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ARTICLE INFO ABSTRACT

Handling Editor: Ray Norton Due to climate change and anthropogenic activities, the levels of pollution of aquatic and terrestrial environ-

ments have increased in the last decades. In this sense, the rise of cyanobacterial blooms, which release sec-

Keywords: ondary metabolites with toxic properties, and the global use of pesticides for agricultural purposes have a
Cﬁmdmsi’ermomm negative impact on ecosystems. Thus, it would be interesting to study the concomitance of both types of toxicants
Chlorpyrifos

in the same sample, since it is possible that they appear together. The aim of the present work was to state the
effects of the interaction between the cyanotoxin cylindrospermopsin and the pesticide chlorpyrifos in differ-
entiated SH-SY5Y neuronal cells to assess how they could affect the nervous system. To this end, cytotoxicity,
morphological, and acetylcholinesterase activity studies were performed during 24 and 48 h. The results
revealed a concentration-dependent decrease in viability and interaction between both toxicants, together with
clear signs of apoptosis and necrosis induction. In this sense, different stages on the differentiation process would
lead to differences in the toxicity exerted by the compounds both isolated as in combination, which it is not
observed in non-differentiated cells. Additionally, the acetylcholinesterase activity appeared not to be affected,
which is a clear difference compared to non-differentiated cells. These results show the importance of studying
not only the toxicants themselves, but also in combination, to assess their possible effects in a more realistic
scenario.

SH-SY5Y cells
Acetylcholinesterase activity
Cytotoxicity

Emerging contaminants

1. Introduction DNA damage, both in vitro and in vivo, has also been described

(Pichardo et al., 2017). Furthermore, metabolic activation of CYN by the

Cylindrospermopsin (CYN) is a cyanotoxin consisting of an alkaloid
structure with a tricyclic guanidine coupled with a hydroxylmethyl
uracil group, being a zwitterionic molecule and, thus, highly water-
soluble and persistent (Chiswell et al., 1999; Falconer and Humpage
2006). These features have led to the detection of levels up to 1050 pg/L
CYN in water reservoirs (Australia), while concentrations up to 97 pg/L
have also been detected in drinking water (Guzman-Guillén et al., 2015;
WHO, 2020; Wormer et al., 2010; Yang et al., 2021). In this sense, R.
raciborskii, a known CYN-producer cyanobacterial species, and CYN
were involved in human poisoning due to the use of contaminated water
in Australia (Queensland) and Brazil (Caruaru) (Carmichael et al., 2001;
Hawkins et al., 1985). The two most described mechanisms of action for
CYN are inhibition of protein synthesis and GSH synthesis. Additionally,
an increase in reactive oxygen species (ROS) production, apoptosis, or
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enzymatic complex cytochrome P-450 has shown to induce genotoxicity
(Gura et al., 2011). This cyanotoxin is classified as cytotoxic, being the
liver its main target; although CYN can exert damage at other levels as
well, being the nervous system one of them (Buratti et al., 2017; Hino-
josa et al., 2022). Although different routes of exposure have been re-
ported, the ingestion of contaminated water or food has been described
as the most important.

Together with the increase in CYN-producing blooms, the pollution
of aquatic reservoirs by agricultural and livestock activities has also
raised public concerns (Hassaan and Menr 2020). Among these com-
pounds, pesticides, and especially organophosphates (OP) are some of
the most used because of their balance effectiveness-toxicity in target
and nontarget organisms (Ali et al., 2014; Aswathi et al., 2019). In most
cases, their toxicity is due to their main mechanism of action,
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irreversible inhibition of acetylcholinesterase activity (Worek et al.,
1998). Among the OP, the most widely used and found in environmental
samples is chlorpyrifos (CPF) (John and Shaike 2015).

Chlorpyrifos (O,0-diethyl-O-3,5,6-trichloro-2-pyridyl ~phosphor-
othioate) is a broad-spectrum OP insecticide that has been widely used
in variable pest control situations. Its relevance is based on its low cost,
persistence, toxicity, and wide applicability. For this, CPF levels have
been detected in nearly 100 countries, applying to 8.5 million acres of
crops per year (Koly and Khan, 2018). In this regard, CPF has been found
in many environmental samples that range from rivers and freshwater
lakes to snow, ice, or even artic regions (Watts, 2012). However, many
studies point out its capacity to cause toxicity in different organisms,
including humans, acting mainly as a neurotoxicant (Rahman et al.,
2021). Thus, in January 2020, the Standing Committee on Plants, Ani-
mals, Food, and Feed of the EFSA decided not to renew the approval of
CPF in the EU as a plant protection product. In this sense, “experts
concluded that there are concerns related to human health, particularly
in relation to possible genotoxicity and developmental neurotoxicity” in
several experimental models (EFSA 2019; European Commission 2020).
However, this compound can persist for several days in crops, varying its
half-life according to the type of plant, going up to 120 days, depending
on the environmental conditions (John and Shaike 2015; Lu et al.,
2014). During this period, it can be absorbed through all routes,
including inhalation, ingestion, and dermal absorption by different or-
ganisms, such as algae, fish, crustaceans, molluscs, insects, birds, live-
stock, and plants, that have demonstrated their ability to bio-accumulate
this pesticide (Huang et al., 2020; Yurumez et al., 2007). The con-
sumption of these products by humans and the associated risks have led
EFSA to its decision.

The coexistence of pesticides and cyanobacterial products has been
widely demonstrated in several environments (Metcalf and Codd 2020).
Some fertilizers are known to stimulate the formation of cyanobacterial
blooms and the use of soil containing cyanobacteria, fertilizers, and
pesticides is a common practice in agriculture (Hercog et al., 2020;
Wang et al., 2017). The different scenarios where both CYN and CPF can
coexist increase the relevance of studying the effects of the combination,
as several studies have reported relevant differences in the toxicological
effects of many toxicants when isolated and in combination (Metcalf and
Codd 2020). Regarding this, different reports have shown that both CYN
and CPF have neurotoxic effects in different experimental models,
mainly affecting acetylcholinesterase activity, and the synaptic function
when studied in isolation (Eaton et al., 2008; Hinojosa et al., 2019a,
2019b, 2022). However, to our knowledge, there is only one study that
uses the combination of both toxicants in vitro neuronal models
(Hinojosa et al., 2020). In this study, it was indicated that the combi-
nation of CYN and CPF induced a reduction in GSH levels, an inhibition
of AChE activity, cell death in non-differentiated neuroblastoma
SH-SY5Y cells. Compared to CYN and CPF alone, the combination of
each compound was antagonistic. However, cell differentiation has been
described to be related to changes in metabolism and function that could
lead to different responses to similar cellular stressors (Schneider et al.,
2011). For this all, the aim of the present work is to assess the toxic
effects of the CYN and CPF combination in differentiated SH-SY5Y cells
for first time.

2. Materials and methods
2.1. Supplies and chemicals

CYN (purity >95% by HPLC) (ALX-350-149-M001) was purchased
from Enzo Life Sciences. Minimum essential medium (MEM) (21,090-
022), L-Glutamine (25030024), penicillin-streptomycin (15140122),
pyruvate (11360039), non-essential amino acids (11140035), trypsin
(25300054), PBS (P4417-100TAB), and fetal bovine serum (FBS)
(10270106) were obtained from Gibco (Biomol, Sevilla, Spain). Ace-
tylthiocholine iodide (ATCh) (A5751), the Bradford Reagent (B6916),
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5,5'-Dithiobis (2-nitrobenzoic acid) (DTNB) (D8130), Chlorpyrifos
(45,395), Nutrient Mixture F-12 Ham (N4888), retinoic acid (RA)
(R2625), and brain-derived neurotrophic factor human (BDNF) (B3795)
were purchased in Sigma-Aldrich (Madrid, Spain). The Cell Titer 96®
AQueous One Solution Cell Proliferation Assay (CAS G3582) was ob-
tained from Promega (Biomol, Sevilla, Spain).

2.2. Experimental cellular model system

The human neuroblastoma SH-SY5Y cell line is a subline of the SK-N-
SH cell line obtained from a metastatic neuroblastoma. Among the
different features of this differentiated cell line, their morphology, like
primary cultures, the decrease in their proliferation rate and the
increased expression of neuron-specific markers make of this cell line an
interesting choice to study different diseases such as Parkinson or Alz-
heimer’s (Gordon et al., 2013). This cell line was obtained from the
ATCC collection (CRL-2266). Cells were maintained in 5% CO2 and 95%
relative humidity at 37 °C (CO2 NuAire®, Spain). Medium (MEM and
F-12) (1:1) was supplemented with 10% FBS, 1% sodium pyruvate, 1%
non-essential amino acids, 1% penicillin/streptomycin solution, and 1%
L-glutamine 200 mM. Cells were grown near confluence in 75-cm2
plastic flasks and harvested twice per week with 0.25% trypsin-EDTA
1x).

2.3. Cell differentiation

SH-SY5Y cells differentiation was carried out according to Hinojosa
etal. (2019b). Briefly, the cells were seeded out at 500 cells/mL in plates
of 48 wells to leave more space for differentiation. After 48 h, the me-
dium was exchanged for differentiation medium containing FBS (1%),
retinoic acid (10 pl), and BDNF (50 ng/ml). The medium was again
changed and replaced by new differentiation medium after 48 h 2 twice
more, and the cells were exposed after a week of differentiation. Then,
this process was evaluated by morphological analysis.

2.4. Exposure of compounds individually and combined, and isobologram
method

Stock solutions of 1 mg/ml CYN and 50 mg/ml CPF were prepared in
sterilized milliQ water and absolute ethanol, respectively. Both solutions
were maintained at —20 °C until their use.

For the cytotoxicity assays, serial dilutions of CPF were prepared in
medium without serum (0, 25, 50, 75, 100, 125, and 150 pg/ml CPF).

For the combinational studies, the concentrations chosen were
0.075:8.5, 0.15:17, and 0.3:34 pug/ml CYN:CPF, following the results
obtained of the most sensitive cytotoxicity biomarker after 24 h (in this
case, MTS). The isobolograms method was applied according to Tatay
et al. (2014). The CalcuSyn (Biosoft, Cambridge, UK) software calcu-
lated the combination index (CI) of the mixtures automatically. Thus,
synergism (CI < 1), additivity (CI = 1), or antagonism (CI > 1) of the
combinations could be elucidated.

2.5. Cytotoxicity assays

After replacing the growing medium, differentiated cells were
exposed after a week from the start of the differentiation process in 48-
well plates. Exposure solutions were added to the plates, and cells were
incubated at 37 °C (5% CO» and 95% relative humidity) for 24 and 48 h.
Vehicle control (ethanol) and a negative control (medium without
serum) were also included.

The basal cytotoxicity endpoints assayed were protein content (PC)
and tetrazolium salt reduction (MTS). All the assays were performed by
triplicate.

The total protein content (PC) was quantified according to Bradford
(1976) with some modifications (Pichardo et al., 2007). Briefly, the cells
were exposed to 200 pl 0.1 N NaOH for 2 h and the Bradford reagent was
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added afterwards. The absorbance was read at 620 nm.

The MTS reduction assay was evaluated in agreement with Baltrop
etal. (1991). Briefly, 30 pl of the MTS solution were added to the cells in
the differentiation medium after 24 or 48 h of exposure to the com-
pounds, and the absorbance was measured at 490 nm after 3 h of
incubation.

2.6. Acetylcholinesterase (AChE) activity determination

Acetylcholinesterase activity was measured following the procedures
described by Ellman et al. (1961) and the modifications of Santillo and
Liu (2015). Differentiated SH-SY5Y cells were exposed for 24 h to the
same concentrations as for the combinational studies in the isobologram
method. After this, 200 pl of 0.5 mM 5,5-dithio-bis-(2-nitrobenzoic acid)
and 100 pM acetylthiocholine were added to each well, and the absor-
bance was measured at 410 nm every 90 s up to 1 h. A positive control
consisting of a solution of 0.015 pg/ml parathion was used. All the as-
says were performed by triplicate.

2.7. Flow cytometry

Apoptosis and necrosis were assessed using a Vybrant Apoptosis
Assay Kit # 2 (Molecular Probes, Barcelona, Spain) following the pro-
cedure previously described (Vermes et al., 1995; Jaramillo et al., 2010).
This test uses Annexin V conjugated to Alexa Fluor 488 and propidium
iodide (PI) to discriminate between intact cells (Annexin V—/PI-),
apoptotic cells (Annexin V +/PI —) and necrotic cells (Annexin V +/PI
+). Briefly, differentiated SH-SY5Y cells were exposed for 24 h to the
ECso of CYN and CPF. Then, apoptotic cells and necrotic cells were
analyzed using a MACSQuant® VYB flow cytometer (Miltenyi Biotec)
with an excitation wavelength of 488 nm and filters of 525/50 nm (B1)
and 593-650 nm (B2) for detection of Alexa Fluor 488 and PI, respec-
tively. The number of events considered were 10,000. The data were
analyzed using MACSQuantify™ Software (Miltenyi Biotec).

2.8. Morphology

For the morphological studies, light microscopy, phase-contrast mi-
croscopy, and electron microcopy were used. The ECsg values after 24 h
of exposure of CYN and CPF along with the fractions EC5¢/2 and ECs5¢/4
were used for these assays. The procedures used are described in
Hinojosa et al. (2019b).

2.9. Calculations and statistical analysis

Data were presented as mean + standard deviation (SD) in relation
to control. Statis-tical analysis was carried out using analysis of variance
(ANOVA) followed by Dunnett’s or Tukey’s multiple comparison test
(GraphPad InStat software, La Jolla, USA). Differences were considered
significant from p < 0.05. The ECsy values were obtained by linear
regression in the concentration-response curves.

3. Results
3.1. Cytotoxicity of CPF

After the exposure to 0-150 pg/ml CPF for 24 and 48 h of the
differentiated SH-SY5Y cells, a concentration-dependent decrease of
viability was observed (Fig. 1). The ECsq values obtained after 24 h were
33.51 £ 0.41 pg/ml (MTS) and 130.91 + 1.75 pg/ml (PC). After 48 h of
exposure, the ECsg values were 43.31 + 0.99 pg/ml (MTS) and 46.52 +
6.62 g/ml (PC). Thus, the MTS assay demonstrated to be the most sen-
sitive biomarker.
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Fig. 1. Reduction of tetrazolium salt (MTS) and protein content (PC) on
differentiated SH-SY5Y cells after 24 (a) and 48 h (b) of exposure to 0-150 pg/
ml CPF. All values are expressed as mean + s.d. * Significantly different from
control group (p < 0.01).

3.2. Cytotoxic effects of the CYN-CPF combinations by the isobolograms
method

Using the ECsq value for CYN obtained in a previous work (Hinojosa
et al., 2019b), the exposure concentrations of CYN used were 0.075,
0.15 and 0.3 pg/ml CYN. Similarly, the CPF concentrations selected
were 8.5, 17 and 34 pg/ml. Both compounds were used in a combined
ratio of 0.3:34 and differentiated SH-SY5Y cells were exposed for 24 and
48 h (Table 1).

The experiments performed in the cells exposed to the combination
for 24 h presented a combination index CI > 1 at the lowest concen-
trations, meaning an antagonistic response. However, the highest ones
presented a synergic response (CI < 1) (Fig. 2a). Nonetheless, the
response of the cells after 48 h exposure to the combination CYN-CPF
was the opposite, occurring a synergic response at the lowest concen-
trations (CI < 1) while at the highest, an antagonistic response (CI > 1)
was observed (Fig. 2b).

3.3. Acetylcholinesterase (AChE) activity determination
Neither of the concentrations tested caused significant differences

with respect to the control group when the AChE activity was evaluated
(Fig. 3).
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Table 1

The parameter m, Dm and r are the antilog of x-intercept, the slope and the linear correlation coefficient of the median-effect plot, which signifies the shape of the dose-
effect curve, the potency (ICso), and the conformity of the data to the mass-action law, respectively. Dm and m values are used for calculating the CI value CI < 1,
indicates synergism (Syn); CI = 1, indicates additive effect (Add); CI > 1, indicates antagonism (Ant). ICso, IC75 and ICy are the doses required to inhibit proliferation
50, 75 and 90%, respectively. CalcuSyn software provide automatically the ICsq, IC75 and ICqq values. Results of the potency are given as mean + sd.

Toxicant Time (h) Dm (pg/mL) m r CI values
Clso Clys Clgo
CYN 24 h 0.26632 0.6828 + 0.1732 0.96930 N/A N/A N/A
48 h 0.17057 1.8713 + 0.6526 0.94423 N/A N/A N/A
CPF 24h 7.52529 1.0199 + 0.0202 0.99980 N/A N/A N/A
48 h 23.87660 2.8477 + 0.5275 0.98327 N/A N/A N/A
CYN + CPF 24 h 11.92411 1.6985 + 0.1322 0.99698 1.980 + 0.1349 1.181 + 0.1091 0.728 + 0.0922
Ant Ant Syn
48 h 13.56687 1.1457 + 0.0621 0.99854 1.270 + 0.1645 2.026 + 0.3855 3.264 + 0.9239
Ant Ant Ant
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Fig. 2. Combination index (CI)/fraction affected (Fa) curve in SH-SY5Y cells exposed to CYN-CPF combination after 24 h (a) and 48 h (b) of exposure. Each point
represents the CI & s.d. At a fractional effect. The dotted line (CI = 1) indicates additivity, the area under the dotted line points out a synergist effect (CI < 1), and the
area above the dotted line signifies antagonism (CI > 1).

3.4. Flow cytometry CPF for 24 h underwent cell damage because of increased apoptosis
and necrosis compared to control cells as visualized by Annexin V/PI
Differentiated SH-SY5Y cells exposed to ECsy of CYN, CPF or CYN- staining assay (Fig. 4). The combination of CYN and CPF induced a
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Fig. 3. Acetylcholinesterase activity (AChE) after 24 h in differentiated SH-SY5Y cells exposed to CYN (0-0.3 pg/ml), CPF (0-34 pg/ml) or CYN-CPF (same con-
centrations as isolated in the ratio 0.3:34). A solution of 0.015 pg/ml parathion was used as positive control (C+). All values are expressed as mean =+ s.d.

higher percentage of apoptosis compared to CYN (Fig. 4a). There were
no differences in the percentage of necrosis between the treatments
(Fig. 4b).

3.5. Morphology

Unexposed differentiated SH-SY5Y cells frequently presented two
types of morphology. The first type has a star shape, with cytoplasmatic
projections that interact with neighbor cells (Fig. 5A). The second type
presented spindle cells with scarce cytoplasmatic projections (Fig. 5A).
In addition, cell division can be observed under a light microscope, with
numerous cells in mitotic phase (Fig. 5B). The electron microscopy ob-
servations showed a rough endoplasmic reticulum (RER) with sharply
delineated vermiform strands, a normal oval or spherical nucleus and
intact nucleoli (Fig. 5C) surrounded by cytoplasm with unaltered
mitochondria with recognizable cristae (Fig. 5C and D).

3.5.1. Microscope observations of cells exposed to CPF

Cells exposed to CPF showed a direct relationship between the
concentration of exposure and the morphological alterations observed,
which lead to cell death. No significant morphological alterations were
observed after the exposure to the lowest concentration assayed (8.5 pg/
ml CPF) compared to the control group. Cells exposed to 17 pg/ml CPF
presented a lower cell density. In this regard, cell death was observable,
although the proliferative ability was still active (Fig. 6B). Ultrastruc-
turally, cells presented dilatations of RER with ribosomes still attached
to cisternae (Fig. 6C), mitochondrial swelling with some identifiable
cristae (Fig. 6D) and nucleus with nucleoli in segregation processes of
the fibrillary and the granular components (Fig. 6E).

After exposure to the highest concentration assayed (34 pg/ml CPF),
cell death signs (Fig. 7A and B) and apoptosis (Fig. 7D) were observed
under phase-contrast, light, and electronic microcopy. At a cytoplasmic
level, there was an increase in the number and size of heterophagosomes
(Fig. 7C). In addition, nuclei presented heterochromatin aggregates and

nucleoli showed segregated fibrillary and granular components
(Fig. 7D).

3.5.2. Microscope observations of cells exposed to the combination CYN:
CPF

Concerning the combinations, no significant morphological alter-
ations were observed at the lowest combination concentrations assayed
(0.075:8.5 pg/ml, CYN:CPF) with respect to the control group (Fig. 8A).
At the medium concentration assayed (0.15:17 pg/ml, CYN:CPF),
apoptotic features of condensed nuclei appeared, although cell division
was also appreciable (Fig. 8B). Under electronic microcopy, cells pre-
sented dilated RER membranes with ribosomes attached to cisternae
(Fig. 8C). In addition, nuclei showed nucleoli with all the components
segregated (fibrillary and granular) (Fig. 8C and D).

At the highest combination concentration assayed (0.3:34 pg/ml,
CYN:CPF), an intense decrease in cell density was observed, appearing
numerous cell debris (Fig. 9A and B). At light microscopy, cells in
different apoptosis stages were observed (heterochromatin condensa-
tion, apoptotic bodies formation) (Fig. 9C). Under electron microscopy,
a high percentage of cells presented heterochromatic nuclei and intense
membrane alterations, being these compatible with necrotic damage
(Fig. 9D and E).

4. Discussion

The importance of studying toxicants as found in nature has been
demonstrated, as chemicals can change their toxic properties depending
on the characteristics of their surroundings (Walker 1998). In this sense,
pesticides and cyanobacterial products have demonstrated to coexist in
both aquatic and terrestrial scenarios, being able to interact (Singh et al.,
2018). Among all of them, CYN and CPF are some of the most common
and toxic substances found in aquatic environments (Hinojosa et al.,
2020).

As Kovalevich and Langford neuronal

(2013) described,
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Fig. 4. Induction of apoptosis (a) and necrosis (b) on differentiated SH-SY5Y
cells after 24 h of exposure to EC50 concentrations of CYN, CPF or CYN +
CPF. The experiments were performed in triplicate and all values are expressed
as % of total cells (mean =+ s.d). Bars showing a different letter are statistically
different (p < 0.05).

differentiation involves a cascade of events such as the formation and
extension of neuritic processes and functional synapses, increased
electrical excitability, and induction of neuron-specific enzymes, re-
ceptors, and neurotransmitters, among others. In contrast, the undif-
ferentiated cell line continues to proliferate and expresses immature
neuronal markers, but not mature ones. Therefore, the differentiation
process leads SH-SY5Y cells to become morphologically more like pri-
mary neurons, which is interesting in our study to clarify the mecha-
nisms by which both toxicants could induce toxicity.

In general, OP insecticides have demonstrated to induce neurotoxic
effects in different cell lines such as SH-SY5Y, PC-12 or primary cultures,
among others (Tiffany-Castiglioni et al., 2006). In the present study, the
pesticide CPF showed a concentration-dependent decrease of the
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viability on the neuronal SH-SY5Y cell line, showing an ECs value of
CPF for this parameter (MTS, 24 h). These results agree with those ob-
tained by Park et al. (2013), who reported the same
concentration-dependent response in undifferentiated SH-SY5Y cells
exposed to 0-200 uM CPF after 24 h of exposure, obtaining an ECsg
value ~70 pg/ml. Furthermore, Raszewski et al. (2015) reported a time-
and concentration-dependent viability response in undifferentiated
SH-SY5Y cells exposed for 24, 48, and 72 h to 0-175 pg/ml CPF,
providing an ECsy value after 24 h of ~100 pg/ml CPF. Similarly,
Hinojosa et al. (2020) obtained 84 pg/ml CPF as the ECsg value in the
MTS assay after the same time of exposure, also observing a concen-
tration- and time-dependent response for CPF in undifferentiated
SH-SY5Y cells. To our knowledge, this is the first report studying the
cytotoxic effects of CPF in the differentiated SH-SYSY cell line after 24
and 48 h of exposure. In this sense, the discrepancy between the results
in undifferentiated and differentiated cells could be due to the different
characteristics of both states of cell differentiation, as differentiated cells
are more mature, more like primary neurons, and they express different
neuronal markers than can be affected after exposure to this pesticide
(Kovalevich and Langford 2013). Furthermore, the capacity of CPF to
reduce viability has not only been demonstrated in this undifferentiated
cell line, as Zurich et al. (2004) demonstrated its effect on GABAergic
neurons, also causing a concentration-dependent response, obtaining
significant changes from 3.5 pg/ml. In the present study, cell death signs
were also corroborated by the morphological studies, being the findings
qualitatively very similar to those observed in undifferentiated cells
(Hinojosa et al., 2020). However, it should be noted that in differenti-
ated cells they occur at lower concentrations than in undifferentiated
cells. Thus, CPF induced signs of cell death such as dilation of the RER
cisternae, alteration of the mitochondrial morphology, nucleoli with
segregated fibrillary and granular components, a high number of het-
erophagosomes, and formation of chromatin cumulus in the nucleus.
These results are also supported by Park et al. (2015) and Raszewski
et al. (2015), who proposed the role of mitochondrial damage in the
induction of the caspase cascade, suggesting cell death as one of CPF
neurotoxicity mechanisms.

Taking into consideration that the main mechanism of action for CPF
is the decrease in AChE activity both in vivo and in vitro (Eaton et al.,
2008), the measurement of this enzymatic activity was carried out in our
study, obtaining no significant alterations after 24 h of exposure. These
results disagree with those obtained in undifferentiated SH-SY5Y cells
exposed for 24 h to 0-84 pg/ml CPF, where all concentrations assayed
caused a significant reduction in AChE (Hinojosa et al., 2020). A possible
explanation for these results would be the effect of CPF on the differ-
entiation process, as the cells are cultivated without serum, or due to the
fact that CPF could disrupt neuronal differentiation acting via AChE
independent mechanisms, as Todd (2017) reported. In this sense, the
differentiation process itself has demonstrated variations in AChE and
ACh receptors (Kovalevich and Langford 2013). Furthermore, cell

Fig. 5. Morphology of control differentiated SH-SY5Y cells after 24 h of exposure to nutrient medium without serum. Contrast-phase microscopy of a differentiated
SH-SY5Y cell culture in normal neuronal growth. Cells with star shape (arrows) present cytoplasmic projections contacting with other cells. Spindle cells with scarce
cytoplasmic projections (arrowheads). Bar = 100 pm (A). Semithin sections of cell cultures were stained with toluidine blue. Cells in mitosis processes (arrows). Bar
= 50 pm (B). Transmission electronic microscopy of SH-SY5Y cells presenting mitochondria (m), rough endoplasmic reticulum (RER), nucleus (N) and nucleolus (nu).
Bar = 1 pm (C). Transmission electronic microscopy of SH-SY5Y cells presenting detailed unaltered mitochondria (m). Bar = 0.5 pm (D). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Morphology of differentiated SH-SY5Y cells after 24 h of exposure to 17 pg/ml CPF. Contrast-phase microscopy of a differentiated SH-SY5Y cell culture with
cytoplasmic projections contacting with other cells. Bar = 100 pm (A). Semithin sections of cell cultures were stained with toluidine blue. Cells in mitosis (arrow) and
with chromatin condensation (arrowhead). Bar = 50 pm (B). Transmission electronic microscopy of differentiated SH-SY5Y cells presenting dilatations of rough
endoplasmic reticulum (RER) (C; Bar = 1 pm) and mitochondrial (m) swelling (D; Bar = 0.5 pm). Transmission electronic microscopy of differentiated SH-SY5Y cells
presenting heterochromatin condensation (hc) and the nucleus (N) with altered nucleoli (nu) in segregation processes of the fibrillary (arrowhead) and the granular
(asterisk) components. Bar = 1 pm (E). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Morphology of differentiated SH-SY5Y cells after 24 h of exposure to 34 pug/ml CPF. Contrast-phase microscopy of an SH-SY5Y cell culture presenting cell
debris (arrows). Bar = 100 pm (A). Semithin sections of cell cultures were stained with toluidine blue. Cell debris (arrows). Bar = 50 pm (B). Semithin sections of cell
cultures were stained with toluidine blue. Cells presenting numerous heterophagosomes (arrows). Bar = 50 pm (C). Transmission electronic microscopy of the
nucleus (N) of an apoptotic cell presenting heterochromatin condensation in the membrane (hc) and nucleoli (nu) with segregation processes of the fibrillary
(arrowhead) and the granular (asterisk) components. Bar = 1 ym (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 8. Morphology of differentiated SH-SY5Y cells after 24 h of exposure to 0.15:17 pg/ml CYN:CPF (v/v). Contrast-phase microscopy of a differentiated SH-SY5Y
cell culture presenting cytoplasmic projections contacting with other cells (arrows). Bar = 100 pm (A). Semithin sections of cell cultures were stained with toluidine
blue. Cells in mitosis (arrowhead) and apoptosis (arrows) were observed. Bar = 50 pm (B). Transmission electronic microscopy of cells with dilated RER cisternae
(RER), nucleus (N) and nucleolus (nu). Bar = 1 pm (C). Transmission electronic microscopy of a detailed nucleolus (nu) with the fibrillary (arrowhead) and the
granular (asterisk) components segregated. Bar = 1 pm (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 9. Morphology of differentiated SH-SY5Y cells after 24 h of exposure to 0.3:34 pg/ml CYN:CPF (v/v). Contrast-phase microscopy of a differentiated SH-SY5Y cell
culture presenting numerous cell debris (arrows). Bar = 100 pm (A). Semithin sections of cell cultures were stained with toluidine blue. Cell debris (arrows). Bar =
50 pm (B). Semithin sections of cell cultures were stained with toluidine blue. Cells in different apoptotic stages (arrows) and apoptotic bodies (arrowheads). Bar =
50 pm (C). Transmission electronic microscopy of cells with heterochromatic nuclei (N) and membrane alterations (arrows). Bar = 2 pm (D). Transmission electronic
microscopy of a cell and a nucleus (N) with detailed membrane alterations in the nucleus (arrowhead) and cell membrane (arrows) compatible with necrotic
processes (arrows). Bar = 1 pm (E). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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differentiation is associated with changes in metabolism, which could
lead to the different responses appreciated between the results obtained
in undifferentiated and differentiated cells after the same exposure
conditions (Schneider et al., 2011). Variation in gene expression levels
before and after differentiation in SH-SY5Y has been observed depend-
ing on the type and time of differentiation (Attoff et al. 2020, de
Medeiros et al., 2019). In fact, de Medeiros et al. (2019) reported an
up-regulation of AChE after differentiation of SH-SY5Y cells, which
could allow them to counteract toxic insults more efficiently, explaining
the lack of variation of enzyme activity in the present study after
exposure to toxicants. This variation in AChE levels has also been re-
ported by Coleman and Taylor (1996), who demonstrated a higher
amount of enzyme activity after differentiation of pluripotent P19 stem
cells into neurons, have also reported this variation in AChE levels.
Concerning the effects of CPF, Jameson et al. (2007) reported an in-
crease in AChE mRNA levels after exposure to CPF in differentiated
PC12 cells, which means that it is involved in the toxicity of CPF.
However, in differentiated SH-SY5Y, no reduction in enzyme activity
was observed.

Having elucidated the toxic effects of CYN (Hinojosa et al. 2019) and
CPF alone on differentiated SH-SY5Y cells, the study of the effects of
their combination was carried out. These results demonstrated that the
CYN + CPF combination was more cytotoxic than the isolated com-
pounds after 48 h of exposure, which agrees with the previous study
conducted in undifferentiated SH-SY5Y cells (Hinojosa et al., 2020). To
establish what kind of interaction occurs between the two compounds,
the isobolograms method was performed by combining the values ob-
tained as ECsq (0.3 + 34 pg/ml), ECs¢/2 (0.15 + 17 pg/ml) and ECs0/4
(0.075 + 8.5 pg/ml) for both CYN and CPF respectively. The response
obtained was antagonistic after 24 h exposed to the lowest concentra-
tions, while a synergistic response was detected after being exposed to
high concentrations. However, exposure for 48 h produced the contrary
effect, causing synergism after exposure to low concentrations and
antagonism after exposure to high concentrations. Changes in response
after exposure to other toxins mixtures have been reported by Juan--
Garcia et al. (2016) in hepatic cells exposed to different combinations of
mycotoxins, who found synergism, additivity, and antagonism after 24,
48, and 72 h of exposure, respectively. In this case, the authors attrib-
uted these changes to the remaining amount of the main compound of
the combination in the medium, which could be a possible explanation
in our case. Furthermore, the observed responses are like those obtained
in undifferentiated SH-SY5Y exposed to the same toxicants, reporting
the same type of response after 48 h of exposure but producing antag-
onism after all concentrations tested for 24 h. This difference could be
due to an increase in cell sensitivity in a more differentiated state,
affecting more in differentiated cells when the exposure time is only 24
h. However, another possible explanation could be differences in the
ratio of the CYN + CPF mixture selected for both experiments (84/1 in
Hinojosa et al. (2020) versus 113/1 in the present study). In this sense,
the concentration of CPF against CYN is increased in the current work,
with CPF being more cytotoxic than CYN after 24 h of exposure.
Furthermore, the metabolic characteristics of the differentiated cell line
could also lead to the production of secondary metabolites that may
cause changes in cell viability (Todd, 2017). Therefore, different toxi-
cants can cause different responses when exposed alone or in combi-
nation, highlighting the importance of studying their toxicity in their
natural environment, which is concomitant with more substances.
Although these compounds (cyanotoxins and OP) are not usually iso-
lated in nature and their incidence is high, studies that aim to elucidate
the effects generated by different pollutants at the same time are scarce.

Regarding the effects on AChE activity caused after exposure to the
combination of CYN and CPF, no differences were observed with respect
to the control group. Contrary to this, in undifferentiated cells, Hinojosa
et al. (2020) reported an intense inhibition of AChE activity after
exposure to the mixture for 24 h. There are several possible reasons for
this, as explained above (Attoff et al. 2020, de Medeiros et al., 2019;
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Ellman et al., 1961; Schneider et al., 2011). However, studies on the
activity of AChE in differentiated cells are very scarce and nonexistent in
our experimental model, despite being one of the most well-known
mechanisms of action for OP.

In relation to the morphological observations of the combination on
differentiated SH-SY5Y cells, the damage observed was more intense
than the one induced by both compounds separately and like the dam-
age shown by the mixture in undifferentiated cells (Hinojosa et al.,
2020). However, in this case, apoptotic processes were also observed,
which is consistent with the results shown in the flow cytometry assay
on apoptosis. These results were also comparable to those shown by
Raszewski et al. (2015) and Xu et al. (2017) in this same cell line.

5. Conclusions

Studies carried out in differentiated SH-SY5Y cells demonstrate for
the first time a concentration-dependent decrease in cell viability after
exposure to CPF alone and in combination with CYN. Furthermore, the
interaction between CYN and CPF had an antagonistic response in cell
viability after 24 h of exposure to the lowest concentrations, and syn-
ergism at the highest, contrary to the results obtained after 48 h of
exposure, when the highest concentrations caused antagonism and the
lowest led to synergistic effects. However, no changes in AChE activity
were observed after exposure to CPF alone or in combination with CYN.
Furthermore, the morphological observations revealed an increase in
apoptosis with increasing exposure concentration. The combination
induced these changes at concentrations lower than those of the com-
pounds alone and, in comparison to undifferentiated cells. Thus, it is
important not only to study the toxicity of different toxicants alone, but
also to consider how they occur in the natural environment and their
possible interaction with other compounds.
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