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Abstract

Aquatic prokaryotic cyanobacteria (algal blooms) produce cyanotoxins (CTs), significant pollutants in aquatic ecosystems. Direct exposure to
high-concentration CTs through inhalation, skin contact, or ingestion of contaminated water can lead to hepatotoxicity and neurotoxicity.
However, the effect of exposure to CTs at low concentrations remains unclear. Given that CTs can cross the blood-brain barrier via organic
anion transporting polypeptides (OATPs), we investigated the effect of acute exposure to low concentrations (10 nM and 50 nM) of CTs,
namely microcystin-LR (MC-LR), nodularin (NOD), cylindrospermopsin (CYN), and known neurotoxin 3-N-methylamino-I-alanine (BMAA) in
neuroblastoma SH-SY5Y cells. Using MTT assays, we found that all tested CTs increased cell survival at low concentrations. MC-LR, NOD, and
CYN regulated the expression of metabolic CYP1A1, CYP1A2, CYP2D6, CYP2E1, CYP3A4, and VEGFA expression differentially, whereas BMAA
downregulates metabolic gene expression. CT exposure downregulates mitochondrial oxygen consumption rate in neuroblastoma SH-SY5Y
cells, increases IL-6, SOD1, and TNFa expression, and enhances cell apoptosis. CTs also downregulated unfolded protein response-associated
gene expression and increased Tau phosphorylation. Collectively, these findings suggest that acute exposure to low concentrations of
CTs modulates neuroblastoma cell metabolism, Inflammatory signaling, and AD-related markers, highlighting a potential link between
environmental toxin exposure and neurotoxicity.

Keywords: Cyanotoxins, Microcystin-LR, Nodularin, Cylindrospermopsin, B-N-methylamino-Il-alanine, Neuroblastoma, Neurotoxicity

Abbreviations: CTs: Cyanotoxins; MC-LR: Microcystin-LR; NOD: Nodularin; CYN: Cylindrospermopsin; BMAA: B-N-methylamino-l-alanine;
FBS: Fetal Bovine Serum; IL: Interleukin; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, PVDF: Polyvinylidene Difluoride;
ROS: Reactive Oxygen Species; TNF-a: Tumor Necrosis Factor-a; OCR: Oxygen Consumption Rate

Introduction considered a significant class of environmental pollutants [2,3].
Among the various CTs, Microcystin-LR (MC-LR) is the most
abundantly present in the environment worldwide [4], and it
is one of the most potent toxins released from cyanobacteria,

and can cause different pathological conditions in humans

In recent years, global warming has become a challenging
aspect contributing to rising temperatures in water
reservoirs, Creating favorable conditions for aquatic algal

blooms, particularly blue-green algae/cyanobacteria growth.
Cyanobacteria produce cyanotoxins (CTs), which can be
categorized into cyclic peptides, alkaloids, lipopeptides, non-
protein amino acids, and lipoglycans [1]. CT concentrations
in global water samples range from undetectable levels to
7,000 pg/L, posing a significant threat to aquatic ecosystems,
irrigation systems, and drinking water supplies, and are now

[5,6].

Human exposure to CTs can occur through skin contact,
inhalation, or ingestion of contaminated water, as well as
through consumption of aquatic organisms, such as fish or
shellfish, that bioaccumulate CTs through the food chains
[7-9]. Such exposure can cause liver and brain cytotoxicity,
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cardiovascular risk, as well as respiratory, dermatologic,
gastrointestinal, and neurologic signs and symptoms [10-13].
CTs hepatotoxicity is well documented, such as morphological
changes in hepatocytes, increased cytotoxicity, and
modulation of lipogenic and fibrotic signaling in liver cells
[14-16].

Efforts to control CT contamination in aquatic environments
have included bacterial biodegradation [17], photolysis
and advanced CTs oxidation process [18], sedimentation
and absorption [19], and the use of ultra and nano-filtration
systems [17]. Detoxification of CTs typically occurs through
glutathione conjugation, facilitated by enzymes such as
glutathione S-transferase (GST) and glutathione reductase
(GR), which help reduce CTs accumulation in shrimp [20-22]. A
recent study suggests that enzyme microcystinase enhances
MCs biodegradation [the highest MC-LR degradation rate —
(1.0 p g/mL/min)] and may be useful promising strategy to
eliminate MCs from the aquatic system [23].

In addition to hepatotoxicity, several CTs can cross the blood-
brain barrier (BBB), either by disrupting its integrity or via active
transport mechanisms involving organic anion transporting
polypeptides (OATPs) [24,25], leading to detrimental changes
in brain functions and behavioral alterations [11,26,27]. When
exposed to high concentrations, CT increased oxidative stress,
neuro-inflammation, neurotoxicity, protein misfolding in
neuronal cells, as well as altered neurotransmission, calcium,
and protein homeostasis in animal brains [28-30]. Some
cyanotoxins, such as (-N-methylamino-l-alanine (BMAA), a
potent neurotoxin, have been linked to neurological diseases
such as ALS (amyotrophic lateral sclerosis), PD (Parkinson’s
disease), and AD (Alzheimer’s disease) [28,31,32]. MC-LR-
treated hippocampi showed alterations in protein expression
involved in the cytoskeleton, neurodegenerative disease,
oxidative stress, apoptosis, and energy metabolism [33].
MC-LR exposure resulted in tau hyperphosphorylation and
neuronal degeneration, potentially contributing to AD [33].
Despite these findings, the effects of low or physiologically
relevant concentrations of CTs on neuronal cytotoxicity and
their potential role in the development of neurodegenerative
diseases such as AD remain largely unknown.

We recently found that even at a low concentration of CT
exposure can induce altered lipogenic signaling, liver cell
steatosis, and cytotoxicity in liver cells [14]. Moreover, CTs
not only target the liver but also contribute to brain toxicity
through interaction with the gut-liver-brain axis [11,27]. In
this study, we assessed the impact of low concentrations of
CTs such as MC-LR, NOD, CYN, and BMAA (10 and 50 nM) on
neurotoxicity in human neuroblastoma SH-SY5Y cells. We
analyzed neuroblastoma cell cytotoxicity and determined
changes in cell metabolic activities, inflammatory and
unfolded protein response (UPR) signaling, and AD markers
Tau and B-amyloid expression after acute exposure to CTs.

Materials and Methods
Preparation of cyanotoxins (CTs)

CTs were purchased from Enzo Life Science (Farmingdale, NY,
USA). Microcystin-LR (Cat # ALX-350-012-C100) was dissolved
in DMSO, Nodularin (NOD) (Cat # ALX-350-061-C100) dissolved
in 50% methanol diluted with H,O, and Cylindrospermopsin
(CYN) (Cat # ALX-350-149-C100) in methanol (100%). Neuro
cyanotoxin BMAA (Cat# 2538) was obtained from Tocris
Bioscience and dissolved in H,O. All stocks were diluted at
10 UM concentrations, and freshly prepared CTs were used
for experiments. Cells were exposed to the indicated CTs, or
vehicle (v/v), and the vehicle concentration was kept below
0.01%.

Cell culture

Neuroblastoma SH-SY5Y cells were obtained from ATCC
(Cat # CRL-2266) and grown in DMEM (Dulbecco’s Minimum
Essential Medium) supplied with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin (Pen/Strep) at 37°C in an
incubator provided with 5% CO,. After 24-48h after plating,
replace serum-containing medium with neurobasal medium
(containing B27 supplement and GlutaMAX) and treat with
all-trans-retinoic acid (ATRA; 5 uM) for 5 days to promote
differentiation and neuronal phenotype [34]. SH-SY5Y cell line
is a thrice-cloned subline of the neuroblastoma derived from
a metastatic bone tumor and suitable for toxicology research.
Similarly, N18TG2 cells were obtained from Sigma-Aldrich (St.
Louis, MO, Cat # 08062523) and grown in DMEM /Ham's F-12
50/50 mix supplied with 10% FBS, 1% penicillin/streptomycin
(Pen/Strep), and differentiated with exposure to all-trans-
retinoic acid (ATRA; 5 uM). N18TG2 (mouse neuroblastoma)
cells are derived from the N18 clonal line produced from
the mouse neuroblastoma C1300 (strain A/Jax), known
for expressing neuronal properties such as the ability to
synthesize and respond to neurotransmitters. N18TG2 cells
are used to study neuronal function, neuronal differentiation,
and metabolic processes. Cells were incubated at 37°C in an
incubator with 5% CO.,. Fully differentiated and more than
70% confluence cells were used for experiments.

MTT cell survival assay

Fully differentiated neuroblastoma SH-SY5Y cells (5,000
cells/well) and N18TG2 cells were incubated in 96-well plates
(Falcon, Corning, NY) for 20 h. Cells were exposed to 10 nM
and 50 nM concentrations of cyanotoxins (CTs) for 72 h, and
cell survival colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide; MP Biomedicals, Solon,
OH) assay was performed as described previously [14]. Vehicle
and CT-treated cells were exposed to MTT reagent 5 pl/ well
(stock solution: 5 mg/mL in PBS) for 1 hour at 37°C. Cells were
washed with PBS, and the formazan crystals were dissolved in
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DMSO (Fisher Chemical, 99.9%). Color intensity was measured
at 570 nm using a FLU Ostar® Omega microplate reader (BMG
Lab Tech, Cary, NC).

Western blotting

Fully differentiated neuroblastoma SH-SY5Y cells were
incubated in 6 well plates (1x10° cells/ well) and exposed
to 10 nM concentration of CTs for 72h. Cell lysates were
prepared; protein concentrations were determined using
Bio-Rad protein assay dye (Cat # 5000006) as described
previously [14]. For Western Blotting (WB), 60 ug of protein
samples were loaded and separated on NuPAGE 4%-12%
Bis-Tris-SDS gel (Invitrogen), transferred to a polyvinylidene
difluoride (PVDF) membrane (Thermo Scientific, Rockford, IL),
and the membranes were incubated with indicated primary
antibodies overnight at 4°C. Anti-SOD1 (Cat # 2770S), anti-
CAT (Cat # 12980T), anti-Cleaved PARP (Cat # 9541S), anti-p-
actin (Cat # 4970S) and anti-p-tubulin (Cat # 2128S) antibodies
were obtained from Cell Signaling Technology (Danvers, MA,
USA). We purchased anti-B-amyloid antibodies (Cat# 44-344
& Cat # 36-6900), anti-Tau-pSer404 (Cat# 44-758G), anti-Tau-
pS202-pThr205 (Cat# MN1020) from Invitrogen (Rockford,
IL, USA), and anti-BDNF (Cat# AB1534SP) from Millipore. The
membranes were washed with TBST and further incubated
in the appropriate secondary antibody (1: 10000 dilution)
(JacksonlmmunoResearch, PA)for Thatroomtemperature.The
western bots were developed using ECL chemiluminescence
detection reagents (Signagen Laboratories, Rockville, MD) and
the Azure C-500 Bio-system. Western blotting was repeated
three times, and band intensities were quantified (https://
imagej.nih.gov/ij/).

RT/qPCR

Fully differentiated neuroblastoma SH-SY5Y cells were
incubated in 6-well plates (1x10° cells/ well) and exposed to
10 nM concentrations of the indicated CTs for 48h. Cells were
washed with cold PBS, and total RNA was isolated using TRIZOL
reagent (Invitrogen, Carlsbad, CA). Using a High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad,
CA), cDNA was prepared [14]. The cDNA was mixed with Power
SYBR Green master mix (Applied Biosystems) with specific
forward and reverse human primers of the inflammatory
signaling genes, UPR genes, and drug/xenobiotic metabolic
genes (Supplementary Table 1). All primers were obtained
from Integrated DNA Technology (IDT, Coralville, IA). A human
GAPDH set of primers was used to express the GAPDH gene as
an internal control in the gPCR reaction. QuantStudio-3 PCR
Instrumental System (Applied Biosystems) was used to run the
PCR reactions. The relative gene expression and quantitation
were performed according to the manufacturer's protocols.

Seahorse bioanalyzer

The Cell Mito-Stress Assay was used to evaluate the effect of

cyanotoxins (CTs) on the mitochondrial oxygen consumption
rate (OCR). Fully differentiated neuroblastoma SH-SY5Y cells
were pretreated with NOD and BMAA (10 n M) for 72 h, then
trypsin zed and reseeded (at 3 x 10 cells/well) into XFp plates
with XF media and supplements and incubated at 37°Cfor 18 h
following the manufacturer’s instructions for the XF Cell Mito-
Stress Assay. Before the assay, cells were also exposed at 37°C
without CO, followed by Oligomycin, FCCP and Rotenone, and
Antimycin treatments, and we analyzed OCR for 90 min using
Wave software (Seahorse/Agilent). Oligomycin inhibits ATP
synthase (ComplexV), allowing forthe measurement of oxygen
consumption not linked to ATP production (i.e., proton leak),
and helps assess the portion of basal respiration dedicated
to ATP synthesis. FCCP (Carbonyl cyanide-p-trifluoromethoxy
phenylhydrazone) is a mitochondrial uncoupler that dissipates
the proton gradientacross the inner mitochondrial membrane.
It forces the electron transport chain (ETC) to function at its
maximum capacity, thus enabling measurement of maximal
respiration. Rotenone and Antimycin A inhibit Complex |
and Complex llI, respectively, shutting down mitochondrial
respiration. The remaining oxygen consumption reflects non-
mitochondrial respiration.

Statistical analysis

Results are from independent experiments (n=3) and
presented as meansSEM. Differences between groups were
analyzed using a two-tailed Student’s t-test, and a p-value of
<0.05 was considered statistically significant. GraphPad Prism
9 software (GraphPad Software Inc., La Jolla, CA) was used for
analysis and graph plotting.

Results

Acute exposure CTs enhance cell survival and modulate
the expression of metabolic genes in SH-SY5Y cells

Cyanotoxins (CTs) are secondary metabolites
from cyanobacteria that impact multiple human organs,
including the liver and brain, and promote carcinogenesis
[26,35]. Since normal human neuronal cells are not easily
available, in this study, we used human neuroblastoma
SH-SY5Y cells and mouse neuroblastoma N18TG2 cells to
assess the effects of CTs on cell survival. The MTT assay
demonstrated that acute exposure (72 h) to MC-LR, NOD,
and known cyanotoxin/neurotoxin BMAA, even at 10 nM
concentration, increased cell survival in SH-SY5Y cells (Figure
1A, left panels). Specifically, MC-LR increased by 39.97%, and
NOD by 22% cell survival at 10 nM concentration compared
with vehicle-treated controls (Figure 1A, left panel). BMAA
exposure resulted in a 16% and 31% increase in cell survival
at 10 nM and 50 nM, respectively, compared with vehicle-
treated cells (Figure 1A, left panel). In N18TG2 cells, NOD
at 50 nM increased cell survival by ~17% (Figure 1A, right
panel), while MC-LR decreased cell survival by ~16%. No
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significant effects were observed in N18TG2 cells exposed to
BMAA. These findings suggest that CTs modulate cell survival
and proliferation in neuroblastoma cells.

To investigate the metabolic activities modulated by CTs,
we analyzed the expression of metabolic genes, including
CYP1A1, CYP1A2, CYP2D6, CYP2E1, CYP3A4, and VEGFA in SH-
SY5Y cells after CT exposure. RT-qPCR data revealed that
MC-LR increased the expression of CYPTAT (1.12-fold-ns),
CYP3A4 (2.28-fold-ns), CYP1A2 (1.26-fold, significantly), while
significantly decreasing VEGFA expression was observed
compared to vehicle-exposed cells (Figure 1B). Similarly, NOD
exposure upregulates CYP1AT (1.64-fold, significantly), CYP1A2
(2.62-fold, significantly), CYP2ET (1.49-fold-ns), and CYP3A4
(1.66-fold-ns) compared with vehicle-treated cells (Figure 1C).
In contrast, CYN exposure led to a reduction in CYP1A2 (0.66-
fold, significantly), CYP2E1 (0.67-fold-ns), CYP3A4 (0.89-fold-
ns), and VEGFA (0.72-fold-ns) expression in SH-SY5Y cells
(Figure 1D). Similarly, BMAA exposure decreased significantly
the expression of CYP1A2, CYP2D6, and CYP2E1 (~0.67-fold),
and VEGFA (0.71-fold-ns) compared with vehicle-treated SH-

SY5Y cells (Figure 1E). Together these findings suggest that
even at a concentration of 10 nM, CTs differentially regulate
cell metabolism and survival in neuroblastoma cells.

CTs altered the expression of IL-6, SOD1, and TNFa
mRNAs

To assess CT-induced inflammation responses in
neuroblastoma cells, we analyzed the expression of pro-
inflammatory cytokines IL-6, IL-8, and TNF-a and other
inflammatory proteins such as SOD1, CAT, HMOX1, and
NAT1(3). Our RT-qPCR data indicates that exposure to MC-
LR significantly increased IL-6 expression (4.2-fold) while
decreased the expression of SODT and CAT compared to
vehicle-treated cells (Figure 2A). MC-LR exposure does not
affect the expression of IL-8, TNF-a, HMOX1, and NATI1(3)
significantly (Figure 2A). Similarly, CYN exposure increased
IL-6 (2.59-fold) but not significantly compared to vehicle
treated cells and no significant changes in expression of
IL-8, TNF-a, SOD1, CAT, HMOXI1, and NATI1(3) genes were
observed (Figure 2B). NOD treatment significantly increased
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Figure 1.Low concentrations of CT exposure regulate cell metabolicactivities in neuroblastoma. (A) Fully differentiated neuroblastoma
SH-SY5Y cells and N18TG2 cells were cultured in 96-well plates (5000 cells/well; n=12), and after 16 h, cells were exposed to 10 nM and 50 nM
concentrations of MC-LR, NOD, and BMAA for 72 h. Cell survival MTT assay was performed, and relative cell survival was analyzed. *P<0.05,
**P<0.01, ***P<0.001 compared to vehicle cells. (B-E) SH-SY5Y cells were exposed to MC-LR, NOD, CYN, and BMAA at 10 nM concentration
for 48 h, and expression of cell metabolic CYPTAT, CYP1A2, CYP2D6, CYP2E1, CYP3A4, and VEGFA gene expression was analyzed by RT/qPCR
as described in the materials and methods section. *P<0.05 compared with vehicle-exposed cells. ns: Not Significant.
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SOD1 and CAT expression (2-fold and 1.46-fold, respectively)
and significantly decreased HMOXT1 expression (0.85-fold)
compared to vehicle exposed cells. No significant change
in expression of IL-6, IL-8, TNF-a, HMOX1, and NAT1(3) mRNA
was observed when the cells were exposed to NOD (10 nM)
(Figure 2C). Whereas BMAA exposure significantly increased
TNF-a mRNA level (1.55-fold) and decreased SODT mRNA level
(0.66-fold) compared to vehicle exposure SH-SY5Y cells and no
significant change in expression of IL-6, IL-8, CAT, HMOX1, and
NAT1(3) mRNAs were observed when the cells were exposed
to BMAA (10 nM) (Figure 2D). These results suggest that CTs
regulate inflammatory signaling in neuroblastoma cells.

Additionally, we analyzed the expression of CAT and SOD1
proteins following CT exposure. Immunoblotting data
indicates that MC-LR, CYN, and BMAA increased but not
significantly CAT (p>0.05) expression, while MC-LR, NOD, and
CYN enhanced SOD1 expression but not significantly (p>0.05)
(Figure 2E, upper and lower panels). Notably, both MC-LR and
BMAA increased cleaved PARP expression (not significantly;
p>0.05), an apoptosis marker, in neuroblastoma cells (Figure
2E, upper and lower panels). Collectively, our data suggests

that acute exposure to CTs (10 n M) alters the inflammatory
gene expression in neuroblastoma SH-SY5Y cells.

The effect of CTs on mitochondrial function

To test the role of CTs on mitochondrial function, we analyzed
the impact of mitochondrial oxygen consumption rate (OCR)
after 72 h CTs [NOD, and BMAA (10 n M separately)] exposure
using the Seahorse Cell Mito-Stress Assay. After 72 h of CTs
exposure cells were further exposed to oligomycin, FCCP, and
rotenone/antimycin, which are commonly used to examine
mitochondrial stress/respiration/function. Oligomycin
inhibits ATP synthase and allows usto measure basal respiration
and the extent of energy-dependent oxygen consumption
(independent of ATP), whereas FCCP acts as an uncoupler of
the electron transfer chain (ETC) and increases mitochondrial
membrane potential, allowing ETC to operate at its maximum
capacity. Inhibition of Complex | (ETC) by rotenone and
Complex Il (ETC) by antimycin A allows for measuring non-
mitochondrial respiration. We used the Agilent Seahorse XF
bioanalyzer and Mito-stress tests for assessing mitochondrial
function. Our data indicate that exposure to NOD (10 nM)
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Figure 2. CT exposure regulates the expression of inflammatory gene mRNAs in SH-SY5Y cells. (A-D) Neuroblastoma SH-SY5Ycells
were exposed to MC-LR, NOD, CYN, and BMAA at 10 nM concentration for 48h, and expression of IL6, IL8, TNFa, SOD1, CAT, HMOX1, and
NAT1(3) mRNA expression was analyzed by RT/qPCR as described in the materials and methods section. *P<0.05, **P<0.01, and ***P<0.001
compared with vehicle exposed cells. (E) SH-SY5Y cells were exposed to MC-LR, NOD, CYN, and BMAA at 10 nM concentration for 72 h, and
sixty micrograms of protein lysates were immunoblotted with anti-CAT, anti-SOD1, anti-Cleaved-PARP, and {-tubulin antibodies (upper
panel). Immunoblots were repeated thrice, and band intensities were quantified (lower panel) and plotted (https://imagej.nih.gov/ij/;
Version 1.53t, accessed on 25 June 2024). ns: Not Significant.
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significantly downregulates OCR in SH-SY5Y cells when cells
are treated with FCCP (Figure 3A, upper panels), whereas
BMAA (10 nM) exposure shows significantly lower OCR before
exposure of cells with oligomycin and FCCP. No significant
change in extracellular acidification rate (ECAR) was observed
when cells were exposed to NOD and BMAA (Figures 3A and
3B, lower panels), suggesting that CTs downregulated OCR
and mitochondrial respiration in neuroblastoma SH-SY5Y
cells.

CTs downregulate the unfolded protein response (UPR)
gene sighature

The unfolded protein response (UPR) pathway plays a
protective role in cellular responses activated by endoplasmic
reticulum (ER) stress, and also plays an important role in
neurodegenerative diseases [36]. Given that CTs modulate
inflammatory signaling and induce cellular stress/toxicity in
neuroblastoma cells, we analyzed the expression of UPR gene
biomarkers following exposure to CTs (10 nM). Interestingly,
MC-LR exposure downregulates [RE-Ta gene expression
significantly and decreases expression of ATF4 and BIP gene
expression (p>0.05; ns), similarly, NOD also downregulates elF-
2a and BIP (significantly) and decreases ATF4, IRE-1a, and ATF6
gene expression (p>0.05; ns) compared with vehicle treated
cells (Figures 4A and 4B). CYN reduces ATF4 expression (ns)

and significantly increases (10 to 15%) of IRE-1a, ATF6, and BIP
gene expression, whereas BMAA inhibits elF-2a, ATF4, ATF6,
and BIP expression (p<0.05) and increases IRE-Ta expression
(ns) (Figures 4C and 4D), overall, the data suggesting that
CTs downregulate UPR gene expression and thus enhance
cytotoxicity in SH-SY5Y cells.

The effect of CTs on the expression of AD pathologic
markers

To determine the association of CT exposure (MC-LR, NOD,
CYN, and BMAA) with AD pathologic markers, we examined
Tau phosphorylation levels, f-amyloid and BDNF protein
expression (Figures 5A and 5B). Immunoblotting and band
quantification revealed that MC-LR increased Tau-pS404,
Tau-pS202/pT205 (ns), while NOD increased Tau-pS404
(p<0.05: ns), Tau-pS202/pT205 (p>0.05), B-amyloid (36-6900),
and BDNF proteins (ns). BMAA exposure similarly increased
Tau-pS404, Tau-pS202/pT205, B-amyloid, and BDNF protein
expression (ns-showing higher mean values), although not
significantly, compared to vehicle-treated cells (Figures 5A
and 5B). In contrast, CYN exposure did not show any changes
in Tau-pS404, Tau-pS202/pT205, B-amyloid, and BDNF protein
expression as indicated compared with vehicle-treated cells
(Figures 5A and 5B).
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Figure 4. CT exposure downregulates UPR genes in SH-SY5Y cells. (A-D) SH-SY5Y cells were exposed to MC-LR, NOD, CYN, and BMAA
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Figure 5. Effect of CT on AD biomarker analysis in SH-SY5Y cells. (A&B) SH-SY5Y cells were exposed to MC-LR, NOD, CYN, and BMAA
at 10 nM concentration for 72 h. Sixty micrograms of protein lysates were immunoblotted with anti-Tau-pS404, anti-Tau-pS202-pT205,
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Discussion

CTs are a group of harmful substances produced by aquatic
blue-green algae, with more than 200 variants of microcystins
(MCs) identified to date [37]. A major incident occurred in
1996, 52 people died and 130 people were subjected to
renal hemodialysis treatment following accidental exposure
to hepatotoxic CTs through contaminated water [38]. These
toxins can accumulate in the human body through direct
consumption of CT-contaminated drinking water, seafood,
and associated food chains [37]. Inhalation exposure to CTs
from terrestrial cyanobacteria also occurs, but less common
[39]. Apart from hepatotoxicity, CTs can pass BBB and cause
several detrimental changes in brain functions, Including
altered calcium and protein homeostasis, neurotransmission,
and behavioral changes [11,26]. Although the neurotoxic
potential of certain CTs has been linked to the pathogenesis
of neurodegenerative diseases, including Alzheimer’s disease
(AD), the evidence connecting CTs directly to brain cancers
remains limited, especially at low concentrations [28].

Neuroblastoma originates from the immature nervous
system and is one of the most prevalent extracranial cancers
(solid tumors) in children. Approximately 70% of patients
experience metastasis within a year of diagnosis [40].
Several environmental pollutants, including air and water
contaminants such as CTs, have been linked to an increased
risk of neuroblastoma development in children [26,41].
Although CTs are well recognized for their hepatotoxic effects,
compounds such as MCs, BMAA, guan toxin, anatoxin-a, and
saxitoxin have also been shown to exert neurotoxicity [26].
Previous studies have demonstrated that chronic exposure
to CTs such as MCs, NOD, and CYN can contribute to liver
diseases and cancer [42-44], while exposure to MCs and
BMAA has been associated with neurodegenerative diseases
and neurotoxicity [32,45].

In this study, we investigated the cytotoxic effects of MC-LR,
NOD, CYN, and BMAA at low concentrations (10 and 50 nM)
on human neuroblastoma SH-SY5Y cells. Our findings show
that acute exposure to these low doses increased cell survival
and modulated metabolic activity. Interestingly, an earlier in
vitro study indicated that concentrations exceeding 100 nM
of CYN, MC-LR, and anatoxin-a (ATX-a), both individually and
in combination, induced apoptosis in murine macrophage-
like RAW264.7 cells, microglial BV-2 cells, and neuroblastoma
N2a cells, suggesting a potential link to neurodegeneration
[46]. In contrast, our findings indicate increased cell survival,
possibly due to the lower concentrations of cyanotoxins used
in this study, pointing to a dose-dependent effect of CTs.
Moreover, our data demonstrate that these CTs affect/regulate
inflammatory signaling, unfolded protein response (UPR), and
mitochondrial energetics/activities evenatlow concentrations.
Acute exposure to CTs (10 nM) not only upregulates cell
survival but also regulates cell metabolic CYP1A1, CYP1A2,

CYP2D6, CYP2E1, CYP3A4, and VEGFA gene expression in SH-
SY5Y cells. Moreover, CTs affect the mitochondrial oxygen
consumption rate, increase inflammatory IL-6, SOD1, and TNFa
expression, and the UPR associated gene expression.

Numerous studies have shown that CTs at higher
concentrations, compared to those used in our study, impact
mitochondrial activity and induce cytotoxicity in neuronal
cells. For instance, Hinojosa et al. demonstrated that exposure
to cyanobacterial Chrysosporum ovalisporum (CYN+) extracts
(CYN concentration at 0-1.11 ug/mL) showed a concentration
and time-dependent (24-48h) reduction of cell viability (five-
fold) in human neuroblastoma SH-SY5Y cells, compared with
exposure to Raphidiopsis raciborskii (CYN) extract. Increased
reactive oxygen species (ROS) production and reduced
glutathione (GSH) levels were observed within 24 h following
exposure to CYN, indicating that higher concentrations of
CYN induce oxidative stress in SH-SY5Y cells [47]. Similarly,
MC-LR has been shown to cause mitochondrial dysfunction
in hippocampal neurons, leading to the accumulation of
ROS. This mitochondrial dysfunction triggered the release of
pro-inflammatory cytokines, ultimately resulting in neuronal
apoptosis [48]. In mice hippocampus, MC-LR exposure (1, 5,
10 pg/L in drinking water) reduced mitochondrial DNA (mt-
DNA) copy number, whereas at 20 and 40 pg/L concentration,
an increase in mt-DNA copy number was observed in the
cerebral cortex, likely reflecting a compensatory response to
heightened mitochondrial oxidative stress [49]. Moreover,
MC-LR at 0.1 uM was shown to alter hippocampal neuronal
morphology and promote astrocyte proliferation and
differentiation via the Hippo signaling pathway [49,50],
suggesting that MC-LR exerts concentration-dependent
effects on neuronal and glial cell populations.

We further assessed neuronal cytotoxicity by analyzing
Tau phosphorylation, B-amyloid accumulation, and BDNF
expression following exposure to low concentrations of
CTs. Our results showed an increased Tau phosphorylation,
B-amyloid, and BDNF protein expression (although not
significantly), suggestingthatthese CTsmodulate neurotoxicity
and potentially contribute to neurodegenerative diseases.
Our findings align with previous reports linking BMAA to
progressive neurological disorders such as ALS, AD, and PD
[28,31,32]. Similarly, CT MC-LR exposure has been shown to
alter hippocampus protein expression involved in oxidative
stress, apoptosis, cellular energy regulation, cytoskeletal
development, and neurodegenerative disease pathways
regulation [33]. These changes induced by MC-LR may lead to
tau hyperphosphorylation, spatial memory impairment, and
other neuronal degenerative changes, suggesting a potential
role in the development of Alzheimer’s disease [33]. While our
study employed an acute exposure model, additional research
is needed to elucidate the long-term effects of chronic low-
dose CT exposure, whether individual or combined, on the
progression of neurodegenerative diseases.
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While the current study suggests that lower concentrations
of CTs affect inflammatory, UPR, mitochondrial respiration,
and AD signaling, the effect is not significant. Acute exposure
of CTs such as MC-LR and NOD regulated cell survival and
metabolic activities in SH-SY5Y and N18TG2 cells; however,
differential inflammatory and UPR gene responses were
observed when cells were exposed to individual CTs. On the
other hand, NOD and BMAA suppress OCR, suggesting that
CTs induce cytotoxicity at a lower level in neuroblastoma cells.
To determine the significant impact of lower concentrations of
MC-LR, NOD, CYN, and BAMM separately or in combination, a
chronic exposure approach will be a better strategy to assess
the cytotoxicity exerted by different CTs.

Conclusions

Although the concentrations of human exposure to CT
vary, our data suggest that even at low concentrations of
acute exposure to MC-LR, NOD, CYN, and BMAA change cell
metabolic activities, increase inflammatory IL-6, SOD1, and
TNFa gene expression, and cytotoxicity in neuroblastoma
cells. CTs also affect mitochondrial oxygen consumption
rate, UPR-associated gene expression, and increased Tau
phosphorylation, -amyloid, and BDNF protein expression.
These results suggest that CTs may modulate neurotoxicity
and contribute to Alzheimer’s disease (AD) pathogenesis, even
at low concentrations. Our future studies will be investigating
the effects of chronic CT exposure and their potential role in
neurotoxicity and AD progression using animal models.
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