to the experiment in
20 L aquaria with seawater. During this period, the mussels were
fed twice a week with Chlorella vulgaris (105 cells/mL). The water
was renewed weekly.

2.3. Exposure and experiment

2.3.1. Mussels intoxication
The presence of CYN as well as the occurrence and growth of

C. raciborskii in marine ecosystems have not yet been documented.
However, recently, Vareli et al. (2012) found microcystins (fresh-
water cyanotoxins) in concentrations ranging from 45 ± 2 to
141.5 ± 13.5 ng/g in specimens ofM. galloprovincialis collected from
Mediterranean Sea, NW Greece. This raised attention for the po-
tential negative impacts of freshwater cyanotoxins in marine
aquaculture in Mediterranean estuaries. Therefore, in this study it
was attempted to simulate a contamination of estuarine or seashore
ecosystem with senescent toxic cyanobacterial blooms. Mussels
were intoxicated with cyanobacterial crude extract (cells and cul-
ture medium) for four days in static conditions (z10e15 mg/L of
CYN per day). During the exposure experiment, the physical and
chemical conditions of the seawater were as follows: temperature
17.5 ± 1.3 �C, salinity 32.84 ± 0.58‰ and pH 8.25 ± 0.23.

2.3.2. Simulation of food storage and processing practices
The common food storage and processing practices applied in

this study were performed according to Freitas et al. (2014), with
some modifications. Briefly, at the end of four days of exposure,
mussels were rinsed with tap water and weighed, and sets of six
animals for each treatment (two mussels per replicate, three bio-
logical replicates, n ¼ 6) were submitted to the common food
storage (refrigeration and freezing) and processing (boiling,
steaming and microwaving) procedures for different periods of
time as shown in Table 1. After exposure to C. raciborskii, one group
of mussels was depurated for 8 days (the seawater was renewed
every two days). At the end of the depuration period, mussels were
analyzed raw and after steaming 10 min. The experimental control
group was not stored or processed, being immediately extracted for
toxin quantification. The boiling time began after thewater reached
100 �C. The ratio of water: mussels in the processing treatments
was 10 mL of MilliQ water: two mussels. The remaining water in
which mussels were cooked was also analyzed and its evaporation
was not prevented throughout the experiment, in order to simulate
the usual household cooking procedures.

2.3.3. In vitro digestion
The in vitro model used to simulate the human digestion was

adapted fromHur, Decker, and McClements (2009), Maulvault et al.
(2011) and Versantvoort et al. (2005), with some modifications.
Briefly, after exposure, mussels were rinsed with tap water and
weighed. Mussels uncooked and cooked (steamed, 10 min as in
2.3.2) were removed from shells and homogenized with a blender
for 1e2 min. Approximately 2 g (ww) of the homogenate from both
treatments were transferred to a 50 mL sterile centrifuge tubes and
then submitted to a chemical digestion as is schematized in Fig. 2.
The digestive procedure was made in triplicate and samples were
sequentially incubated in a shaking water bath (GFL 1083, GFL,
Germany) at 37 �C for: (1) 5minwith salivary juice (6mL; 12 tubes),
followed by (2) 1 h with gastric juice (12 mL; 9 tubes) and (3) 2 h
with duodenal juices, which were individually tested, simulating
digestion in small intestine by the proteolytic enzymes trypsin and
chymotrypsin (12mL and 2mLHCO3 (1M); 3 tubes) or by thewhole
pancreatic juice, containing pancreatic proteolytic enzymes as well
as pancreatic amylase and lipase (12 mL, 6 mL bile juice and 2 mL
HCO3 (1M); 3 tubes). The composition of digestive juices is shown
in Table 2. At the end of each digestive stage (mouth, stomach and
small intestine) samples were stored at 4 �C in order to stop the
enzymatic reactions. Soluble and non-soluble fractions from each
digestive phase were obtained by centrifugation (Thermo Scientific
e Legend™ T/RT QUIKset™, Germany) (20 min, 4 �C, 4495 g).
Groups of intoxicated mussels, either raw or cooked, without
chemical digestion, were used as experimental controls. Purified
CYN in solution (100 ng/mL) was also subjected to the same
enzymatic treatments.

2.4. CYN determination

2.4.1. CYN extraction and clean-up
In order to avoid any interference in the final concentration of

the toxin through sample freezing/thawing, CYN from all samples
(except soluble fractions from digestion experiments, which were
lyophilized) was immediately extracted after each treatment.

Mussels of the Section 2.3.2 and solid fractions of the Section
2.3.3 were weighed, removed from shells and homogenized with a
blender for 1e2 min. Approximately 1 g (ww) of the homogenate
was transferred to a 50 mL sterile centrifuge tubes and CYN was
extracted twice in 5 mL of 90% ACN by ultrasonication (750 Watt,
20 KHz) (BioBlock Scientific, Vibracell 75041) in an ice bath for
1 min (pulse 1 s, amplitude 40) and then centrifuged (Eppendorf,
5810R) (5 min, 4 �C, 3200 g). For the clean-up of the extracts, both
supernatants were pooled in 0.5 g of C18 powder (Bakerbond
Octadecyl 40 mm, Prep LC Packing, J.T. Backer) and homogenized for



Table 1
Food storage and processing practices applied in the experiment.

Conditions Storage process Cooking process

25� C 4� C �20� C Microwaving (550 W) Boiling (100� C) Steaming

Period of time 0 h 24 h 48 h 0.5 min 5 min 10 min
24 h 48 h 1 week 1 min 10 min 15 min

1 month 15 min

Fig. 2. Schematic representation of the in vitro digestion model used in the
experiment.

Table 2
Composition (constituents and concentration) of digestive juices used in the in vitro diges
(2009) and Maulvault et al. (2011).

Components Digestive juices (g/L)

Saliva Gastric

Inorganic solution 0.9 g KCl 0.82 g KCl
0.3 g NaCl 2.75 g NaCl
1.7 g NaHCO3

0.89 g NaH2PO4 0.27 g NaH2PO4

0.2 g KSCN 0.31 g NH4Cl
0.58 g Na2SO4

0.4 g CaCl2$2H2O
6.5 mL HCl 37% g/g

Organic solution 0.2 g Urea 0.085 g Urea
1 g BSA
0.02 g Glucuronic acid
0.65 g Glucose
0.33 g Glucosamine hydrochloride

Bioactive (Enzyme) 0.29 g a-Amylase 2.5 g Pepsin
0.015 g Uric acid

pH 6.8 ± 0.2 1.3 ± 0.02
1 min at 25 �C, 1300 rpm (thermomixer comfort Eppendorf MTP).
The supernatant (9 mL) was recovered by centrifugation (1 min,
20 �C, 2000 g) and 900 mL were then evaporated to dryness in a
SpeedVac (Eppendorf). The residue was re-suspended in 200 mL
0.1% formic acid (FA) in water (v/v). Samples were stored at �80 �C
until further LC-MS/MS analysis.
2.4.2. LC-MS/MS analysis
The quantification of CYN was carried out by linear regression of

six-point calibration curves of mussel matrix spiked (in triplicate)
with a standard solution of CYN (50; 100; 200; 400; 800 and
1600 ng/g). The lowest standard of the calibration curve (50 ng/g)
was the limit of quantification (LOQ). The potential interference of
matrix components in the LC-MS/MS chromatograms was also
assessed (in three independent pools in triplicate) and the method
revealed to be selective for CYN quantification (data not shown).

Samples were analyzed on an Ultimate™3000 LC system (LC
Packings, Dionex) coupled to an ESI Turbo V ion source and an
hybrid triple quadrupole/linear ion-trap 4000 QTrap mass spec-
trometer operated by Analyst 1.6.1 (AB Sciex). The chromatographic
separation was performed in a 3 mm Luna NH2 column
(150� 2.0 mm,100 Å, Phenomenex) with a 4� 2.0 mmNH2 guard-
column (Phenomenex). The flow rate was set to 150 mL/min and
mobile phase A and B were 0.1% FA in water and 0.1% FA in ACN,
respectively. The LC program started with a linear gradient from
50% to 5% of B (0e0.5 min) and it was maintained at 5% of B for
6 min. After each sample analysis, a 6 min run was performed in
isocratic mode with 50% of B for column equilibration. The ioni-
zation source was operated in the positive mode set to an ion spray
voltage of 5500 V, 30 psi for nebulizer gas 1 (GS1), 20 psi for the
nebulizer gas 2 (GS2), 30 psi for the curtain gas (CUR) and the
tion, representing fed conditions. Adapted from Versantvoort et al., (2005), Hur et al.

Duodenal (pancreatin) Duodenal (proteases) Bile

0.56 g KCl 0.56 g KCl 0.38 g KCl
7 g NaCl 7 g NaCl 5.26 g NaCl
3.39 g NaHCO3 3.39 g NaHCO3 5.79 g NaHCO3

0.08 g KH2PO4 0.08 g KH2PO4

0.05 g MgCl2 0.05 g MgCl2

0.2 g CaCl2$2H2O 0.2 g CaCl2$2H2O 0.22 g CaCl2$2H2O
180 mL HCl 37% g/g 180 mL HCl 37% g/g 150 mL HCl 37% g/g
1 g Urea 1 g Urea 0.25 g Urea
1 g BSA 1 g BSA 1.8 g BSA

9 g Pancreatin 9 g Trypsin 30 g Bile salts
9 g Chymotrypsin

8.1 ± 0.2 8.1 ± 0.2 8.2 ± 0.2



Table 3
The concentration of CYN in: (1) mussel matrix submitted to different storage and
processing treatments (ng/g); (2) water in which mussels were cooked (ng/mL) and
(3) uncooked depurated (1 week) and steamed depurated mussel matrices (ng/g).
Values are expressed as the mean ± SD (n¼ 3). Different superscript letters (a, b and
c) indicate significant differences (p < 0.05). Conditions that share the same su-
perscript letter are not significantly different. *The asterisk denotes the control
group.

Conditions Time Concentration of CYN

Mussels (ng/g) Water (ng/mL)

Storage 25 �C 0 h* 41.6 ± 5.7a NA
24 h 43.1 ± 4.1a NA

4 �C 24 h 45.3 ± 0.8a NA
48 h 55.7 ± 14.6ab NA

�20� C 48 h 87.6 ± 15.6bc NA
1 week 98.2 ± 23.6c NA
1 month 60.3 ± 13.8abc NA

Cooking Boiling 5 min 48.1 ± 10.2 12.3 ± 1.5
10 min 56.9 ± 8.1 8.2 ± 1.1
15 min 60.9 ± 14.5 7.1 ± 1.0

Steaming 10 min 50.8 ± 0.5 7.3 ± 1.9
15 min 42.7 ± 10.8 5.0 ± 0.2

Microwaving 0.5 min 47.9 ± 9.8 7.5 ± 2.0
1 min 47.5 ± 3.6 7.2 ± 0.6

Depuration Uncooked 0 h 45.8 ± 6.2 NA
Steaming 10 min 32.6 ± 7.9 ND

NA, not applicable. ND, not detected.
temperature was 450 �C. Cylindrospermopsin was quantified by
Multiple Reaction Monitoring (MRM) triple quadrupole scan mode,
at unit resolution both in Q1 and Q3 and the MRM transitions were
416.4/194.3 (used for quantification), 416.4/176.1 and 416.4/336.5
(both used for compound confirmation). The MRM parameters
used were 10 eV for the entrance potential (EP), 15 eV for the
collision cell exit potential (CXP), 100 V for the declustering po-
tential (DP) and the collision gas (CAD) was set to 8 psi. The dwell
time was set to 100 ms and the collision energies were 50 eV for
transition 416.4/176.1, 60 eV for transition 416.4/176.1 and 32 eV for
transition 416.4/336.5. Peak areas were integrated using Multi-
Quant software (version 2.1, AB Sciex).

2.5. Statistical analysis

Statistical analysis of data was performed by one-way ANOVA,
after checking the homogeneity of variance with the Levene test.
When necessary, data were transformed to achieve the variance
homogeneity assumption. The Tukey multiple range test was used
to compare means whenever differences were detected by ANOVA
at the significance level of 0.05. All analyses were run with the IBM
SPSS Statistics, version 22. Four individual data groups were
considered for statistical analysis, as follows: (1) CYN concentration
in control group and CYN concentration after applying the storage
practices; (2) CYN concentration in control group and CYN con-
centration after applying the cooking practices; (3) CYN concen-
tration in control group and CYN concentration in mussels
depurated (analyzed raw or after cooking) and (4) CYN in solution
before and after in vitro digestion. Significant differences were also
tested between different periods of time in the groups belonging to
storage and processing treatments. Results are expressed in ng/g
(ww) as the mean ± standard deviation (SD) for three replicates for
each treatment.

3. Results and discussion

The estimation of human exposure to CYN by food consumption
is an essential element for quantifying the risk, thus data on the
concentration of CYN in edible organisms are required. In this
study, marine mussels (M. galloprovincialis) were able to accumu-
late CYN (28.1 ± 4.9 to 41.6 ± 5.7 ng/g; whole organism) when
exposed to ecologically relevant concentrations (z10e15 mg/L) for
four days, showing neither mortality nor apparent detrimental ef-
fect on their organoleptic characteristics. As above-mentioned
(Section 2.3.1), recently, Vareli et al. (2012) have found micro-
cystins in M. galloprovincialis collected from Mediterranean Sea,
supporting that this edible aquatic organism could contribute for
chronic human exposure to cyanotoxins. Shellfish is an important
component of human diet, thus the study of the influence of
common food storage and processing practices as well as the hu-
man digestion on CYN availability in these edible organisms are of
major significance, in order to provide more accurate data of hu-
man exposure to this cyanotoxin.

3.1. Effects of storage on CYN concentration in the edible mussels

The storage process is a critical step to provide safe and high
quality shellfish for human consumption. Thus, in this study we
intend to determine if different storage conditions may lead to
changes on the levels of CYN in edible mussels. The concentration
of CYN in mussels stored unrefrigerated (25 �C) for 24 h
(43.1 ± 4.1 ng/g) and stored refrigerated (4 �C) for 24 h
(45.3 ± 0.8 ng/g) or 48 h (55.7 ± 14.6 ng/g) did not significantly
differ from the control group (41.6 ± 5.7 ng/g) (Table 3). The
chemical stability of CYN is an important factor associated to its
environmental persistence and toxicity. In aqueous media, the
stability of CYN has already been demonstrated at temperatures
ranging from 4 to 50 �C for up to four weeks (Chiswell et al., 1999).

In mussels stored frozen (�20 �C) the recovery of CYN increased,
especially after 48 h (87.6 ± 15.6 ng/g) and one week
(98.2 ± 23.6 ng/g) of storage, where the concentration of CYN was
significantly higher 52.5% and 57.7%, respectively, (p < 0.05) than
the control group (Table 3). Froscio et al. (2008) have shown that in
reticulocyte lysates [14C] CYN was partially released by incubation
with an excess of unlabeled CYN, suggesting that the toxin binds
reversibly. Thus, our results can be associated to a more efficient
extraction of CYN from mussel tissues due to the potential cell
disruption and protein denaturation caused by freezing/thawing.
These results may have relevance for monitoring programs of CYN
in edible organisms, in which the frozen storage of samples before
its analysis is usual. Furthermore, this increase in CYN recovery
from the mussel matrix, may suggest that higher levels of the toxin
can be available when mussels are consumed after being frozen.

3.2. Effects of cooking on CYN concentration in the edible mussels

Shellfish is generally cooked prior to consumption in order to
enhance its microbiological safety and flavor. However, cooking
treatments can also alter the availability of chemical contaminants
in food (Domingo, 2011). As recently reviewed by Guti�errez-Praena
et al. (2013) and Kinnear (2010), several studies have assessed the
concentration of CYN in edible organisms; however, all analyses
were performed in uncooked/raw matrices. In this study, we
investigated the effects of boiling, steaming and microwaving for
different periods of time on the CYN concentration in mussels.
Overall, the application of these processing treatments, i.e., boiling
(5, 10 and 15 min); steaming (10 and 15 min) and microwaving (0.5
and 1 min), did not produce significant changes in the concentra-
tion of CYN in mussels in comparison to control group
(41.6 ± 5.7 ng/g, p < 0.05) (Table 3), suggesting that cooking cannot
remove or produce alterations in the CYN availability in mussel
matrix (flesh). However, since a substantial concentration of the
toxin (also not significantly different between treatments) was
found in thewater inwhichmussels were cooked (Table 3), the CYN



Fig. 3. Chromatographic peak area of CYN detection from uncooked and steamed
mussels before (CYN C) and after digestion (for liquid and solid fractions). Letters
represent each digestive step: mouth (M), gastric (G) and gastrointestinal (GI) with
proteolytic enzymes (PE). Values are expressed as the mean ± SD (n ¼ 3). A.U., Arbi-
trary Units.
quantified in the mussel matrix cannot be representative of the real
amount available in these organisms. In fact, heat processing causes
loss of water with soluble compounds from the mussel matrix into
the intervalval fluid, which would be leaked into the cooking water
due to shell opening shortly after the beginning (approximately
3 min) of the treatment. Therefore, it is very likely that this fluid
brought the CYN found in cooking water. In view of this, the po-
tential human exposure to CYN due to consumption of contami-
nated mussels based on the amount of CYN in raw mussels will be
under-evaluated. On the other hand, as the heat processing seems
to enhance the CYN extraction from mussel tissues, this practice
could be applied to reduce its availability in this food item, by
simply rejecting the cooking water. This can be relevant for other
industrial processes applied in mussels, such as canning and brine.
According to the Food and Agriculture Organization of the United
Nations (FAO), canning represents about 40e50% of mussel market.
Normally, mussels are precooked in steam or boiling water in order
to separate the edible portion from the shells, and the remaining
liquor can be kept for reuse in canning or brine. The latter proce-
dure should be absolutely avoided since the sauce is usually
ingested together withmussels, whichmay potentially increase the
human exposure to CYN. Considering the Hazard Analysis Critical
Control Points (HACCP) system set by the Codex Alimentarius
Commission, our results may provide new insights to identify crit-
ical control points and determine critical limits for the culinary
preparations of mussels. The heat processing and the rejection of
cooking water seem to be suitable procedures to, at least, reduce
the availability of CYN in mussels. Besides the heat processing, we
hypothesized that depuration could play a role in the reduction of
CYN in mussels. Thus, the effect of depuration on the CYN con-
centration in raw and steamed (10 min) mussels was also consid-
ered (Table 3). However, the concentration of CYN in uncooked/
depurated and steamed/depurated mussels was not significantly
reduced in comparison to control group (p < 0.05), suggesting that
this process has no any effect on the CYN availability in mussel
matrix. Saker et al. (2004) have studied the depuration pattern of
CYN in the freshwater mussel Anodonta cygnea for two weeks, and
found a decrease in the CYN concentration at the beginning of the
depuration period (first four days), followed by a rise from the sixth
to twelfth day of depuration. Depuration presupposes that shellfish
expels contaminants from their gills and intestinal tract by
pumping clear seawater. Once CYN is almost all dissolved in the
surround medium and not inside the cells (Chiswell et al., 1999;
Rücker et al., 2007), its accumulation in the intestinal tract due to
the ingestion of cyanobacterial cells must have been residual, and
probably, that is why the depuration was not effective in reducing
CYN in mussel tissues. However, it should be noticed that CYN was
not detected in the steamingwater of depuratedmussels, contrarily
to the steaming water of non-depurated mussels, in which the
concentration of CYN was of 7.3 ± 1.9 ng/mL (Table 3). Although the
depuration process had no effect on the CYN concentration in
mussel tissues (flesh), an amount of the toxin was removed with
this procedure, most likely due to the renewal of the intervalval
water of mussels.

3.3. Bioaccessibility of CYN

The ingestion of contaminated food is an important route of
chronic exposure to CYN. However, the human health risk due to
the presence of CYN in food depends on its release from the food
matrix by the digestive juices, i.e., its bioaccessibility. Usually, food
is cooked before ingestion, which can enhance the bioaccessibility
of contaminants due to the increased digestibility of food constit-
uents (e.g., proteins because of denaturation). In this study, the
calculation of CYN bioaccessibility in raw and cooked mussels was
attempted using an in vitro digestion model, which mimics the
composition of digestive juices along the human digestive tract
(mouth, stomach and small intestine) (Hur et al., 2009; Maulvault
et al., 2011; Versantvoort et al., 2005).

In general, CYN was detected after all digestion steps; however,
final concentrations were below the LOQ (50 ng/g) in both liquid
(bioaccessible) and solid fractions (residue resulting from each
digestive phase). This was probably due to the relatively low initial
concentration of CYN in mussels (28.1e51.9 ng/g, after 4 days of
exposure). Freshwater organisms can be exposed for longer periods
and can accumulate much higher concentrations of CYN, as in the
case of the freshwater mussel Anodonta cygnea that was able to
accumulate up to about 50e100 times more CYN (2.5 mg/g) when
exposed to a CYN-containing C. raciborskii extract for sixteen days
(Saker et al., 2004). Nevertheless, the peak areas of the chromato-
grams obtained suggest that the sequential exposure of mussels to
digestive juices progressively decrease the availability of CYN to
levels near zero in both fractions (Figs. 3 and 4). In order to confirm
the decrease in CYN content after being submitted to digestive
juices and to exclude any interference of food matrix on CYN
detection in the bioaccessible fraction (toxin bound to proteins or
other molecules), purified CYN in solution (100 ng/mL) was sub-
mitted to the same in vitro digestion model. The results show the
same trend of the intoxicated mussels, where the digestive juices
sequentially reduced CYN to levels near zero (Fig. 5). The incubation
of CYN with salivary juice promotes the most significant reduction
on its concentration (90%, p < 0.05). Then, there was a progressive
decrease in CYN availability after digestion with gastric juice (P)
and intestinal proteolytic juice (PE) (98 and 99%, respectively,
p < 0.05). This result supports the finding that CYN-producing
C. raciborskii is at least 25 times less toxic to mice by the oral
route than by the intraperitoneal route (Falconer et al., 1999). The
action of the digestive juices to the alkaloid-CYN degradation is
unclear. Merkel et al. (2012), using a similar in vitro digestion
model, also found degradation (at a moderate extent) of some ergot
alkaloids by digestive juices, which was simply attributed to the
presence of the digestive enzymes and varying pH conditions. On
the other hand, it has been recently shown that some plant alka-
loids can bind to bovine a-chymotrypsin (Zsila, K�am�an, Bog�anyi, &
J�ozsvai, 2011) and fungal a-amylase (Tintu, Dileep, Augustine, &
Sadasivan, 2012). Therefore, the possibility of the decreasing in
CYN concentration measured during this experiment being due to
the binding of CYN to digestive enzymes and its subsequent non-
detection, cannot be discarded.



Fig. 4. Chromatographic peak area of CYN detection from uncooked and steamed
mussels before (CYN C) and after digestion (for liquid and solid fractions). Letters
represent each digestive step: mouth (M), gastric (G) and gastrointestinal (GI) with
pancreatic juice (P). Values are expressed as the mean ± SD (n ¼ 3). A.U., Arbitrary
Units.

Fig. 5. The concentration of CYN (ng/mL) before (CYN C) and after digestion of its free
form in solution (purified CYN). Letters represent each digestive step: mouth (M),
gastric (G) and gastrointestinal (GI) with proteolytic enzymes (PE). Values are
expressed as the mean ± SD (n ¼ 3). Different letters (a, b, c and d) indicate significant
differences (p < 0.05). Columns that share the same letter are not significantly
different.
To our knowledge, this is the first report presenting the poten-
tial effects of human digestion on CYN contained in a food item.
According to our findings, it seems to be reasonable to assume that
at the tested concentrations, CYN itself would not represent risk to
human health. The assumption that the oral bioavailability of CYN
is similar to the levels quantified in raw and cooked mussels is
erroneous, thus the comparison of TDI with CYN extracted from
raw food items is not recommended. In this way, the bio-
accessibility of CYN must be integrated in the health risk assess-
ment. In fact, as referred above Falconer et al. (1999) by comparing
the effects of various batches of C. raciborskii in mice have found
that oral toxicity is at least 25-fold lower than intraperitoneal
toxicity. Associated to the potential effects of digestive juices, some
other important factors may reduce the bioavailability of CYN, such
as: (1) uptake potentially dependent of transporter; (2) hepatic
metabolism (Norris et al., 2002); (3) removal by intestinal micro-
flora (Nybom, Salminen, & Meriluoto, 2008); and (4) urinary and
fecal excretion (Norris et al., 2001). Finally, although human
digestion seems to substantially reduce the CYN availability, the
absence of health risk due to consumption of contaminated mus-
sels should be considered cautiously, once the presence of addi-
tional toxins in the C. raciborskii extracts has been reported
(Falconer et al., 1999). Thus, the study of the effects of other toxins
as well as the enzymatic-generated metabolites of CYN should be
developed in the future.
4. Conclusion

In conclusion, this study fills a gap on the knowledge of the
influence of food storage and cooking practices on the levels of the
CYN in edible organisms. Our results show that the recovery of CYN
can be enhanced with frozen storage and its concentration in raw
mussels seems not to represent the total amount of toxin available.
Although there were no significant differences in CYN concentra-
tion in raw, cooked and depurated mussel matrices (flesh), the heat
processing and depuration seem to be suitable procedures to
reduce this toxin in this edible organism through the removal/
renewal of the intervalval fluid. More importantly, in the industry,
these practices can be easily applied and should be considered in
the implementation of HACCP system.

This study also provides the first insights of the effects of human
digestion on CYN. At the concentrations tested, the digestive juices
seem to be effective in the reduction of CYN content, either if it is
present in solution or in raw and steamed mussel matrices. Ac-
cording to these findings, CYN itself would not represent risk to
human health, which highlights the importance in integrating the
bioaccessibility of CYN as a part of risk assessment, since the toxin
effectively available for absorption seems to be much lower than
the toxin quantified in raw and cooked mussels. Further studies
should be developed to identify the contributing factors of CYN
removal, particularly the role of digestive juices.
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