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ABSTRACT

Blue-green algae (cyanobacteria), an ancient phylum of bacteria, produce a wide array of secondary metabolites
that are toxic to humans. Rapid growth of cyanobacteria in an aquatic environment can result in algal blooms
capable of turning waterways green and increasing toxin levels in the environment. Cyanobacterial toxins were
first linked to the high incidence of a complex neurodegenerative disorder reported on the island of Guam in the
1940s but more recently have been linked to clusters of sporadic amyotrophic lateral sclerosis (sALS) worldwide.
The non-protein amino acid f-N-methylamino-L-alanine (BMAA) and its isomer L-2,4-diaminobutyric acid (2,4-
DAB) are produced concurrently by most cyanobacterial species. We carried out proteomic analysis on human
neuroblastoma cells treated with BMAA and 2,4-DAB to determine the underlying mechanisms of toxicity
resulting from exposure to these cyanotoxins and identified significant changes in the r-serine biosynthesis
pathway as well as pathways associated with energy production in the cell such as fatty acid 8-oxidation and
glycolysis. The impact on the serine biosynthetic pathway was supported by demonstrating a significant decrease
in both mRNA and protein levels of the enzyme 3-phosphoglycerate dehydrogenase (PHGDH) the first committed
step in serine biosynthesis. PHGDH uses 3-phospho-D-glycerate (3PG) an intermediate in the glycolytic pathway
as a substrate, and co-incubation of cells with L-serine restored expression levels of PHGDH as did cell pre-
treatment with the glycolytic product pyruvate. This is the first study to link exposure to BMAA and 2,4-DAB
to impairments in the r-serine biosynthesis pathway and broad disturbances in energy metabolism.

1. Introduction

abundant than BMAA (Violi et al., 2019) with a toxicity spectrum that
includes excitotoxicity (Weiss et al., 1989), lathyrism (Ressler et al.,

Cyanobacteria are an ancient, photosynthetic bacteria found on
every continent (Biidel et al., 2016), and are capable of surviving in
extreme environments (Cox et al., 2009; Sompong et al., 2005; Taton
et al., 2006). Almost all cyanobacterial strains can produce a wide range
of compounds that are toxic to humans (Dittmann et al., 2013) including
the non-protein amino acid f-methylamino-L-alanine (BMAA) and its
isomers L-2,4-diaminobutyric acid (2,4-DAB) and N-(2-aminoethyl)
glycine (AEG) (Cox et al., 2005). BMAA is the most widely studied but
often the least abundant isomer (Violi et al., 2019), and has been re-
ported to cause oxidative stress, acute excitotoxicity (Weiss et al., 1989),
protein aggregation (Dunlop et al., 2013), and ER stress (Main and
Rodgers, 2018; Okle et al., 2013). 2,4-DAB can be up to 10-fold more
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1961) and secondary ammonia toxicity in rats (O’Neal et al., 1968).
When the toxicity of BMAA and its isomers were examined in mixed
murine cortical cell cultures containing both neuronal and glial cells,
AEG was found to be the most toxic isomer (Schneider et al., 2020). AEG
toxicity was mediated by activation of mGluR5 receptors and induction
of free radicals, while DAB acted at NMDA receptors (Schneider et al.,
2020). Studies in undifferentiated human neuroblastoma cells that do
not express mGLu5 or NMDA receptors (Kritis et al., 2015; Kulikov et al.,
2007), reported that AEG was the least toxic of the BMAA isomers (Main
and Rodgers, 2018).

The connection between BMAA and neurodegenerative diseases was
first made on the island of Guam in the 1940s (Garruto et al., 1981; Reed
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et al., 1966) where the incidence of a neurodegenerative disease with
features of amyotrophic lateral sclerosis (ALS), Parkinson’s disease and
Alzheimer’s was reported to be 50 to 100 times that of the global pop-
ulation (Kurland and Mulder, 1954). Exposure to BMAA from the con-
sumption of cycad flour and flying foxes that fed on cycad seeds, a local
delicacy, was proposed as a trigger for the disorder (Banack et al., 2006;
Cox et al., 2003; Whiting, 1963). BMAA in the seeds was synthesised by
symbiotic cyanobacteria from the genus Nostoc, present in the roots of
the cycads (Cheng and Banack, 2009; Polsky et al., 1972). There is
substantial evidence that the high incidence of ALS/PDC on Guam was
related to lifestyle factors that rapidly changed with Westernisation of
the inhabitants of the island due to the presence of the American naval
base (reviewed in (Rodgers et al., 2018)). The arrival of firearms to the
island decimating the flying fox population which were part of the
Chamorro diet (Banack and Murch, 2009). The change in lifestyle, and
in particular diet, therefore, is likely to have resulted in the decrease in
the incidence of ALS/PDC. This contrasts with the increased incidence of
ALS/MND that has been reported in some countries over the past few
decades and coincides with an increased incidence of BGA blooms
(Koreivieneé et al., 2014).

An early study in macaques showed that orally administered BMAA
resulted in motor neuron dysfunction, supporting the proposed link
between BMAA and neurological disease (Spencer et al., 1987). A more
recent study in which vervets were fed BMAA (210 mg kg ' d 1) for 140
days identified an increase in neurofibrillary tangles (NFTs) and p-am-
yloid deposits in brains of BMAA-dosed vervets which were reduced in
abundance when the animals were co-fed with L-serine (Cox et al.,
2016). BMAA caused degeneration of the upper and lower motor neu-
rons, activated microglia, and induced proteinopathies with reactive
astrogliosis in the anterior horns of the spinal cord of the vervets (Davis
et al., 2020). There was a reduction in the BMAA-triggered pathological
changes on coadministration of i-serine (Davis et al., 2020).

The first link between r-serine and BMAA was reported in an in vitro
study demonstrating that co-administration of 1-serine reduced levels of
radiolabelled BMAA in proteins and decreased the amount of auto-
fluorescent bodies in BMAA-treated cells (Dunlop et al., 2013). 1-serine
was subsequently shown to protect against BMAA-induced proteotoxic
stress in vitro (Main et al., 2016), and to reduce BMAA-induced elec-
trophysiological impairment in rats (Cai et al., 2018). In vervet studies,
levels of BMAA in proteins did not change in the presence of r-serine
despite L-serine having a neuroprotective effect (Cox et al., 2016), so
while these studies supported an interaction between BMAA and 1-
serine, the mechanisms involved were not clear. Indeed, studies with
isolated enzymes showed that BMAA is a substrate for human alanyl-
tRNA synthetase (HsAlaRS), rather than seryl-tRNA synthetase and is
not subject to the HsAlaRS intrinsic proofreading activity allowing 3.5 %
of active tRNA?? to be charged with BMAA (Han et al., 2020). BMAA
can inhibit both the activation and editing catalytic efficiency of HsA-
laRS (Han et al., 2020).

L-serine is classified as a conditionally-essential amino acid and can
be derived from four sources: dietary intake, biosynthesis, recycling, and
directly from L-glycine (de Koning et al., 2003). However, de novo
synthesis of L-serine accounts for 73 % of all 1-serine sources in humans
(Kalhan and Hanson, 2012) and it is the precursor to other amino acids
such as L-glycine and L-cysteine which are both used in the formation of
the antioxidant glutathione. Furthermore, i-serine is the dominant
source of one-carbon groups for purine synthesis where the purines
generated are further used in various methylation reactions (de Koning
et al., 2003). 1-serine can be taken up from the extracellular space by
amino acid transporters or synthesised de novo via the phosphoserine
pathway (Reid et al.,, 2018). 3-phosphoglycerate dehydrogenase
(PHGDH) is the first enzyme in the phosphoserine pathway. PHGDH
knock-out mice display severe brain malformation and die after em-
bryonic day thirteen (Metcalf et al., 2018), highlighting the absolute
necessity of L-serine, synthesised de novo for nervous system develop-
ment and health. The neuroactive substance p-serine is produced from
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the isomerisation of r-serine in neurons (de Koning et al., 2003) and in
addition, L-serine serves as a building block for phosphatidylserine and
sphingolipids, both of which are important components of the plasma
membrane (de Koning et al., 2003). Patients suffering from PHGDH
deficiencies displayed several neuropathologies which were only
modestly improved by i-serine supplementation, suggesting de novo
synthesis of L-serine is required for proper neuro-function and devel-
opment (Jaeken et al., 1996). Neurons, in particular, are largely
dependent on the r-serine biosynthesis pathway since r-serine is not
readily transported across the blood brain barrier, thus defects or
downregulation of enzymes involved in the biosynthetic pathway would
have pronounced detrimental effects on the brain (Smith et al., 1987).

Despite the fact that BMAA and its isomers are almost always found
together in nature making human exposure to BMAA alone unlikely,
only a few studies have investigated the toxicity of cyanotoxin mixtures
(Main and Rodgers, 2018; Martin et al., 2022; Martin et al., 2019). While
Main did not find a synergistic increase in the general toxicity for the
combined treatments when compared to the single treatments, caspase-
3 activity, lysosomal protease activity and ER stress markers were
significantly increased in the BMAA and 2,4-DAB combination when
compared to the single treatments (Main and Rodgers, 2018). A simplex
axial mixture study performed by Martin using NSC-34 cells found that
equimolar concentrations of BMAA, 2,4-DAB and AEG resulted in the
highest decrease in cell viability and highest caspase-3/7 activity
(Martin et al., 2019). A follow-up study using the same experimental
design in zebrafish showed that 2,4-DAB resulted in the lowest viability,
lower than any of the combinations with toxic load taken into account
(Martin et al., 2022). In the present study, we examined proteomic
changes in neuroblastoma cells exposed to BMAA and 2,4-DAB. Given
the ability of i-serine to protect cells and organisms against BMAA
toxicity, and its central role in CNS function, we followed up on the
changes identified in the enzymes involved in the r-serine biosynthesis
pathway using western blotting and RT-qPCR.

2. Materials & methods
2.1. Reagents and chemicals

Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (D5796),
DMEM high glucose with sodium pyruvate (D6546), Minimum Essential
Medium Eagle (EMEM) (M2279) and BMAA were purchased from Sigma
Chemical Co., St. Louis, MO. 2,4-DAB was purchased from Toronto
Research Chemicals, Toronto, ON.

2.2. Cell culture

Undifferentiated SH-SY5Y human neuroblastoma cells (American
Tissue Culture Collection, catalogue number CRL-2266) passage 19-24
were maintained in DMEM supplemented with 10 % heat-inactivated
foetal bovine serum (FBS) (Australia origin, Sigma Chemical Co.) and
2 mM GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C
with 5 % COs. Cells were treated with BMAA and 2,4-DAB in EMEM
media which does not contain r-serine.

2.3. Viability measures of BMAA and 2,4-DAB treated SH-SY5Y cells

Cells were seeded at 30,000 cells/well in 96-well plates in DMEM
and allowed to adhere overnight. Stock solutions of 80.4 mM BMAA and
84.6 mM 2,4-DAB were made in ultrapure water. Working solutions of 2
mM were prepared from stock solutions in EMEM media and added to
the cell cultures to give the final concentrations indicated in Table 1.
Treatment was performed with four replicates of the concentrations of
BMAA and 2,4-DAB shown in Table 1. Cells were treated for 48 h before
incubating with 10 % AlamarBlue (Thermo Fisher) for 2 h at 37 °C, with
5 % CO,. Fluorescence was read at 570 nm for excitation and 585 nm for
emission. Fluorescence was normalised to the amount of protein in each
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Table 1
Final concentrations of BMAA and 2,4-DAB used in the cell viability assays.
BMAA (M) 2,4-DAB (uM)
Single treatments 125
250
500
1000
125
250
500
1000
Combined treatments 50 500
100 1000
500 500
500 50
1000 100

well as determined by the bicinchoninic acid (BCA) assay.

2.4. Proteomic investigation of SH-SY5Y neuroblastoma cells exposed to
equimolar concentrations of BMAA and 2,4-DAB

SH-SY5Y cells were treated at 80 % confluency in 175 cm? flasks for
48 h with 500 pM BMAA plus 500 pM 2,4-DAB (n = 3). Cell pellets were
snap frozen in liquid nitrogen and stored at —80 °C prior to analysis.
Cells were lysed in lysis buffer (20 mM HEPES, pH 7.4, 1 % Triton X-100,
1 mM EDTA) containing a protease and phosphatase inhibitor cocktail
(10 pg/mL aprotinin, 10 pM leupeptin, 1 mM PMSF, 1 mM NaVOs, 100
mM NaF, 1 mM NayMoO4 and 10 mM Na4P,07). Samples were probe
sonicated three times at 50 Hz for 15 s with 20 s between each pulse.
Insoluble matter was removed by centrifugation at 15,000 xg, 4 °C for
10 min. The supernatant was transferred into new tubes and proteins
were reduced with 5 mM DTT for 15 min at room temperature and
alkylated with 10 mM iodoacetamide for 30 min at 4 °C shielded from
light. The alkylation reaction was then quenched with an additional 5
mM DTT for 15 min. Detergents and contaminants were removed using a
chloroform-methanol precipitation protocol (Wessel and Fliigge, 1984).
The protein pellet was resuspended in 200 pL of 8 M Urea in 50 mM Tris
(pH 8.8). A BCA protein assay (Pierce, Rockford, USA) was performed
and 150 pg of protein was used in a dual digestion process with Lys-C at
a 1:100 enzyme to protein ratio overnight at room temperature and then
with trypsin at a 1:100 enzyme to protein ratio for at least 4 h at 37 °C.
Peptides were acidified with a final concentration of 1 % trifluoroacetic
acid (TFA) (pH 2 to 3) and purified using SDB-RPS 3 M-Empore stage
tips (Humphrey et al., 2018).

A 10plex TMT experiment was performed. The dried peptides were
resuspended in 200 mM HEPES (pH 8.2) and peptide concentrations
were measured with a MicroBCA protein assay kit (Thermo Scientific,
Rockford, IL). TMT labelling was performed with 0.2 mg of 20 pL re-
agent with 70 pg of sample peptides. Labelling was performed at room
temperature for an hour. The TMT reaction and reverse tyrosine label-
ling were stopped with 8 pL of 5 % hydroxylamine per sample, followed
by vortexing and incubation at room temperature for 15 min. Samples
were combined, dried with vacuum centrifugation, fractionated with
basic reverse phase (RP) isocratic step elution with RP spin columns
(Pierce) and loaded onto RP cartridges. Elution was performed with 10
mM ammonium bicarbonate using 12 fractionation steps with the
following acetonitrile (ACN) concentrations: 5, 10, 12.5, 15, 17.5, 20,
22.5, 25, 27.5, 30, 40, 80 % ACN. These fractions were then pooled into
six subsets (fractions 1-7, 2-8, 3-9, 4-10, 5-11, 6-12) and were dried
and desalted using SDB-RPS 3 M-Empore stage tips.

2.5. Analysis of the proteome
Fractionated peptides were reconstituted in 30 pL of 0.1 % formic

acid (FA) and 10 pL of the samples were analysed on an Orbitrap Fusion
Tribrid-MS (Thermo Scientific) equipped with a UHPLC Proxeon

Toxicology in Vitro 106 (2025) 106058

chromatography system. The peptides were separated with a gradient
from 6 to 30 % ACN with 0.125 % FA at a flow rate of 400 nL/min for 3
h. Each survey full scan (400-1400 m/z) was acquired in the Orbitrap
(with 120,000 resolution, at 400 m/z, AGC of 2 x 10%). MS3 fragmen-
tation was performed using higher-energy collisional dissociation (HCD)
with 55 % collision energy and reporter ion detection of 150,000 ions
with AGC, 60,000 resolution and maximum ion accumulation time of
150 ms in the Orbitrap. Peptide fragmentation and reporter ion spectra
collection were performed using the synchronous precursor selection
method (McAlister et al., 2014). In this method, the 10 most intense ions
were isolated and MS2 analysis was performed using CID fragmentation
with the following settings: normalised collision energy of 35 %, 4 x 10°
AGC, 0.5 Da isolation window and maximum ion accumulation time of
150 ms with 40 s of dynamic exclusion. Post MS2 scan, precursor
isolation was performed for MS3 analysis using a 2.5 Da window and
fragmented in the ion trap with the same CID settings as above, except
with an AGC setting of 8000. Multiple fragment ions (or sequential
precursor selection (SPS) ions) were isolated and then fragmented by
HCD with a normalised collision energy of 37.5 %. Fragmented ions
were selected based on the previous MS2 scan. MS2-MS3 was conducted
using the SPS methodology (McAlister et al., 2014).

The data were analysed as per an in-house constructed pipeline
previously described (Mirzaei et al., 2017a). Briefly, the raw data files
were converted to mzXML and erroneous charge states and mono-
isotopic m/z values were corrected using a published method (Huttlin
et al., 2015). MS/MS spectra were assigned sequences using the Sequest
algorithm (Eng et al., 1994) with searches performed against the human
SwissProt Uniprot database. Data searches were performed using
cysteine carbamidomethylation and TMT on the N-terminal of peptides,
lysine residues as static modifications and oxidation of methionine as
dynamic modifications (20 ppm precursor ion tolerance, 0.8 Da frag-
ment ion tolerance for CID). Sequest matches were filtered using linear
discriminant analysis applied to a false discovery rate (FDR) of 1 % at the
peptide level based on matches to reversed sequences, as reported above
(Eng et al., 1994). Quantification of peptides using TMT reporter ions
was conducted with an established method (McAlister et al., 2012).
Proteins were regarded as changing in abundance based on a two-
sample t-test p < 0.05 and fold change threshold of >1.3 for increased
abundance and < 0.77 for decreased abundance. Pathway enrichment
analysis was carried out on proteins significantly changing in abundance
using Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems,
www.ingenuity.com). Identified proteins were matched to correspond-
ing genes using the Ingenuity Pathway Knowledge base (IPKB) with
interaction networks (p > 0.05) and molecular and cellular ontology
based on known protein-protein interactions in published literature
(curated knowledge base). Networks were identified on the most com-
mon functional groups present. Canonical pathway analysis was used to
identify function-specific genes that are significantly present within the
networks.

2.6. RT qPCR to determine 1-serine biosynthesis enzyme expression levels

SH-SYS5Y cells were maintained in DMEM, or DMEM with 0.11 g/L
sodium pyruvate supplementation before treatment. Cells were treated
at 70 % confluency in triplicate 25 cm? flasks for 48 h with 500 pM
BMAA, 500 pM 2,4-DAB and 500 pM BMAA plus 500 pM 2,4-DAB in
EMEM. Cell pellets were washed three times with PBS. During the final
wash, each sample was aliquoted in half, centrifuged at 800g with the
supernatant removed afterwards. The remaining cell pellet was then
stored at —80 °C for western blotting while the other half proceeded to
RT qPCR.

RNA was isolated using TRI reagent and quality checked using the
Nanodrop 1000 (Thermo Fisher) and with a bleach gel (Aranda et al.,
2012) before proceeding to cDNA synthesis. 1 pg of RNA was reversed
transcribed using the Tetro cDNA synthesis kit from Bioline. RT qPCR
was performed using the Bio-Rad CFX96 Real-Time System coupled with
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a C1000 Thermal Cycler. 15 ng of cDNA was used with the SensiFAST™
SYBR® No-ROX kit (Bioline) and duplicate technical replicates were
averaged during statistical analysis. The experiment was repeated three
times for a total of n = 9.

Custom primers were designed using NCBI Primer-BLAST, MFE-
primer 3.0 and Oligo analyser and synthesised by Sigma (Table 2). Post-
run analysis was performed using Bio-Rad CFX Manager and fold change
was calculated using the 27AACT method (Livak and Schmittgen, 2001)
and normalised to the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). A melt curve analysis was performed to
ensure there was no RNA degradation and to check for primer
specificity.

2.7. RT qPCR of BMAA and 1-serine treated SH-SY5Y cells

SH-SY5Y cells were seeded into 6-well plates at 280,000 cells per
well in DMEM and left to adhere overnight. Treatment was performed
with nine replicates of the following concentrations: 500 pM BMAA plus
50 puM t-serine, 500 pM 2,4-DAB plus 50 pM r-serine and 500 pM BMAA
plus 500 pM 2,4-DAB plus 100 pM L-serine. After 48 h of treatment, cells
were washed thrice with PBS. 1 mL of TRI reagent was then added and
aspirated several times to ensure cell lysis before being transferred into
tubes. RNA was isolated using TRI reagent from Sigma as per the man-
ufacturer’s guidelines. cDNA synthesis and RT qPCR were performed as
previously described.

2.8. Western Blots of PHGDH protein

RIPA lysis buffer (25 ml, Thermo Fisher Scientific) was mixed with
half a tablet of protease inhibitor cocktail (Roche, Basel, Switzerland)
and 110 pL added to each sample tube. Samples were probe sonicated
twice on ice at 40 % power for 30 s using the Qsonica Q125 sonicator.
The lysates were then centrifuged at 10,000g for 10 min. 10 pL of the
lysate was used for protein quantification (BCA assay).

Three parts of the sample were mixed with one part of Laemmli
buffer (4 times concentrate), heated at 85 °C for 5 min and centrifuged at
10,000¢g for 5 min to remove any insoluble proteins. A total of 45 pg
protein was then loaded into a Novex™ WedgeWell 10-20 % Tris-
Glycine gel with 10 pL of SeeBlue® Plus2 Pre-Stained Protein Stan-
dard ladder loaded in the first lane. The gel was left to run at 225 V for
40 min before being wet transferred onto an Amersham™ Hybond ECL
nitrocellulose 0.45 pm membrane (Amersham Biosciences, Buck-
inghamshire, UK) at 20 V for 1 h. Membranes were immersed in Ponceau
S (Sigma-Aldrich) for 5 min to check for transfer quality and blocked
overnight with 5 % non-fat milk in PBS-T at 4 °C with constant agitation.
Primary monoclonal antibodies were diluted at 1:15,000 and 1:1500 in
PBS-T for beta-actin (Cat. No. BLRO57F Abcam, Melbourne, Victoria)
and PHGDH (Cat. No. 66350 Cell Signaling Technology, Danvers, MA)
respective and membranes incubated for 1 h at room temperature
separately per primary antibody. Membranes were then incubated in the
secondary antibody goat anti-rabbit IgG peroxidase (Cat. No. A6154
Sigma-Aldrich) diluted 1:6000 in PBS-T for 1 h at room temperature and
imaged with Clarity™ Western ECL Substrate (Bio-Rad, Hercules, CA)

Table 2
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on an Amersham Imager 600. Band intensity was analysed with the
software on the Amersham Imager 600 and the target protein was nor-
malised to the housekeeping protein, beta-actin.

2.9. Bicinchoninic acid assay for protein normalisation

Following the AlamarBlue assay endpoint, the reagent was removed
from the wells and the cells were washed three times with phosphate
buffered saline (PBS). 50 pL of 0.02 % Triton™ X-100 (Sigma-Aldrich,
Castle Hill, NSW, Australia) was added to each well and the plate was
freeze-thawed at —80 °C. A solution consisting of 4 % (w/v) copper (II)
sulphate (CuSO4) and BCA solution purchased from Sigma-Aldrich was
mixed in a 1:50 ratio and 100 pL was added to each well. The plate was
covered and left to incubate for 30 min at room temperature before
being read on the Tecan Infinite M1000 pro at an absorbance wave-
length of 562 nm. Cell viability values were then normalised to the
protein absorbance values.

2.10. Statistical analysis

TMTPrepPro script, was utilised for the statistical testing of proteo-
mic data which is custom based R scripts developed by Mirzaei (Mirzaei
et al., 2017b). Statistical tests on viability, RT-qPCR and western blot-
ting data were performed on Prism software (GraphPad software, CA,
USA) using one-way ANOVA and the post-hoc tests indicated in the
figure legends (Sidak’s or Dunnett’s).

3. Results

3.1. Viability of SH-SY5Y cells was significantly reduced when cells were
exposed to 2,4-DAB but exposure to BMAA resulted in no changes in cell
viability

Cell viability was estimated from the reduction of resazurin to
resorufin in metabolically active cells (AlamarBlue®). There was no
significant change in viability with increasing concentrations of BMAA
(Fig. 1A). A significant decrease in cell viability was observed with 2,4-
DAB at the higher concentrations examined (Fig. 1B); 500 pM (P <
0.001) and 1000 pM (P < 0.0001).

3.2. Combined treatment of SH-SY5Y cells with BMAA and 2,4-DAB
resulted in a significant decrease in cell viability

When cell viability was assessed using the AlamarBlue® reagent, all
the combinations of BMAA and 2,4-DAB examined significantly reduced
cell viability relative to untreated cells (Fig. 2). Equimolar concentra-
tions of 500 pM BMAA and 500 pM 2,4-DAB resulted in the lowest cell
viability (P < 0.0001). Equimolar concentrations of BMAA and 2,4-DAB
were used in subsequent studies to examine proteomic changes in the
cells. Despite not being toxic individually at concentrations of 500 pM
BMAA and 50 pM 2,4-DAB when combined there was a significant
reduction in viability.

Primers for 3-phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1), phosphoserine phosphatase (PSPH) and GAPDH were designed
using NCBI Primer-BLAST with melting temperatures between 58 and 63 °C, primer size between 18 and 30 base pairs and primers spanning across two exons.

NCBI accession number Gene name Direction Sequence Melting temperature (Tm)
NM_006623.3 PHGDH Forward 5’GGGATGAAGACTATAGGGTATGAC’3 61
Reverse 5’CAAAGGTGTTGTCATTCAGCAAG’3
NM_058179.4 PSAT1 Forward 5’AGGATTCTACGTTTGTCCAGT3 60
Reverse 5'TGTGACAGCATTATACAGAGAGG’3
NM_004577.3 PSPH Forward 5’AAATCTGTGGCGTTGAGGAC’3 61
Reverse 5’ACTTACCAGCTCCCTTATGC’3
NM_001289745.3 GAPDH Forward 5’CAGCCTCAAGATCATCAGCA’3 61

Reverse

5’'TGTGGTCATGAGTCCTTCCA’3
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Fig. 1. Viability of SH-SY5Y neuroblastoma cells when treated with increasing concentrations of (A) BMAA and (B) 2,4-DAB for 48 h. Cell viability was compared to
control cells (untreated) using the AlamarBlue® assay and normalised to cell protein. Statistical analysis using one-way ANOVA with Dunnett’s multiple comparison
test and plotted as mean + SD. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = non-significant (n = 4).
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Fig. 2. Viability of SH-SY5Y neuroblastoma cells co-treated with a range of
concentrations of BMAA (B) and 2,4-DAB (D) for 48 h. Cell viability was
compared to the control cells (untreated) using the AlamarBlue® cell viability
assay. Statistical analysis was carried out using one-way ANOVA with Dunnett’s
multiple comparison test and plotted as mean + SD. *P < 0.05; ***P < 0.001;
****P < 0.0001 (n = 4). Concentrations were 50 pM (50), 100 pM (100), 500
pM (500), and 1000 pM (1000).

3.3. Proteomic pathway analysis of SH-SY5Y neuroblastoma cells
exposed to BMAA and 2,4-DAB

Approximately 3500 proteins were detected in cells that had been
exposed to equimolar concentrations of BMAA (500 pM) and 2,4-DAB
(500 pM) for 48 h. Differentially abundant proteins were identified if
they were statistically significant (student t-test p < 0.05) and differed
by at least +30 % (FC > 1.3 or FC < 0.77) between control and treated
cells. Out of 3500 proteins, 276 proteins were significantly altered in
abundance (Fig. 3A). Heat map analysis of the differentially abundant
proteins illustrated a consistent change in abundance of the proteins
within the control and treatment groups (Fig. 3B). Statistical testing was
based on the published method by Mirzaei (Mirzaei et al., 2017b). In-
genuity Pathways Analysis (IPA) identified a significant enrichment in

pathways involved in r-serine biosynthesis (p = 0.000071) and energy
production (fatty acid p-oxidation, p = 0.000086 and glycolysis, p =
0.002) (Fig. 3C).

IPA analysis of biological functions (Fig. 3D) identified an over-
representation of proteins associated with neurological disorders, pro-
tein synthesis and degradation, mitochondrial dysfunction and cellular
apoptosis.

3.4. Changes in expression of the enzymes in the 1-serine biosynthesis
pathway in cells incubated with BMAA and 2,4-DAB

Quantitative PCR was used to measure the expression of the three
enzymes involved in the i-serine biosynthesis pathway. SH-SY5Y cells
treated with 500 pM 2,4-DAB showed a significant decrease in PHGDH
expression (P < 0.01) but BMAA did not have a significant effect at this
concentration (Fig. 4A). Combined treatment with 500 pM BMAA with
500 pM 2,4-DAB resulted in a further decrease in PHGDH expression (P
< 0.0001) (Fig. 4A). There was no significant change in the expression of
the other two enzymes in the pathway, PSAT1 and PSPH, under the
conditions tested (Fig. 4B and C).

3.5. Expression of PHGDH in SH-SY5Y cells treated with BMAA and 2,4-
DAB is increased when the medium is supplemented with r-serine

We then examined if the BMAA and 2,4-DAB-induced decrease in
expression of PHGDH was modulated by supplementation of the treat-
ment media with r-serine. When SH-SY5Y cells were treated with 500
puM 2,4-DAB or 500 pM BMAA plus 500 pM 2,4-DAB, the expression of
PHGDH was decreased by 35.2 % and 72.6 % respectively. The
expression of PHGDH however, was restored to the same level as that in
the ‘control plus serine’ treatment group for 2,4-DAB and BMAA plus
2,4-DAB-treated cells. 1-serine was used at a ratio of 1:10 that of the
NPAAs (50 pM and 100 pM respectively) (Fig. 5A).

3.6. Effect of 1-serine on PSPH expression in SH-SY5Y cells treated with
BMAA and 2,4-DAB

The final enzyme in the r-serine biosynthesis pathway (PSPH) is
responsible for negative feedback in the presence of excess L-serine. In
the control cells, the addition of iL-serine resulted in a significant
decrease in the level of expression of PSPH (Fig. 5B). The presence of
500 pM BMAA, or 500 pM 2,4-DAB, or 500 pM BMAA and 500 pM 2,4-
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Fig. 3. (A) Volcano plot representation of protein abundance and significance in 500 pM BMAA plus 500 pM 2,4-DAB exposed cell cultures. Each dot represents a
single quantified protein. An FC cut-off is applied at the 1.3 and 0.77 ratios (BMAA plus 2,4-DAB v control) and a significance cut-off is applied at P < 0.05. (B) Heat
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DAB had no impact on the decrease in expression of PSPH in the pres-
ence of r-serine.

3.7. Pre-treatment of SH-SY5Y cells with pyruvate prevented the decrease
in expression of PHGDH enzyme in the presence of 2,4-DAB and 2,4-DAB
and BMAA

SH-SY5Y cells were cultured in DMEM supplemented with pyruvate
(0.11 g/L) before treatment with BMAA and 2,4-DAB as described pre-
viously (Fig. 4A). When cells were pre-treated with medium containing
pyruvate there was no decrease in expression of PHGDH in response to
2,4-DAB as well as BMAA plus 2,4-DAB (Fig. 6).

3.8. Examination of PHGDH protein levels by western blotting

PHGDH protein levels were significantly decreased (63 %) in 500 pM
BMAA plus 500 pM 2,4-DAB when compared to the untreated control
(Fig. 7B).

4. Discussion

The gene-time-environment hypothesis posits that disease arises

from the interaction of genetic burden and environmental insult over the
course of a life (Al-Chalabi and Hardiman, 2013; McComas et al., 1973).
Neurones being post-mitotic cells can accumulate damage over their
lifespan (Drummond and Wilke, 2009) therefore for neurological dis-
eases such as ALS, symptoms could develop after a threshold of neuronal
damage is reached (Goutman et al., 2023). Epidemiological studies have
identified clusters of ALS near water bodies with regular cyanobacterial
blooms raising the possibility that long term exposure to cyanotoxins
could contribute to a slow but continuous decline in motor neuron
function leading eventually to cell death in genetically susceptible in-
dividuals (Caller et al., 2009; Caller et al., 2012). In the present studies
we used SH-SY5Y neuroblastoma cells which lack NMDA receptors
(Jantas et al., 2008; Kritis et al., 2015; Kulikov et al., 2007), thus the
focus was not on acute, receptor-mediated toxicity as previously re-
ported (Lobner et al., 2007; Schneider et al., 2020) but on investigating
the impact that longer term exposure to the cyanotoxins BMAA and 2,4-
DAB might have on the proteome. While 48 h cannot be equated with
long-term exposure it allows a significant amount of protein synthesis
and turnover to occur and allowed us to identify major changes in en-
ergy production in the cell.

Cellular health in the present studies was measured using Ala-
marBlue, a redox indicator that detects broad changes in enzyme
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Fig. 4. PHGDH (A), PSAT1 (B) and PSPH (C) expression in SH-SY5Y neuroblastoma cells treated with 500 pM BMAA, 500 pM 2,4-DAB, and 500 pM BMAA plus 500
pM 2,4-DAB for 48 h. GAPDH was used as the housekeeping gene. The experiment was repeated three times on separate days for a total of n = 9. Fold change was
calculated using the 2722 method (Livak and Schmittgen, 2001). Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparison test

and plotted as mean + SD. **P < 0.01; ****P < 0.0001; ns = non-significant.

A.
ns
1'5- *kkk
ns ns ns
1.0 -
2 1.0
©
<
[&]
E % gk kK
LE 0.5 ﬁ
0.0_ T T T
.¢°\ of S N e 0 o
& W x QY ,x O ox
O Q v?' Q Q
& AP SR PN o
& N R\
Q '»\ %}m«
Q,\‘*
Treatments

B.
1
1.5 I
. ns
g’ 1.0
©
L
(&)
k)
LE 0.5
0.0- T T T T
L& Ff o
& TF I O
o(’\é N Vv ov @Vy ol
Q
f»s o Y
0“‘??
Treatments

Fig. 5. PHGDH (A) and PSPH (B) expression in SH-SY5Y neuroblastoma cells treated for 48 h with 500 pM BMAA plus 50 pM L-serine; 500 pM 2,4-DAB plus 50 pM -
serine; 500 pM BMAA plus 500 pM 2,4-DAB plus 100 pM L-serine compared to the same conditions without L-serine. GAPDH was used as the housekeeping gene. Fold
change was calculated using the 272" method (Livak and Schmittgen, 2001). Statistical analysis was performed using one-way ANOVA with Sidak’s multiple
comparison test and plotted as mean + SD. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns = non-significant (n = 9). Black significance represents significance relative
to the control for each treatment, grey significance (top bar) represents significance relative to the control plus r-serine.

activity (Rampersad, 2012). DAB was significantly more toxic than its
isomer BMAA (Fig. 1) suggesting that their mechanisms of toxicity
differ. In support of this, combining two non-toxic concentrations of
each, 50 pM DAB and 500 pM BMAA resulted in a significantly decreased
cell viability indicating that they might have a joint effect. In addition,
BMAA, despite not being significantly toxic to cells alone, increased the
toxicity of 2,4-DAB so that concentrations of 2,4-DAB below 500 pM
caused significant decreases in viability (Fig. 2).

Okle and colleagues, also using SH-SY5Y cells, reported that lower
concentrations of BMAA resulted in disturbances in protein homeostasis
and ER stress without the generation of reactive oxygen species and the

significant levels of cell death that was seen at higher BMAA concen-
trations (Okle et al., 2013). In the present studies, pathway analysis of
proteomic data identified disturbances in protein homeostasis in cells
treated with BMAA and 2,4-DAB, with an increase in abundance of
proteins involved in ubiquitination, and decreased levels of proteins
required for the de-novo protein synthesis (Fig. 3D). We have previously
shown BMAA alone damages proteins in vitro resulting in the accumu-
lation of ubiquitin-positive aggregates (Quinn et al., 2021). BMAA was
shown to increase neurofibrillary tangles and amyloid plaques in pri-
mate brains (Cox et al., 2016). Proteomic analysis identified an increase
in caspase-3 protein, in cells following co-treatment with BMAA and 2,4-
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Fig. 6. PHGDH expression in SH-SY5Y neuroblastoma cells cultured medium
with sodium pyruvate prior to treatment in medium containing 500 pM BMAA,
500 pM 2,4-DAB and 500 pM BMAA plus 500 pM 2,4-DAB for 48 h. GAPDH was
used as the housekeeping gene. The experiment was repeated three times for a
total of n = 9. Fold change was calculated using the 27*2T method (Livak and
Schmittgen, 2001). Statistical analysis was performed using one-way ANOVA
with Sidak’s multiple comparison test and plotted as mean + SD. *P < 0.05;
**P < 0.01; ****P < 0.0001; ns = non-significant. Black significance represents
significance relative to the DMEM control, grey significance represents signif-
icance relative to the DMEM plus pyruvate control.

DAB suggesting that apoptotic cell death was increased. Our toxicity
data is in general agreement with the simplex axial mixture study on
zebrafish larval viability which reported that 2,4-DAB toxicity was
greater than that of BMAA (Martin et al., 2022) and was consistent with
the studies using mixed murine cortical cultures (Schneider et al., 2020).

Proteomic analysis revealed that r-serine biosynthesis was the most
significantly impacted canonical pathway in cells exposed to BMAA and
2,4-DAB. This is of particular interest, given the established link be-
tween BMAA and 1-serine (Bradley et al., 2018; Cox et al., 2016; Dunlop
etal., 2013; Violi et al., 2023). The impact of BMAA and 2,4-DAB on the

A.

60 wne'

as 1-serine ‘mimics’ through this feedback mechanism (de Koning et al.,
2003).

Disturbances in the serine biosynthetic pathway by BMAA and 2,4-
DAB could have important implications for neurological health due to
the direct impact of serine deficiency on the CNS and also by promoting
the synthesis of neurotoxic deoxysphingolipids (Esaki et al., 2015). -
serine plays an important role in the CNS as a precursor of the neuro-
active substances, p-serine, and glycine (Metcalf et al., 2018). Interfer-
ence with the r-serine synthesis might have important downstream
effects since PHGDH deficiencies result in various neuropathologies
(Jaeken et al., 1996). Humans with mutated PHGDH have lower levels of
free r-serine in the plasma and cerebrospinal fluid and exhibit severe
neurological symptoms, including congenital microcephaly, psycho-
motor retardation, and intractable seizures (de Koning and Klomp,
2004). PHGDH knock-out mice display severe consequences of embry-
onic development, such as brain malformation with overall growth
retardation (Furuya et al., 2008). These human and mouse studies
highlight the absolute necessity of i-serine, synthesised de novo for
embryonic viability and nervous system development.

The de novo synthesis of sphingolipids (SLs) occurs in the endo-
plasmic reticulum from the serine palmitoyltransferase (SPT) catalysed
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Fig. 7. PHGDH protein levels in SH-SY5Y cells were treated with 500 pM BMAA, 500 pM 2,4-DAB and 500 pM BMAA plus 500 pM 2,4-DAB for 48 h. 45 pg of protein
was probed with a PHGDH antibody. Fig. 7A: A representative western blot of PHGDH (MW 57 kDa) and beta-actin (MW 41 kDa). Fig. 7B: Band density as was
calculated using Amersham Imager 600 software and normalised to beta-actin. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple

comparison test and plotted as mean + SD. **P < 0.01 (n = 3).
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condensation of r-serine and acyl-CoA to produce 3-keto-dihydrosphin-
gosine which is then processed into ceramide, the central molecule in
the SL metabolic network (Pan et al., 2023). Complex sphingolipids such
as sphingomyelin are synthesised from ceramide in the Golgi apparatus
(Pan et al., 2023). A deficiency in r-serine can result in the synthesis of
neurotoxic deoxysphingolipids (deoxySLs) due to a substrate shift from
L-serine to L-alanine by SPT (Esaki et al., 2015). DeoxySLs differ struc-
turally from canonical SLs and cannot be converted into complex
sphingolipids (Pan et al., 2023). Elevated deoxySLs are implicated in
several neurological diseases. Sera from patients with SPT-related he-
reditary sensory and autonomic neuropathy 1 (HSAN1), a disease that
leads to progressive degeneration of motor neurons, have elevated levels
of deoxySLs due to the substrate shift from i-serine to L-alanine
(Mohassel et al., 2021). Elevated deoxySLs have also been reported in
type 2 diabetes mellitus where they are thought to increase suscepti-
bility to neuropathy (Dohrn et al., 2015). Disturbances in SL biosyn-
thesis are a fundamental metabolic mechanism underlying the
pathogenesis of ALS (Mohassel et al., 2021) and an abnormal increase in
SL levels (sphingomyelin, ceramide, cholesterol, etc.) has been observed
in the spinal cord of ALS patients, and in the spinal cord of SOD1G93A
mice (Cutler et al., 2002). It is possible therefore that disturbances in
serine biosynthesis in neuronal cells could contribute to the neurotoxic
effects of the cyanotoxins BMAA and 2,4-DAB.

The major function of the serine biosynthesis pathway in prolifer-
ating cells is to maintain folate pools for nucleotide synthesis and to
contribute to the glycine backbone of purines (Pacold et al., 2016). The
activity of this pathway is critical even in the presence of excess exog-
enous serine since inhibition of this pathway results in the disruption of
mass balance within central carbon metabolism leading to simultaneous
alterations in the tricarboxylic acid (TCA) cycle and the pentose phos-
phate pathway (Reid et al., 2018). In the present studies, disturbances in
serine biosynthesis were associated with significant changes in energy
production pathways in BMAA and 2,4-DAB-treated cells: namely fatty
acid p-oxidation, glycolysis, and oxidative phosphorylation, indicating
that there was a significant disturbance in energy generation in the cells.
Supplementation of the culture medium with pyruvate prior to exposure
to BMAA and 2,4-DAB prevented the decrease in PHGDH expression.
Pyruvate is the terminal metabolite of the glycolysis pathway which is
linked to the 1-serine biosynthesis pathway through the intermediate 3-
phospho-D-glycerate (3PG) (Tabatabaie et al., 2010). Pyruvate is used as
an additive in tissue culture media for its antioxidant properties and as
an additional energy supplement. The presence of pyruvate might have
provided an additional substrate for energy production via the TCA cycle
potentially correcting the deficiency caused by 3PG being re-directed
into the 1-serine biosynthesis pathway.

Motor neurons have a low capacity for energy storage, and continual
generation of ATP through the TCA cycle is required to meet their high
energetic demands (Le Masson et al., 2014). Under energetic stress, by
redirecting glucose from the pentose phosphate pathway (PPP) neurons
sacrifice antioxidant production in favour of upregulating glycolysis
(Rodriguez-Rodriguez et al., 2012; Stincone et al., 2015). Supplemen-
tation with pyruvate might have made additional substrates available
allowing the TCA cycle to generate ATP without sacrificing glucose
required for the PPP or serine biosynthesis pathway. The glycolytic
pathway has previously been shown to be inhibited in zebrafish embryos
exposed to 500 pM of 2,4-DAB for 4 days (Martin et al., 2022). Overall
BMAA and 2,4-DAB appeared to cause a significant metabolic re-
programming in neuroblastoma cells in vitro. Metabolic profiling of
serum from BMAA-treated neonatal rats identified systemic changes in
amino acid metabolism and energy metabolism in neonates (Engskog
et al., 2013). So while these neurotoxins might have a low neurotoxic
potency in adults, exposure during development could cause long-term
histopathological changes in the adult brain (Engskog et al., 2013).
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5. Conclusions

In the present studies we examined changes in the proteome of
human neuroblastoma cells following exposure to BMAA and 2,4-DAB,
two cyanotoxins implicated in ALS. A key finding was impairment in
the serine biosynthesis pathway. This is consistent with the findings of a
study that demonstrated 1-serine deficiency in BMAA-treated cells from
direct analysis of intracellular amino acid levels (Violi et al., 2023).
Serine deficiency has broad implications for neuronal health and could
promote the synthesis of neurotoxic deoxysphingolipids due to a SPT
substrate shift from serine to alanine (Esaki et al., 2015). In addition,
there was evidence of energetic stress in BMAA and 2,4-DAB-treated
cells which could make them more vulnerable to oxidants. Lastly, pre-
treatment of cells with pyruvate, the terminal metabolite in the glyco-
lytic pathway, prevented the decrease in PHGDH expression potentially
restoring the activity of the serine biosynthetic pathway. Pyruvate has
been considered as a potential therapeutic for use in ALS (Vandoorne
et al., 2018).
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