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ABSTRACT

Metformin is a widely prescribed pharmaceutical used in the treatment of numerous human health disorders,
including Type 2 Diabetes, and as a results of its widespread use, metformin is thought to be the most prevalent
pharmaceutical in the aquatic environment by weight. The removal of metformin during the water treatment
process is directly related to the formation of its primary degradation product, guanylurea, generally present at
higher concentrations in surface waters relative to metformin. Growth effects observed in 28-day early life stage
(ELS) Japanese medaka exposed to guanylurea were found to be similar to growth effects in 28-day ELS medaka
exposed to metformin; however, effect concentrations were orders of magnitude below those of metformin. The
present study uses a multi-omics approach to investigate potential mechanisms by which low-level, 1 ng - L™
nominal, guanylurea exposure may lead to altered growth in 28-day post hatch medaka via shotgun metab-
olomics and proteomics and qPCR. Specifically, analyses show 6 altered metabolites, 66 altered proteins and 2
altered genes. Collectively, metabolomics, proteomics, and gene expression data (using qPCR) indicate that
developmental exposure to guanylurea exposure alters a number of important pathways related to the overall
health of ELS fish, including biomolecule metabolism, cellular energetics, nervous system function/development,
cellular communication and structure, and detoxification of reactive oxygen species, among others. To our
knowledge, this is the first study to both report the molecular level effects of guanylurea on non-target aquatic
organisms, and to relate molecular-level changes to whole organism effects.

1. Introduction

Metformin is a widely prescribed pharmaceutical used to treat a

to contamination of global surface waters at concentrations ranging
from the high ng - L™! to low pg - L™! range (Tang et al., 2012; Scheurer
et al., 2012; Tisler, and Zwiener, 2018).

number of human health disorders; most notably, type-2 diabetes and
polycystic ovary syndrome (Trautwein et al., 2014 and Tang et al.,
2012). Because it is not biotransformed by humans, an estimated 70 % of
each dose of metformin is eliminated from the body via renal excretion,
after which metformin may enter municipal wastewater streams
(Table S1) (Gong et al., 2012; Pentikainen et al., 1979). In combination
with its pervasive use, this has resulted in relatively high concentrations
of metformin in wastewater treatment plant (WWTP) influents (up to
100 pg - L7 metformin) and effluents (up to 21 pg - L'metformin)
(Scheurer et al., 2012; Tisler, and Zwiener, 2018), subsequently leading
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The removal of metformin from wastewater is directly related to the
bacterial formation of guanylurea, the only known recalcitrant degra-
dation product of metformin (Trautwein et al., 2014). Bacterial con-
version to guanylurea is thought to occur via double dealkylation of
metformin, whereby both methyl groups are removed at the terminal
nitrogen (Fig. S1) (Markiewicz et al., 2017). Thus, wastewater treatment
processes often lead to concentrations of guanylurea in effluent that
exceed those of metformin considerably (Oosterhuis et al., 2013; Blair
et al., 2013; Ghoshdastidar et al., 2015; Scheuerer et al., 2012; Tisler,
and Zwiener, 2018). In fact, a recent study by Tisler and Zwiener (2018)
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reported WWTP effluent concentrations of guanylurea as high as 810 pg
- L7, as compared with 6.5 pg - L'! for metformin.

Similarly, several studies have measured guanylurea at much higher
concentrations in surface waters (1-20 pg - L™1), relative to metformin
(Oosterhuis et al., 2013; Scheuerer et al., 2012). However, Trautwein
et al. (2014) found that concentrations of metformin exceeded those of
guanylurea by up to 52 times in German surface waters, where guany-
lurea was < 0.093 pg - L™1.

Regardless of the conditions driving relative abundance, studies
consistently show that metformin is among the most frequently detected
pharmaceutical compounds concentrations in global surface waters,
including seawater (Ebele et al., 2017; Oosterhuis et al., 2013; Blair
et al., 2013; Ghoshdastidar et al., 2015; Scheuerer et al., 2012; Tisler,
and Zwiener, 2018; Trautwein et al., 2014). In fact, metformin was
detected in 89 % of all samples, and at 97 % of study sites in streams
from the Southeastern United States, further underscoring the ubiquity
of metformin in the aquatic environment (Bradley et al., 2016).

Biotransformation and biodegradation products of pharmaceuticals,
like guanylurea, are also expected to be found concomitantly with their
parent compounds in the aquatic environment. It is important to note
that many pharmaceutical transformation products remain metaboli-
cally active, with potential implications for exposed non-target aquatic
biota that remain largely unknown, thus it is advantageous to take
transformation products of prevalent pharmaceuticals into consider-
ation when evaluating potential risk.

The median concentration of metformin in surface freshwater in
North America is estimated to be 0.022 g - L™! (based on a composite
dataset of > 500 measured concentrations), with a maximum reported
concentration of 10.1 pg - L™! (de Solla et al., 2016). In a previous study
(Ussery et al., 2018), we showed significant effects on the growth of
early-life stage (ELS) Japanese medaka (Oryzias latipes) developmentally
exposed to a range of environmentally relevant waterborne metformin
concentrations (0—100 pg - L) for 28 days. Results of that study indi-
cate a lowest observable effect concentration (LOEC) of 1 pg - Lt
metformin (for effects on growth; Ussery et al., 2018), a value which is
well below the maximum measured surface water concentrations in
North America (de Solla et al., 2016).

Effects on the growth of 28-day post hatch (DPH) metformin-exposed
larvae were accompanied by metabolome and gene expression changes
in whole larvae, with implications for lipid homeostasis, cellular ener-
getics, and the developing central nervous system, among others (Ussery
et al., 2018). Ussery et al. (2019) reported similar effects on the growth
of ELS medaka developmentally exposed to waterborne guanylurea for
28-days. However, the LOEC derived for guanylurea was in the low ng -
L' range, as compared with a LOEC form metformin in the low pg - L™*
range (Ussery et al., 2018).

The present study utilizes a multi-omics approach to investigate
potential mechanisms by which guanylurea may affect the growth of
ELS fish at such low exposure concentrations (relative to metformin).
Consequently, all analyses were perfomed on larval medaka exposed to
1 ng - L™! guanylurea (i.e., the LOEC for growth as reported in Ussery
et al., 2019) for 28 days. Metabolomics and proteomics datasets were
used to inform decisions regarding genes of interest for subsequent gPCR
analysis. To our knowledge, the present study is the first to describe the
molecular-level effects of guanylurea on non-target aquatic biota, as
well as the first to attempt to link these molecular initiating events to
whole-organism outcomes.

2. Materials and methods
2.1. Early life stage study experimental design

Metabolomics and proteomics were performed on samples of
guanylurea-exposed larvae collected as part of a companion study; thus,

we would refer the reader to Ussery et al. (2019) for a detailed
description of experimental methods. Briefly, clutches of medaka
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embryos (female leucophore-free (FLFII) strain) were separated by sex at
118 h post-fertilization (HPF) by extricating males with fluorescing
leucophores via fluorescence microscopy (Leica DM 2000 microscope).
For the larger study, 118-HPF embryos were randomly assigned to one
of five nominal concentrations (100, 32, 10, 3.2 and 1.0 ng - LY of
waterborne guanylurea (Sigma Aldrich; CAS # 141—83-3), or a control
with lab-water only. However, this report focuses specifically on
28-DPH male larval medaka from 1.0 ng - L' as this was the experi-
mental lowest observed effect concentration in the larger companion
study. Ussery et al., 2019 determined the method detection limit (MDL)
for Guanylurea to be 0.25 pg - L™1; thus, concentrations < 0.25 pg - L1
are reported as nominal concentrations throughout the present study.
Although limitations in our analytical methods prevented us from
detecting below 0.25 pg - L™ with the requisite degree of certainty,
concentrations below our MDL are still well below those commonly
detected in surface waters (and are therefore considered environmen-
tally relevant). Please see Ussery et al., 2019 for detailed analytical
method of measuring guanylurea in tank water. Additional information
regarding the determination of treatment concentrations can be found in
the Supplemental Material.

2.2. Replicates

Prior to RT-qPCR, metabolomics, and proteomic analysis the authors
ran ANOVAs between tanks (n = 4) within treatments (control and
guanylurea exposed) to rule out any potential tank effects and found no
significant difference between tanks (p > 0.05). To account for any
slight tank variation, the authors combined the tanks (n = 4) within each
treatment (control and guanylurea exposed) and larvae were randomly
sampled for further analyses (RT-qPCR, metabolomics and proteomics).
At the time of RT-qPCR analysis, cost was largely taken into account
when determining the sample number for analyses, thus three biological
replicates (containing two whole larvae each to ensure enough RNA for
anlyses) were analyzed in triplicate per treatment (n = 3). For metab-
olomics, 8 biological replicates (containing two whole larvae each
following Ussery et al., 2018) were used. The remainder of larvae were
used for proteomic analysis, 10 biological replicates for control and 9
biological replicates for guanylurea exposed (containing one whole
larvae each).

2.3. RT-gPCR

Briefly, RNA was isolated from subsamples of larval fish in Pure-
ZOL™RNA Isolation Reagent (Bio-Rad) using a hand-held homogenizer.
RNA concentrations and sample purities were determined using a 0.2
mm TrayCell coupled with a Cary 50 Bio UV-vis Spectrophotometer
analyzed at 260-nm and a 2000 factor (sample specific factor x virtual
dilution factor 9ssRNA = 40 x 50, respectively). RNA quality was re-
ported via RNA quality indicator (RQI), determined using Experion RNA
StdSens kits (Bio-Rad), following the manufacturer’s protocol.

Genes chosen for RT-qPCR analysis were selected based on literature
availability and their relevance to the metabolomics data. Medaka
genome sequences were found in the National Center for Biotechnology
Information (NCBI) database. Primers were designed and optimized
using Primer3 with a product size range of 75-200 bp (Table S3) and
purchased in powdered form from Invitrogen. Primers were validated
through an 8-point temperature gradient to verify that each annealed at
60 °C and melt peaks were checked to ensure only one product was
created. A 4-point primer concentration curve was also run using a 10-
fold dilution (100, 10, 1, and 0.1 ng/pL) and tested in triplicate. Re-
actions were prepared using the iTaq Universal SYBR Green One-Step Kit
(Bio-Rad, Mississauga, Ontario) according to the manufacturer’s
guidelines. Reactions were performed using RNA samples brought to a
concentration of 40 ng/pL in TE buffer. A Bio-Rad CFX96 was used for
RT-qPCR analysis using the following settings: SYBR/FM; Reverse
Transcription Reaction, 10 min at 50 °C; Polymerase Activation and
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DNA Denaturation, 1 min at 95 °C; Amplification: Denaturation at 95 °C,
10 s; Annealing/Extension + plate read at 60 °C, 10-30 seconds; Cycles,
45; Melt-Curve Analysis, 65—95 °C with 0.5 °C increments 2-5 seconds/
step. Non-template controls were run for all primers to monitor
contamination and primer-dimer formation. Only primers with >90 %
efficiencies were used in this research. Three biological replicates
(containing two whole larvae each) were analyzed in triplicate per
treatment (n = 3). Differences in gene expression between treatments
were evaluated via statistical analysis of 2-AACt values.

2.4. Metabolomics

Metabolomics was performed using 28-DPH larvae exposed to either
lab water or 1.0 ng - L™! waterborne guanylurea, according to methods
described in Bridges et al. (2018). Briefly, 2 larvae were pooled per
sample (8 samples per treatment) and were homogenized in cold 2:5:2
chloroform: methanol: Mili-Q™ solution with a motorized pestle, and
then centrifuged. The supernatant was spiked with p-27 myristate as an
internal standard (IS), and derivatized with methoxyamine in pyridine
solution and N-methyl-N-trimethylsilyltri-fluoroacetamide (MSTFA)
with 1% trimethylchlorosilane (TMCS). Samples were analyzed by gas
chromatography-mass spectrometry (GC-MS; Agilent 6890 GC and
5973 MS).

The Agilent Fiehn Retention Time Locking Library (Agilent part #
G1676—90000) was used according to the manufacturer’s recommen-
dations for metabolite identification. Chromatographic data were pro-
cessed using the Automated Mass Spectral Deconvolution &
Identification System (AMDIS; National Institute of Standards and
Technology, Gaithersburg, Maryland), and data was submitted to the
Agilent Fiehn library to generate semi-quantitative relative (to the IS)
response factors (RF) for metabolites. A suite of fatty acid methyl ester
standards was spiked into every 5th sample (n = 3) to allow the AMDIS
Retention Index library to account for slight variations in predicted
retention times.

2.5. Proteomics

Proteomic analysis was performed using 28-DPH larvae exposed to
either lab water or 1.0 ng - L™! waterborne guanylurea, according to
methods described in Simmons et al. (2012 and 2017). Briefly, indi-
vidual larvae (10 lab water and 9 guanylurea) and were homogenized in
tris(hydroxymethyl)aminomethane—HCL with a handheld motorized
pestle. Whole larvae homogenate proteins were digested via formic acid
digestion as described in Simmons et al. (2012). Digests were dried to
near dryness in a centrifugal evaporator, and then re-constituted in 20
pL of 95:5 water: acetonitrile with 0.1 % formic acid. 2 pL of the peptide
solution was injected to perform separation via reverse phase liquid
chromatography on a Zorbax, 300SB-C18, 1.0 x 50 mm 3.5 pm column
(Agilent Technologies Canada Inc., Mississauga, Ontario) using an Agi-
lent 1260 Infinity Binary LC (see Simmons et al., 2012). The Agilent
6530 Accurate-Mass Quadrupole Time of- Flight (Q-TOF) was used as
the detector in tandem to the Agilent 1260 system (TRACES lab, Uni-
versity of Toronto Scarborough) (instrumental settings are described in
the supplemental materials or refer to Simmons et al., 2012). Analytical
runs included a solvent blank, peptide standard (H2016, Sigma Aldrich,
Oakville, Ontario), and a BSA digest standard (Agilent Technologies
Canada Inc., Mississauga, Ontario) injection every 10 samples to
monitor any potential baseline, carry over, drift, and sensitivity during
the run. Each individual sample was injected once.

Proteins were identified by searching spectral files against the Uni-
prot Reference Proteome for Japanese medaka (accessed in August
2018; database: DOI: 10.5281/zenodo0.4081749 Released 2020—10-09).
Spectral files for each larvae homogenate were pooled into groups by
treatment, then each group was searched separately using Spectrum Mill
Software (Version B.04.01.141) (Simmons et al., 2017). Following set-
tings recommended by the manufacturer for validating results obtained
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via Agilent Q-TOF mass spectrometer, proteins were manually validated
and then accepted when at least one peptide had a peptide score (quality
of raw match between the observed and theoretical spectrum) greater
than 6 and the percent of the spectral intensity that are accounted for by
the theoretical spectrum (%SPI) of greater than 60 %.

2.6. Statistical analysis

Data were analyzed using SigmaPlot (Systat Software Inc.) unless
otherwise specified. Normality of all data was confirmed using a
Shapiro-Wilk test prior to subsequent statistical analysis. The log, fold
change values from RT-qPCR analysis were analyzed using a student’s t-
test to determine statistically significant differences in gene expression
between control and guanylurea exposed 28-DPH larvae. An « of 0.05
was used to determine statistical significance for all tests.

Metabolomics reports generated using the Agilent Fiehn Retention
Time Locking Library were filtered using a proprietary R (v. 2.15.2)
program, designed at the University of North Texas (UNT, Denton, TX,
USA) according to a variety of filtration criteria for quality control
(detailed in Bridges et al., 2018). Metabolites meeting all criteria were
included in a two-tailed Welch’s t-test, to determine statistically signif-
icant differences in relative metabolite abundance between the control
and guanylurea-treated groups.

Peak intensity tables of identified medaka proteins were uploaded to
the MetaboAnalyst 4 Statistical Analysis tool (Chong et al., 2019), using
the following steps: 1) missing values were identified and replaced with
half of the lowest value in the dataset; 2) data was not filtered; 3) data
was normalized using the median and Pareto scaling (Shahmohamadloo
et al., 2020); and 4) fold change analysis (using volcano plot) was per-
formed (raw p-value = 0.05, logoFC > 2). We also performed partial
least squares discriminant analysis (PLS-DA) to obtain variable impor-
tance in projection (VIP) scores. We used the 10-fold cross validation
method in MetaboAnalyst 4 to determine the predictivity (Q2) and
goodness of fit (R2) of the model with the first two components. We
chose not use a false-discovery-rate (FDR) corrected p-value because the
FDR approach used within MetaboAnalyst 4 does not allow for the se-
lection of a relaxed FDR cut-off (i.e. FDR of 0.25), which is more
appropriate for discovery-based studies (i.e. we more concerned with
loosing valuable information due to false negatives than the potential of
including a false positives at this stage in our exploratory study), and in
lieu of an FDR correction, we chose to also include PLS-DA VIP scores to
identify proteins with strong influence on the data which added more
context to our analyses for discovery purposes. Proteins identified as
being responsible for the greatest degree of differentiation between
experimental groups were kept and identified using the following
pipeline: identify the human gene symbols orthologous to medaka
proteins using NCBI Protein blast (protein-protein blast, blastp [e =
107°]) against the reference proteins (refseq protein) database with
Homo sapiens (taxid:9606) as the organism. Genes symbols were input
into The Gene Ontology Resource for GO enrichment analysis of bio-
logical processes (geneontology.org). The analysis type that was per-
formed wusing Gene Ontology (GO) was the PANTHER
Overrepresentation Test (Released 20,200,728); database: DOI:
10.5281/zenodo.4081749 Released 2020—10-09. The Fisher’s exact test
with FDR (false discovery rate) correction was used. For parameters that
were used in GO enrichment analysis were logFC(>1), p-value < 0.05,
and FDR (false discovery rate) < 0.05. A one-tailed variant of Fisher’s
exact test, also known as the hypergeometric test for over-representation
to assess differentially expressed genes between treatment groups.

3. Results
3.1. Metabolites

Shotgun metabolomics successfully identified 82 metabolites
(Table S4). The 82 measured metabolites were subsequently compared
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between treatment groups. Of those 82 metabolites, 6 metabolites were
found to be significant elevated in guanylurea exposed larvae when
compared to controls. Male larval medaka exposed to 1.0 ng - L™}
waterborne guanylurea from embryo through 28-DPH had significantly
altered abundances of various metabolites (t-test, p < 0.05; Refer to
Table S4 for details). Guanylurea exposure significantly increased (t-test,
p < 0.05; Table 1) the abundance of glucose-6-phosphate, panthothenic
acid, putrescine, O-phosphocholamine, adenosine-5-monophosphate,
and stearic acid, relative to control fish (as indicated by RF values of
1.4,1.3,1.1, 1,2, 1.8, and 1,8 respectively).

3.2. Proteins

An unlabelled non-targeted proteomics approach was employed to
identify altered protein abundance in larval medaka exposed to gua-
nylurea compared to control larvae. Analysis showed that male larval
medaka exposed to 1.0 ng - L™! guanylurea from embryo through 28-
DPH had 66 proteins that were significantly altered when compared to
control larvae (T-test, p < 0.05, Table 2). Of those 66 altered proteins, 39
were shown to be significantly decreased in abundance, while 27 were
shown to be significantly increased (Table 2). PLS-DA and VIP score
plots (R2component 1 = 0.77 & Q2 component 1 = 0.69; R2component 2 = 0.89
& Q2 component 2 = 0.69) (Fig. 1). The 15 proteins that had the greatest
influence on the model (top 11 VIP scores, Component 1) were: striated
muscle preferentially expressed protein kinase b (Spegb), probable E3
ubiquitin-protein ligase (Herc3), ryanodine receptor 1 (Ryrl), proto-
cadherin beta-16 (Pcdhbl6), dynein heavy chain 11, axonemal
(Dnah11), zinc finger protein 29 (Znf292), collagen alpha-6(IV) chain
(Col4a6), RANBP2-like and GRIP domain-containing protein 8 (Rgpd8),
myosin-binding protein C, slow-type (Mybpc1), late secretory pathway
protein AVL9 homolog (Av19), dipeptidyl peptidase 4 (Dpp4). Addi-
tionally, the Gene Ontology Enrichment Analysis (geneontology.org)
identified 11 biological processes associated with proteins that were
significantly decreased in abundance and 8 processes associated with
the proteins significantly increased in abundance in guanylurea exposed
fish when compared to controls (Tables 3 and 4). Numerous biological
processes were shown to be associated with both increased and
decreased protein abundances caused by guanylurea abundance
including metabolic processes, biological adhesion and regulation,
cellular component organization, various cellular processes, cellular
signaling, localization, and response to stimulus (Tables 3 and 4).
Additional biological processes associated with proteins found to be
decreased in guanylurea exposed larvae were developmental processes,
multicellular organismal processes and cellular locomotion.

3.3. RT-qPCR

Results of the RT-qPCR analysis revealed a significant down-
regulation of transcription factor acetyl-CoA carboxylase 2 (ac2) in
guanylurea exposed male larvae, relative to controls (logsfold change
[LogoFC] = -0.88; DF = 1, F = 10.25, p = 0.04). Additionally, the
expression of very long chain fatty acids protein 1-like (elo) was signif-
icantly downregulated in exposed male larvae, as compared with con-
trols ([LogoFC] = -1.53; DF = 1, F = 9.84, p = 0.03). No significant

Table 1

Metabolites with significantly altered relative abundances detected in 28-day
old Japanese medaka exposed to 1.0 ng - L~! guanylurea when compared with
controls (full metabolite list in Table S2).

Metabolite Metformin/Control (RF value) p-value
D-glucose-6-phosphate 1.4 1.5E-03
pantothenic acid 2 1.3 9.1E-03
putrescine 1.1 3.1E-02
O-phosphocholine 1.2 4.3E-02
adenosine-5-monophosphate 1.8 4.8E-02
stearic acid 1.8 4.8E-02
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treatment effects (p > 0.05) were observed for other genes of interest (
hydroxyacyl-CoA dehydrogenase (hcd), HMG-CoA synthesis (hgs),
glucose-6-phosphate dehydrogenase (g6p), and stearoyl-CoA desaturase
(scd)) (Fig. 2).

4. Discussion

We previously demonstrated similar effects on the growth trajectory
of ELS medaka following separate 28-day developmental exposures to
metformin, and it’s primary degradation product, guanylurea (Ussery
etal., 2018, 2019). Although outcomes of exposure were similar for both
compounds, the LOEC for guanylurea was found to be considerably
lower than that of metformin (it is important to note that the LOECs for
both compounds were determined to be of environmental relevance).
While the present study’s main goal was to utilize a multi-omics
approach to elucidate potential mechanisms by which developmental
exposure to guanylurea decreased growth of Japanese medaka in the
single ng - L™! range, the study was also successful in elucidating other
potential mechanisms of action (MOA) of guanylurea in ELS fish,
described below.

In humans, metformin’s accepted MOA is through AMP-activated
protein kinase (AMPK), the upstream kinase for the critical metabolic
enzymes acetyl-CoA carboxylase (ACC) and HMG-CoA reductase (HRG),
which compose the rate limiting steps for fatty acid and sterol synthesis
(Bjorklund et al., 2010; Zagorska, 2010; Zhang et al., 1999). The acti-
vation of AMPK results in the phosphorylation, and ultimate deactiva-
tion, of ACC. When ACC is active, malonyl-CoA is produced, which is the
building block for new fatty acids (Mihaylova and Shaw, 2011). It is
through this MOA that AMPK is assumed to control lipid metabolism,
with phosphorylation of ACC leading to decreased fatty acid synthesis
(Li et al., 2011; Mihaylova and Shaw, 2011).

The findings of Ussery et al., 2018 provided further support for this
proposed MOA in humans (in the form of altered metabolite abundances
downstream of AMPK in metformin-exposed ELS medaka), while also
providing evidence to suggest that metformin may affect non-target
aquatic biota via this highly conserved molecular pathway (Garcia and
Shaw, 2017). The present study provides evidence that guanylurea may
also exert effects on ELS fish in a similar manner, albeit at lower effect
concentrations (Ussery et al., 2019). Fig. S1 outlines a possible pathway
with which guanylurea exposure may illicit various effects in exposed
fish including the molecular effects leading to the apical endpoint of
stunted growth observed in Ussery et al. (2019) in exposed larval
medaka. To note, this is a hypothesized pathway based on the results
found in the current research, further investigation is required in order
to map a more concrete MOA.

4.1. Dysregulation of fatty acids

ACC (specifically AC2), localized at the mitochondrial membrane,
carboxylates acetyl-CoA to malonyl-CoA, inhibiting carnitine palmitoyl
transferase 1 (CPT1) and reducing the passage of acyl-CoA into the inner
mitochondrial matrix for p-oxidation (Wakil and Abu-Elheiga, 2009).
Our RT-qPCR results show a significant downregulation (LogoFC =
-0.88, p = 0.04 in ac2 in guanylurea exposed larvae when compared to
control larvae, likely explaining the stunted growth and dysregulation of
fatty acids, such as stearic and pantothenic acid, both seen to be dys-
regulated in guanylurea exposed larvae. Further, a significant decrease
(LogoFC = -1.53; p = 0.03) in the expression of elongation of very long
chain fatty acid protein like-1 (elo) was observed in guanylurea exposed
larvae, likely contributing to the dysregulation in fatty acid abundance
observed in guanylurea fish compared to controls. Dysregulations in FAs
has been shown to be associated with serine/threonine kinases, thus the
dysregulation in FAs seen in guanylurea exposed larvae likely the ex-
plains the increased abundance in the protein DNA-dependent protein
kinase catalytic subunit (Prkdc; LogoFC = 6.25; p = 2.48E-02) and
decreased abundance of mitogen-activated protein kinase kinase kinase
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Table 2

List of proteins with their human ortholog, gene symbol, protein name, associated Uniprot accession number, log,fold change (log»(FC)), and p-values that were
differentially abundant in larval medaka exposed to 1.0 ng - L! guanylurea when compared to control larvae. A positive log,(FC) value indicates increased abundance,
while a negative value indicates decreased abundance.

Gene Symbol Human ortholog Protein Name Uniprot Accession # Logo(FC) p-value
Spegb SPEC Striated muscle preferentially expressed protein kinase b H2LXP8 -11.63 2.74E-03
Herc3 HERC3 Probable E3 ubiquitin-protein ligase H2LSS1 -10.87 8.92E-03
Pcdhbl6 DCHS1 Protocadherin beta-16 H2LH69 -10.67 6.51E-05
Dnahl11 DNAH11 Dynein heavy chain 11, axonemal H2MHV1 —10.66 5.68E-05
Znf292 ZNF292 Zinc finger protein 292 H2MISO —10.66 3.21E-02
col4a6 COL4A6 Collagen alpha-6(1V) chain H2LZX2 —-10.11 1.39E-05
Rgpd8 RGPD8 RANBP2-like and GRIP domain-containing protein 8 H2ML69 —10.08 1.08E-06
Av19 AV19 Late secretory pathway protein AVL9 homolog H2ME61 —9.66 3.04E-02
Ryrl RYR1 Ryanodine receptor 1b (skeletal) H2L660 —9.34 2.81E-05
Neb NEB Nebulin H2M114 —9.05 1.96E-02
Pkp4 PKP4 Plakophilin-4 H2MQF8 —8.84 3.34E-02
Sacs SACS Sacsin H2MCP6 —8.82 1.34E-04
Fatl FAT1 Protocadherin Fat 1 H2LVT4 —8.73 2.66E-02
Dock5 DOCK5 Dedicator of cytokinesis protein 5 H2MHI8 —8.45 3.93E-03
Ubr4 UBR4 E3 ubiquitin-protein ligase H2LGQ9 —8.22 3.85E-02
Ift172 IFT172 Intraflagellar transport protein 172 homolog H2LXJ7 —8.14 4.03E-02
Gbfl GBF1 Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 H2L6F7 -7.7 4.67E-03
Hspa4l HSPA4 Heat shock 70 kDa protein 4 L H2L713 -7.21 4.74E-02
Plxna3 PLXNA3 Plexin-A3 H2MW36 -7.18 2.54E-02
Sh3tcl SH3TC1 SH3 domain and tetratricopeptide repeat-containing protein 1 H2M345 -7.17 1.32E-02
Dmx12 DMXL2 DmX-like protein 2 H2LCHO —7.08 5.04E-03
Dchs2 DCHS2 Protocadherin-23 H2LWG4 —-7.06 3.27E-02
Grid2 GRID2IP Glutamate receptor, ionotropic, delta 2 (Grid2) interacting protein, a (Delphilin) H2LZ91 —6.88 2.84E-02
Mcm3ap MCM3AP Germinal-center associated nuclear protein H2MJD5 —6.85 1.34E-02
Ezh2 EZH2 Histone-lysine N-methyltransferase EZH2 H2LD32 —6.35 4.96E-02
Dctnl DCTN1 Dynactin subunit 1 H2MVDO —6.16 4.88E-02
Map4k4 MAP4K4 Mitogen-activated protein kinase kinase kinase kinase 4 H2LYNO —5.95 4.16E-02
Snx17 SNX17 Sorting nexin-17 H2MNWO —5.87 4.27E-02
Tox4 TOX4 TOX high mobility group box family member 4 H2LY14 —5.84 3.55E-02
Cacnala CACNA1A Voltage-dependent P/Q-type calcium channel subunit alpha-1A H2MSN6 -5.76 9.57E-03
Cepl170b CEP170B Centrosomal protein of 170 kDa protein B H2MRES8 —5.54 2.69E-02
Noc3l NOC3L Nucleolar complex protein 3 homolog H2MYR4 —5.41 4.79E-02
Limklla LIMK1 Serine/threonine-protein kinase PAK 4 H2LC46 -5.35 4.85E-02
Dcps DCPS m7GpppX diphosphatase H2LZE4 —5.22 1.69E-02
Nfe2 NFE2L1 Endoplasmic reticulum membrane sensor H2MRG6 —5.07 2.28E-02
Slc12a3 SLC12A3 Solute carrier family 12 member 3 H2L428 -5 4.82E-02
Ddx54 DDX54 ATP-dependent RNA helicase H2LT40 —-4.97 1.63E-02
Glde GLDC Glycine dehydrogenase (decarboxylating), mitochondrial H2L7W3 —-4.71 4.40E-02
Usp22 Usp22 Ubiquitin carboxyl-terminal hydrolase 22 H2MZA4 —3.61 4.02E-02
Ryrl RYR1 Ryanodine receptor 1 H2LPL7 11.42 1.36E-02
Dpp4 DPP4 Dipeptidyl peptidase 4 H2LBZ3 10.2 1.04E-02
Mybpcl MYBPC1 Myosin-binding protein C, slow-type H2MM13 9.81 1.60E-02
Sptanl SPTAN1 Spectrin alpha chain, non-erythrocytic 1 H2MBY2 9.78 5.92E-03
Fat4 FAT4 Protocadherin Fat 4 H2N1Z4 9.43 4.34E-02
Tob1 TOB1 Protein Tob1 H2M4C9 8.36 1.09E-02
Nprl NPR1 Guanylate cyclase soluble subunit alpha-1 H2M894 7.86 3.56E-02
Cacnale CACNA1E Calcium channel, voltage-dependent, R type, alpha 1E subunit a H2MSC8 7.6 2.62E-02
Abcc9 ABCC9 ATP-binding cassette sub-family C member 9 H2MRJ2 7.55 1.93E-02
Tmem131 TMEM131 Transmembrane protein 131-like H2MLY1 7.45 8.52E-03
Dync2hl DYNC2H1 Cytoplasmic dynein 2 heavy chain 1 H2M4S9 7.21 3.35E-02
Prkx PRKX cAMP-dependent protein kinase catalytic subunit PRKX H2N2A0 7.16 4.33E-02
Slc8ala SLC8A1 Sodium calcium exchanger 1h H2LFE5 7.16 6.57E-03
Slc27a2 SLC27A2 Very long-chain acyl-CoA synthetase H2LDK1 7.11 4.15E-02
Pkhd1l1l PDHD1L1 Fibrocystin-L H2LV15 7.03 1.38E-02
Adnp2 ADNP2 Activity-dependent neuroprotector homeobox protein 2 H2MASO 6.95 1.31E-02
Aldoc ALDOC Fructose-bisphosphate aldolase C H2LL29 6.95 1.04E-02
Myo7b MYO7B Unconventional myosin-VIIb H2MLA9 6.42 2.72E-02
Slc17a6b SLC17A6 Vesicular glutamate transporter 2.1 H2LNX0 6.31 3.49E-03
Camtal CAMTA1 Calmodulin-binding transcription activator 1 H2MFN5 6.26 1.74E-03
Prkdc PRKDC DNA-dependent protein kinase catalytic subunit H2LLF6 6.25 2.48E-02
Wwdr27 WDR27 WD repeat-containing protein 27 H2M4V3 5.89 2.42E-02
Kmt5b ASHI1L Histone-lysine N-methyltransferase KMT5B H2L4RO 5.87 6.47E-03
Tkta TDKT Transketolase H2LAX5 5.67 4.07E-02
Trim2 TRIM2 Tripartite motif-containing protein 2 H2LBD6 5.42 2.71E-02
Coll COL1A1 Collagen alpha-1(I) chain H2MRA6 4.4 2.33E-02
Tdrdl TDRD1 Tudor domain-containing protein 1 A9CPT4 3.47 3.31E-02
kinase 4 (Map4k4; LogoFC = -5.95; p = 4.16E-02). limiting steps for fatty acid and sterol synthesis (Bjorklund et al., 2010;
As previously mentioned, one of the accepted MOAs of metformin in Zagorska, 2010; Zhang et al., 1999). Hgs catalyzes the formation of
the treatment of type-2 diabetes is through AMPK, the upstream kinase HMG-CoA via the condensation of acetyl-CoA and acetoacetyl-CoA
for the critical metabolic enzymes ACC and HRG which compose the rate (Ordovas, 2009). HMG-CoA is then reduced to mevalonate via
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Fig. 1. Mean log»fold change (+ SE) in gene expression between guanylurea exposed and control larvae. An asterisk * denotes significantly altered gene expression
relative to controls (p < 0.05). 2 larvae were homogenized per treatment replicate (n = 3 for all groups).

HMG-CoA reductase, the rate limiting step in cholesterol synthesis, a
therapeutic pathway metformin takes in for improving the lipid profile
(Ordovas, 2009). The authors chose investigate the expression of hgs
because of its potential involvement in the therapeutic MOA of guany-
lurea’s parent compound, metformin, however no difference in hgs
expression was observed between treatment groups. Additionally, the
authors chose to investigate the expression of hcd and scd because of
their roles in in the MOA of metformin particularly in insulin sensitive
and fatty acid synthesis. Metformin’s MOA in the activation of AMPK
leading to a phosphorylation in TR4 and activation of scd which stim-
ulates lipogenesis and increases insulin sensitivity (Kim et al., 2011).
Additional research suggests an increase in the expression of hcd after
metformin treatment leading to an increase in fatty acid p-oxidation
(Suwa et al., 2006). Thus, we hypothesized a likely increase in scd and
hcd, which was not observed. A more targeted study design into this
pathway is required to fully understand the role of these enzymes in the
effects observed in larval medaka exposed to guanylurea.

Similar to AMPK, cAMP-dependent protein kinase catalytic subunit
(PRKX) has been shown to phosphorylate ACC in heart tissues (Dyck
et al., 1999). The abundance of Prkx was found to be significantly
increased (LogoFC = 7.16; p = 4.33E-02) in guanylurea exposed larvae.
These increased levels observed in Prkx abundance likely led to
increased phosphorylation of ac2 observed in exposed larvae, resulting
in its deactivation and reduced fatty acid biosynthesis.

4.2. Cardio-skeletal myopathies

The remainder of the altered molecular mechanisms observed here
do not necessarily follow the accepted MOA of gunaylurea’s parent
compound, metformin however, they are important to mention. We
observed a dysregulation in the abundance of a GTP-related protein,
guanylate cyclase soluble subunit alpha-1 (Gucylal; LogoFC = 7.86; p =
3.56E7%2), which is involved in purine metabolism potentially associ-
ated with heart dysfunction (Arnold et al., 1977). GUCY1Al catalyzes
the conversion of GTP to 3°,5’-cyclic CMP and pyrophosphate (Arnold
etal., 1977) and is a primary means of controlling blood flow and thus is
important in physiological functions such as smooth muscle relaxation,
platelet aggregation, and homeostasis (Isenberg et al., 2009; Rogers
et al., 2014). A possible explanation of the increase in abundance in
Gucylal in exposed larvae could be explained by the significantly
decreased abundance in striated muscle preferentially expressed protein

kinase b (SPEG), a novel cardiac myocyte with critical functions in
regulating excitation-contraction coupling (Quick et al., 2017; Spegb;
LogoFC = -11.63; p = 2.74E%%). Although little is known regarding the
mechanisms by which altered SPEG levels modulate cardiac function,
SPEG mutations have been implicated in centronuclear myophathy, a
genetic disease of skeletal and cardiac muscle (Agrawal et al., 2014),
thus the increase in the abundance of Gucylal could be associated with
the larvae attempting to better regulate blood flow through cardiac
muscles. Additionally, the abundance of myosin-binding protein C,
slow-type (Mybpc1l) was shown to be significantly increased in guany-
lurea exposed larvae when compared to controls (LogsFC = -11.63; p =
2.74E9%). MYBPC1 is a striated muscle protein that regulates contrac-
tion in skeletal muscles, and although few studies exist on MYBPCL it is
clear that mutations in this protein cause skeletal myopathies (Leei Lin
et al., 2018).

4.3. Glycolysis

Glucose is processed by oxidative catabolism in glycolysis and the
pentose phosphate pathway (PPP) in addition to oxidative phosphory-
lation via the tricarboxylic acid (TCA) cycle in mitochondria (Finelli
et al., 2019). Glucose metabolism is essential for proper cell function in
numerous pathways such as immune cell function and survival (Maclver
et al., 2008), energy homeostasis (Vogt and Bruning, 2013), and proper
brain function (Finelli et al., 2019). E3 ubiquitin-protein ligases
(HERC3) are shown to promote oxidative glucose metabolism by ubig-
uitylating and degrading the transcription factor Octl which insulates
critical target genes against inhibition by oxidative stress, dampens
reactive oxygen species (ROS), and promotes glycolytic metabolism
(Vazquez-Arreguin et al., 2018). We see a significant decrease in Herc3
abundance in guanylurea exposed larvae when compared to control,
possibly associated with the dysregulation in metabolites and proteins
related to glucose metabolism (Log,FC = -10.87; p = 8.92E %),

Further, fructose-bisphosphate aldolase C (ALDOC) is an important
enzyme in glycolysis converting fructose 1, 6-bisphosphate into glycer-
aldehyde 3-phosphate which is then converted into pentose phosphate
sugars to be used in the PPP by transketolase (TDKT), creating a link
between glycolysis and the PPP for the synthesis of energy and nucle-
otides (Berg et al., 2002). Here, the abundance of both Aldoc (Log2FC =
6.95; p = 1.04E~°2) and Tdkt (LogoFC = 5.67; p = 4.07E~%2) were found
to be increased in guanylurea exposed larvae when compared to control
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Table 3

List of biological processes associated with significantly down-regulated pep-
tides (p < 0.05) in GU exposed larval medaka when compared to control larvae.
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Table 4
List of biological processes associated with significantly up-regulated peptides (p
< 0.05) in guanylurea exposed larval medaka when compared to controls larvae.

Biological Process # of Associated peptides Biological Process # of Associated peptides
peptides peptides
Metabolic processes 7 Zinc finger protein 292 (transcription Metabolic process 7 Tripartite motif-containing protein 2,
factor), germinal-center associated calmodulin-binding transcription
nuclear protein, endoplasmic reticulum activator 1, protein Tobl, cAMP-
membrane sensor, ATP-dependent RNA dependent protein kinase catalytic
helicase, m7GpppX diphosphatase, subunit, DNA-dependent protein kinase
mitogen-activated protein kinase kinase catalytic subunit, guanylate cyclase
kinase kinase 4, mitochondrial glycine soluble subunit alpha-1, fructose-
dehydrogenase (decarboxylating) bisphosphate aldolase C
Biological adhesion 4 Protocadherin Fat 1, plexin-A3, Biological adhesion 1 Protocadherin 1
protocadherin beta-16, plakophilin-4 Biological regulation 7 Calmodulin-binding transcription
(intermediate binding protein) activator 1, protein Tobl, cCAMP-
Biological regulation 11 DmX-like protein 2, collagen alpha-6(IV) dependent protein kinase catalytic
chain (extracellular matrix structural subunit, DNA-dependent protein kinase
protein), plexin-A3, zinc finger protein catalytic subunit, guanylate cyclase
292 (transcription factor), serine/ soluble subunit alpha-1, ryanodine
threonine-protein kinase PAK 4, receptor la (skeletal), vesicular
endoplasmic reticulum membrane glutamate transporter 2.1
sensor, m7GpppX diphosphatase, Cellular component 2 Cytoplasmic dynein 2 heavy chain 1,
ryanodine receptor 1b (skeletal), organization or DNA-dependent protein kinase catalytic
mitogen-activated protein kinase kinase biogenesis subunit,
kinase kinase 4, solute carrier family 12 Cellular process 10 Tripartite motif-containing protein 2,
member 3, mitochondrial glycine cytoplasmic dynein 2 heavy chain 1,
dehydrogenase (decarboxylating) calmodulin-binding transcription
Cellular component 9 Plexin-A3, serine/threonine-protein activator 1, cAMP-dependent protein
organization or kinase PAK 4, protocadherin beta-16, kinase catalytic subunit, DNA-dependent
biogenesis ATP-dependent RNA helicase, protein kinase catalytic subunit,
intraflagellar transport protein 172 guanylate cyclase soluble subunit alpha-
homolog, mitogen-activated protein 1, fructose-bisphosphate aldolase C,
kinase kinase kinase kinase 4, ryanodine receptor la (skeletal), calcium
plakophilin-4 (intermediate filament channel voltage-dependent R type alpha
binding protein), nebulin, solute carrier 1E subunit a, vesicular glutamate
family 12 member 3 transporter 2
Cellular processes 18 DmX-like protein 2, collagen alpha-6(IV) Localization 5 Cytoplasmic dynein 2 heavy chain 1, ATP-
chain (extracellular matrix structural binding cassette sub-family C member 9,
protein), plexin-A3, zinc finger protein ryanodine receptor 1a (skeletal), calcium
292 (transcription factor), serine/ channel voltage-dependent R type alpha
threonine-protein kinase PAK 4, 1E subunit a, vesicular glutamate
protocadherin beta-16, endoplasmic transporter 2.1
reticulum membrane sensor, ATP- Response to stimulus 3 cAMP-dependent protein kinase catalytic
dependent RNA helicase, m7GpppX subunit, DNA-dependent protein kinase
diphosphatase, intraflagellar transport catalytic subunit, guanylate cyclase
protein 172 homolog, ryanodine receptor soluble subunit alpha-1
1b (skeletal), mitogen-activated protein Cellular signaling 4 cAMP-dependent protein kinase catalytic
kinase kinase kinase kinase 4, axonemal subunit, guanylate cyclase soluble
dynein heavy chain 11, nebulin, subunit alpha-1, calcium channel voltage-
plakophilin-4 (intermediate filament dependent R type alpha 1E subunit a,
binding protein), solute carrier family 12 vesicular glutamate transporter 2.1
member 3, Voltage-dependent P/Q-type
calcium channel subunit alpha-1A,
mitochondrial glycine dehydrogenase larvae. The gene, glucose-6-phosphate, found to be increased in gua-
o (decarboxylating) nylurea exposed larvae (RF = 1.4; p = 1.5E%%), is another intermediate
cvelopmental processes 4 Pl.exm'AB’ p.mtocadhem.l be.t 216, . of glycolysis and is used by the PPP for the production of NADPH, which
mitogen-activated protein kinase kinase
kinase kinase 4, nebulin can be consumed by antioxidant enzymes to reduce ROS induced dam-
Localization 7 Sorting nexin-17, plexin-A3, germinal- age (Stanton, 2012). Interestingly, no difference in the expression of gép
center associated nuclear protein, was observed in guanylurea exposed larvae when compared to controls.
intraflagellar transport protein 172 We chose to measure gép because of the significant increase in
homolog, ryanodine receptor 1b .
(skeletal), Voltage-dependent P/Q-type glucose-6-phosphate in larvae exposed to guanylurea when compared to
calcium channel subunit alpha-1A, solute controls as gbp is the enzyme in the first reaction of the pentose phos-
carrier family 12 member 3 phate pathway which catalyzes the oxidation of glucose-6-phosphate,
Cellular locomotion 1 Plexin-A3 producing NADPH required for fatty aid synthesis (Bhardwaj, 2013).
Multicellular organismal 4 Plexin-A3, protocadherin beta-16, . o s o g . .
processes mitogen-activated protein kinase Kinase From this study, however, it is unclear why a significant increase in
kinase Kinase 4, nebulin glucose-6-phosphate was observed, while no difference in gép expres-
Response to stimulus 3 collagen alpha-6(IV) chain (extracellular sion was observed in guanylurea exposed larvae. A more targeted study
matrix structural protein), Plexin-A3, design into this pathway is required_
Eg;f:i;;:ited protein kinase kinase Mitochondrial oxidative phosphorylation and generation of adeno-
Gellular signaling 4 collagen alpha-6(IV) chain (extracellular sine triphosphate (ATP) synthesis is coupled with respiration which

matrix structural protein), Plexin-A3,
mitogen-activated protein kinase kinase
kinase kinase 4,), Voltage-dependent P/
Q-type calcium channel subunit alpha-1A

produces ROS as by-products of normal cellular metabolism (Ziegler
et al., 2015). ROS induced damage was not investigated through this
work; however, this remains an area of interest for future studies.
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Additionally, it has been shown that high concentrations dysregulated
concentrations of glucose and fatty acids may increase the abundance of
dipeptidyl peptidase 4 (Dpp4; LogoFC = 10.20; p = 1.04E~°%), which
functions to degrade glucagon-like peptide 1 (GLP-1), which stimulates
insulin secretion from p-cells, while DPP4 inhibitors work to enhance
glucose-dependent insulin secretion by suppressing GLP-1 degradation
(Miyazaki et al., 2012). We observed a significant increased abundance
of Dpp4 in guanylurea exposed larvae, which could be explained by the
dysregulation in fatty acids and likely dysregulation in glucose meta-
bolism observed in guanylurea exposed larvae.

4.4. Glucose metabolism and cellular function

Glucose metabolism also provides the required energy for cellular
function and communication in the brain and participates in balancing
the levels of oxidative stress in neurons, with defects in glucose meta-
bolism associated with neurodegenerative diseases (Finelli et al., 2019).
Guanylurea exposed larvae showed a dysregulation of the skeletal
muscle ryanodine receptor 1b (Ryrl; LogoFC =10.20; p = 1.04E7%%) and
two important polyamines associated with central nervous system
health, putrescine (RF = 1.1; p = 3.1E-02) and o-phosphocolamine (RF
= 1.2; p = 4.3E-02). Mutations in skeletal muscle RYR1 has been
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associated with neuromuscular disorders such as Malignant Hyper-
thermia, Central Core Disease and Multiminicore Disease (Treves et al.,
2005). An early response to CNS injury is the induction of polyamine
(PA) metabolism, resulting in increased levels of putrescine (Adibhatla
et al., 2002; Muller et al., 2007), a precursor to higher level PA’s found
in all eukaryotes (Bridges et al., 2018). O-phosphocolamine is an etha-
nolamine derivative that is used to construct glycerophospholipid and
sphingomyelin (Toda et al., 2017), which play an important role in cell
signaling cascades mediating cellular apoptosis, proliferation, stress
response, necrosis, and cell differentiation (Bridges et al., 2018; Perry
and Hannun, 1998). Although this was not specifically investigated in
guanylurea exposed larvae, the potential dysregulation in the afore-
mentioned signaling cascades may lead to developmental defects,
autoimmune diseases, neurodegeneration, or cancer (Elmore, 2007),
however further investigation is necessary.

4.5. Neuronal communication

The abundance of proteins such as the glutamate receptor ionotropic,
delta-2 interacting protein (Grid2ip; Log,FC = 6.88; p = 2.84E2), the
vesicular glutamate transporter 2.1 (Slc17a6; LogoFC =-6.31; p = 3.49E"
03), and the calcium channel, voltage-dependent, R type, alpha 1E
subunit (Cacnale; LogoFC = 7.86; p = 9.57E%%) were all significantly
different in guanylurea exposed larvae when compared to control
larvae, and likely contribute to many of the biological processes asso-
ciated with neuronal communication altered exposed fish (Tables 3 and
4). GRID2IP, a protein functioning as an excitatory neurotransmitter
(Schmid et al., 2009), interacts with SLC17A6 which mediates the up-
take of glutamate into synaptic vesicles at presynaptic nerve terminals of
excitatory neural cells (Akazome et al., 2011; Pernice et al., 2019).
Further, CACNALE is involved in modulating neuronal firing patterns
(Neely and Hidalgo, 2014). Additionally, protocadherins are important
for the formation and function of neural circuits which includes dendrite
arborization, axon outgrowth and targeting, synaptogenesis, and syn-
apse elimination (Peek et al., 2017) We saw a significant decrease in the
abundance of protocadherin beta-16 in guanylurea exposed larvae
which could lead to dysregulations in neuronal formation and commu-
nication (Pcdhb16; LogoFC = -10.67; p = 6.51E ). Metformin is shown
to reduce neurological symptoms in some human patients and reduce
neurological disease phenotypes in animal and cell models, by balancing
survival and death signaling in cells through pathways that are
commonly associated with neurodegenerative diseases (Rotermund
et al., 2018). Unfortunately, no research has been done investigating the
neurological effects of guanylurea on organisms, further investigation is
required.

A few limitations lie within the present exploratory study. First,
whole organisms were used to in all three of the various ‘omic assess-
ments performed in this study, so we are unable to relate effects to
specific organs. Additionally, the study used Japanese medaka as the
research organism, which has not yet been fully annotated, particularly
in regard to proteins, thus human homologues were used. Future
research should consider analyzing ‘omic endpoints based on organ (i.e.
brain and liver) which would allow for deeper investigation into the
MOA of guanylurea on non-target organisms.

5. Conclusion

To our knowledge, the findings of the present study provide some of
the first evidence of molecular level developmental effects in ELS fish
exposed to environmentally relevant concentrations of guanylurea.
Moreover, these effects are observed at concentrations presently
measured in the environment. Collectively, findings of our prior related
studies (Ussery et al., 2018, 2019) and those reported herein provide
additional support for currently proposed MOA for metformin, which
demonstrate metformin’s conserved effects across taxa, and provide
evidence to suggest that guanylurea acts via a similar mechanism.

Aquatic Toxicology 232 (2021) 105761

Additionally, the proteomics and metabolomics data presented as part of
the present study provide insight to the key molecular initiating events
that may lead to higher level adverse effects on nontarget aquatic biota
(i.e., assist in development of adverse outcome pathways [AOPs]).
Finally, our findings suggest a need for field-based studies aimed at
elucidating the possible effects of both chronic metformin and guany-
lurea exposure on wild fish populations in receiving waters.
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