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Neurcactive Compounds in the Aquatic Environment: Biomarkers of
Effect and Their Integration into Adverse Outcome Pathways (AOPs)

5. Eaifarevic® I Filin, D. Tenji, T Tomic, I Teodorovic. Laberatory for Ecopkysiology and Ecotoxicology - LECOTOX, De-
pariment of Biology and Ecology, Facully of Sciences, University af Novi Sad, Tre Docitgia Obradovica 2, Novi Sad, Serbia;

sonja kaizarevicDdbe wns ac.r.

IMPLICATIONS
FOR ADVERSE
OUTCOME

INTEGRATION INTO
ANAILABLE AOPs

BUFMARKERS OF EFFECT
Fishimendal Human me<del
(L E TR T 2= o e

aedxe |
MELUROACTIVE COMPOLINDS
iry tha aguaticsmviranmant

Neurcactive compounds (NCs) represent a large
group of chemucals with the ability to affect the activaty
of the nervous system of target orgamsms via cifferent

maodes of action (MoA). They include nevroac-
ve pharmaceuticals, illicit dmgs, stimmulants and neuro-
active pesticides. The global use of NCs 15 increasing
worldwide which results in ther constant release m the
aquatic environment, makmg these compounds an
emergmg hazard with possible nsk to aquatic ecosys-
tems [1]. Lack of well charactenized and widely accept-
ed biomarkers of effect of NCs, clearly related to ad-
verse effects m the exposed orgamsms, represent a
challenge m the development of a biomarker-based
strategy for mpact assessment of NCs m the aquatic en-
vironment [2].

In our study, we are applying the holishic approach
n search for sensitive biomarkers of effect of NCs, infe-
grating three research avenues: (a) mechamstic in vifro
study on mman neurcblastoma cells treated with envi-
ronmentally relevant NCs with vanous pnmary MoA,
(&) in situ stady on fish caged at the pollufion hot spot in
Danube and (¢} mtegration of the responsive biomark-
ers in the adverse cutcome pathway (AOF) framework
database for predichon of adverse effects of NCs.

32

At the moment, our results point out the promising
candidates for sensiive biomarkers of effect of NCs:
synaptotagmn 10 (SYT10) - protemn mvelved m exocy-
tosis of newrotransmutters, myelm basic protem (MBP)

—responsible for m]rEIJJ:latlnn of axons and nevroprotec-
tion, as well as several elements of serotonin, dopanune
and GABA neurofransnmiter pathways. While SYT10
and MBP are still not mcluded as molecular targets in
the AOP frameworks, observed changes i the expres-
sion of elements nfﬂzfnmtrmmttﬁpaﬂm’a}rsmlght
mply to depms'smn, agitation and Eplli_‘p‘&'j? as possible
adverse outcomes 1n affected organisms.

Using the presented research approach, we will
contimue m contnbuting to the development of bio-
marker-response patterns for NCs. Also, we siress the
necessity of synchromsation of database on promising
and most responsive biomarkers with events described
mn the existing AOPs for successful establishment of
a strategy for mopact assessment of NCs. Moreover,
overall findmgs will contmbute to the knowledge on
neurotoxcity pattems which could be used i character-
15ation of environmental contaminants and mixtures of
compounds with unknown primary MoA.
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Why a study on

)

>

>

Intensive use worldwide

Constant release in the environment
through municipal wastewater
effluents or agricultural surface
runoff and leaching

Concentrations in effluents and
surface waters:

ng/L - pg/L

neuroactive compounds?
(pharmaceuticals, stimulants, illicit drugs, neuroactive pesticides)

> NOT INCLUDED into mandatory
official surface water and
WWTP effluent monitoring

programs

antigepressants
anxyolyucs

anticonvulisants
opicids

stimulants




Why a study on

neuroactive compounds?
(pharmaceuticals, stimulants, illicit drugs, neuroactive pesticides)

4

DPP-4 inhibiti
Endocrine Cel

wa“ !e):ggg\thesm

otencﬂﬁlg ym\esns inhibition
arcinogeni

Beta bbcker

~ATP inhibition

Antiinflammatory

len channel modulatlon
Iron chelator

Lipid metabolism

Antihistamine
\ Antibiotic

Angiotensin receptor/enzyme
Analgetic
= Adenosine receptor.

Viral enzyme inhibition
Synthetic auxin

54 (13%)

Neuroactive ’\

\

31(7%) * Respiration inhibition
Nucleic acid biosynthesis
Nucleic acid damage Protein biosynthesis inhibition

Photosynthesis inhibition

Busch et al. (2016) Environ Toxicol Chem 35(8):1887-1899

Analgesics and anti-
~inflammatories, 10.6%
Antidiabetic drugs, 1. l%| f (30
(3) i

Others, 12.7% (36)

Anaesthetics, 1.1% (3) _

Diuretics, 1.8% (5) _——

Hormmones, 4.6% (13) __

Stimulants, 4,.9% (14)

Antihypertensives, 6.7%
(19)

Antiviral drugs, 2.5% (7) __

Fungicides and
antibiotics, 25.7% (73)

Anxiolytics and B
anticonvulsants, 7.0% _J~
(20)

w___Beta blockers, 2.5% (7)

f T Antidepressants, 6. 7%
Antihistamines, 3.2% (9) (19)

Lipid-regulating drugs, J
2.8% (8)

Zhou et al. (2019) Environ Int 128:1-10

Neuroactive compounds (NCs) —an emerging hazard in the aquatic environment! A



Do NCs present an emerging risk
} to aquatic ecosystems?

Universal mechanism of synaptic

»  Highl | of luti d transmission in neurons in animal kingdom:
Igh level of evolutionary an each element as a potential target of NCs

functional conservation of molecular
targetS Of NCS Nerve impulse

> Experimentally-derived evidence on
unintended adverse effects in non- |
o Calcium ion \
target organisms channel y -, Presynaptic

terminal

HO wever... Synaptic

vesicle

iiynaptic
cleft

> Prospective risk assessment (RA) of Neurotransmitter

chemicals does not adequatly address Ty om0

the potential risk of NCs in aquatic w;tf?eiii'lé’f's;te/ .  Postsynapic
environment and does not provide ;?.

reliable data for impact assessment of N

https://www.0ist.jp/news-center/photos/diagram-synaptic-transmission d

NCs


https://www.oist.jp/news-center/photos/diagram-synaptic-transmission
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https://www.oist.jp/news-center/photos/diagram-synaptic-transmission
https://www.oist.jp/news-center/photos/diagram-synaptic-transmission
https://www.oist.jp/news-center/photos/diagram-synaptic-transmission
https://www.oist.jp/news-center/photos/diagram-synaptic-transmission
https://www.oist.jp/news-center/photos/diagram-synaptic-transmission

Can we assess, identify and confirm the
adverse effects and ecological impacts of
} NCs in the aguatic environment?

According to Backhaus et al. (2019) Environ Sci Eur 31:98: WoE approach based on four LoE to assess ecological impact of
overall chemical pressure and identify the drivers of mixture risks

CBM-COMPONENT-BASED

METHODS Battery of MoA-specific
Predicitive mixture risk bioanalytical tools
modelling

Caged or free-living animals;
battery of MoA-specific

biomarkers of effect Aquatic communities structure
measurable on various levels of and composition as an ultimate

biological organization measure of ecosystem integrity
INSITUTESTS AND ANALYSES BIOMONITORING DATA




Limitations and challenges to be addressed:
LoE 1:

chronic or subletal effect data

Exposure

not available to NCs
LoE 2 - LoE 3: _
Created in BioRender.com bio

identification of sensitive neurochemical biomarkers and establishment of
biomarker response patterns which could serve as indicators of adverse effects
of NCs at lower levels of biological organization

Kaisarevic et al. Environ SciEur — (2021)33:115 H i
https://dod.org/10.1186/512302-021-00557-0 9 EI"IVII’DI"II“I‘IE'I"I’Eal Sciences EIJTODE

Approaches, limitations and challenges

in development of biomarker-based strategy
for impact assessment of neuroactive
compounds in the aquatic environment

Sonja Kaisarevic" ®, Irina Vulin, Dina Tenji, Tanja Tomic and Ivana Teodorovic




Relevance of Adverse Outcome Pathway
} (AOP) framework in impact assessment of NCs

Adverse Outcome Pathway (AOP)

—— Key Events (KE) ———  Adverse Outcome (AO)

MIE
CHEMICAL Molecular
o~ (- - - - -

>

>

AOPs available in an open-source platform AOP-Wiki (http://aopwiki.org)

Matching events described within AOPs with responsive biomarkers observed
for NCs can contribute to the strengthening of the WoE for causal
relationships between chemical exposure and adverse health outcomes and
identification of novel biomarkers of effect of NCs.



http://aopwiki.org/
http://aopwiki.org/
http://aopwiki.org/
http://aopwiki.org/
http://aopwiki.org/

Scientific concept of the project PROMIS - BIANCO
} (Science Fund of the Republic of Serbia, Grant No. 6061817, 2020-2022)

» Transferring mechanistic data on
(neuro) toxic potency of NCs to their
specific biomarker response patterns

IMPLICATIONS
FOR ADVERSE

OUTCOME
INTEGRATION INTO » Integration into proposed AOP
AVAILABLE AOPs frameworks and definition of Key

Event Relationships (KERs) between
NCs and AO

> Implications to AO resulting from the
NC exposure

BIOMARKERS OF EFFECT

Fish model Human model
in situ studies in vitro studies

G K LXK

=
=. o]

NEUROACTIVE COMPOUNDS
inthe aquatic environment

y.



Biomarker
responses In
human in vitro
model




COMPOUNDS

v SERTRALINE

antidepressant

v CLOZAPINE
antypsychotic drug

v CAFFEINE

stimulant and pharmaceutical

v DIAZINON

organophosphate pesticide

v FIPRONIL

biocide

(tested concentration range:
10 ng/L—-10 mg/L)

BIOMARKERS

BIOMARKERS OF GENERAL TOXICITY

TOTAL PROTEIN LEVELS

DISTURBANCE OF MITOCHONDRIAL ACTIVITY

SRB assay

Activity of mitochondrial
dehydrogenase

Mitochondrialmembrane
potential

BIOMARKERS OF NEUROTOXICITY

KEY ELEMENTS OF NT PATHWAYS
(Ach, serotonin, dopamine, GABA)

DISTURBANCE OF EXOCYTOSIS

MYELINATION OF AXONS AND
NEUROPROTECTION

NEUROENDOCRINE REGULATION OF
REPRODUCTION

DISTURBANCE OF MEMBRANE RESTING
POTENTIAL

Receptors, NT catabolic
enzymes

Synaptotagmine 10

Myelin basic protein

Tachykinin 3

Na+/K+ ATPase

METHODS

SRB assay

MTT assay

TMRE assay

RO-PCR; enzyme activity assays
RO-PCR

RO-PCR

RO-PCR

RO-PCR




Biomarkers of neurotoxicity

} Acetylcholinesterase (AChE) enzyme activity

nmol/min/mg prot.

-
(L]
]

-
o
1

L]
1

SERTRALINE

0
Control 10ng/L 10 pg/lL 1 mgiL
Concentration

nmol/min/mg prot.

154

104

54

15+

104

DIAZINON

o
Control  10ng/lL 10 pg/L 10 mgiL

Concentration

15+

10

CLOZAPINE CAFFEINE

154

104

==
54

0
Control 10ng/L 10pg/ll 10 mg/L Control 10ng/L 10 pg/L 10 mgiL
Concentration Concentration

FIPRONIL

Nl

o
Control  10ng/L 10 pgilL 10 mg/L

Concentration

Inhibition of AChE activity —
the most well known and the
only commonly used
biomarker of effect for
neurotoxicity

Tendency of disturbance of
AChE activity

y.



Biomarkers of neurotOX|C|ty
(gene expression analyses — RQ-PCR)

I SERTRALINE CLOZAPINE CAFFEINE DIAZINON FIPRONIL

{10-2 10 103\ {10-2 10 104\ {10-2 10 104\ {10-2 10 104\ {10'2 10 10"\

CHRNAG |
ACH
. ] CHMRL = hway ~ HTR3A and SYTI0 distinguish
- . ACHE as the most sensitive
HTR3A ] parameters to tested NCs and
e | HTRIE | SEROTONIN promising candidates for
0% -I prp2 L and biomarkers of effect of NCs.
072 - DOPAMINE
a9 - - MAOA pathway
108 =
- | | MAOB _ >  DRD2A, MAOA, MAOB and
1% - | GABRE3 GABRB3 might be promising
GABA . ore
- GABBR1 ™ pathway candidates  for  sensitive
ABAT biomarker of effects specific

- - SYT10 Synaptotagmin 10 for the group of

.MBP Myelinbasic protein  organophosphate pesticides.
- ' TAC3 Tachykinin

ATP1A3 Na+/K+ ATPase

> Pharmaceuticals — inhibitory effect

> Organophosphate pesticide diazinon — stimulatory effect

> Differential effects of various groups of NCs, with possible relevance in development of A
biomarker-based strategy for NCs.
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Common carp (Cyprinus carpio) caged at the
pollution hot spot in Danube



EXPOSURE

Novi Sad

Hoeun Cap

CITY CENT D(
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- 23

1- site (up from the g 2 2'

19 2-GC (700 m from the Qg g =T
2 3- Subié (7 km from the 9 -

impartance in human distiecanomic value
feasible caging

Specles of choice: Cyprings carpio (L.}
=  wulnerable status in the Middle Danube
genetically well described

VRS

referent site, upstream discharge

v SD

700m downstream sewage discharge;
exposure to NCs

v SD+ID
7km downstream sewage discharge;
influence of industrial discharge, exposure also to
industrial compounds

BIOMARKERS

METHODS

BIOMARKERS OF NEUROTOXICITY IN FISH BRAIN TISSUE

KEY ELEMENTS OF NT PATHWAYS
(Ach, serotonin, dopamine, GABA)

DISTURBANCE OF EXOCYTOSIS

MYELINATION OF AXONS AND
NEUROPROTECTION

NEUROENDOCRINE REGULATION OF
REPRODUCTION

DISTURBANCE OF MEMBRANE RESTING
POTENTIAL

NERVE IMPULSE CONDUCTION

Receptors, NT
catabolic enzymes

Synaptotagmine 10

Myelin basic protein

Tachykinin 3

Na+/K+ ATPase

Voltage gated ion
channels

RO-PCR;
enzyme activity assays

RO-PCR

RO-PCR

RO-PCR

RO-PCR

RO-PCR




Biomarkers of neurotOX|C|ty In fish brain tissue
(gene expression analyses — RQ-PCR)

VCH PATHWAY
Nicotinic receptor 2b
T chrn2b

-
=]
a
=1

- 5] S @ ©

=] N -~ @ o

mm

RS sD SD+ID

Normalized gene expression (x10

SEROTONIN AND DOPAMINE PATHWAY

Serotonin receptor 1aa

Muscarinic receptor 3a
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SD+ID

Dopamine receptor d2

L' htr1aa
o
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=
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T
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10

(-] »N L -] -]

RS

sD

il
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Monoamine oxidase

RS

mao

sD

SD+D

>

AChE ENZYME ACTIVITY
150+
2
2 100
g
=
E
3 N
£
c
RS SD SD+ID

AChE: tendency of inhibition
of gene expression and
stimulation of enzyme
activity

htrlaa distinguishes as the
most sensitive parameter

and promising candidate for
biomarker of effect of NCSA



Biomarkers of neurotOX|C|ty in fish brain tissue
(gene expression analyses — RQ-PCR)

EXOCYTOSIS OF NT MYELINATION AND NEUROPROTECTION
Synaptsc;:;gomin 10 Myelin basic protein

£ 10 - mop > mbp strong inhibition at
n . T SD+ID site — possible
2 2 %- biomarker of effect for
g g ] industrial compounds?
E 0.2 f i i E 104 :::Rs
2 00 RS SD SD+ID 20 RS ) SD+ID

NEUROENDOCRINE REGULATION OF REPRODUCTION

Tachykinine 3a Tachykinine 3b
tac3a tac3b

10+

-
o
]

@
1
=]

» tac3a stimulation

Normalized gene expression ():10'2)

0-
RS SD SD+ID RS SD SD+ID




Biomarkers of neurotOX|C|ty in fish brain tissue
(gene expression analyses — RQ-PCR)

DISTURBANCE OF MEMBRANE RESTING POTENTIAL
Na‘/K* ATPase B

i atpibia
o

X 101

6

w 87

0

2 |

g &

o

2 4

Q

(=)]

g7

g o0

5 RS sD SD+ID
4

NERVE IMPULSE CONDUCTION

Na* channel, voltage gated, ca®* channel, voltage gated,
type VI, aa type P/Q, a1a

G scn8a cacnala
E ] » cacnala strong stimulation
% 8+ 8 . .
g | **vsRs — possible relation also to
e o effect on exocytosis of
g NTs?
g

- RS ) SD+ID RS ) SD+ID H



Integration of
the responsive

biomarkers into
AOP database




Linking responsive biomarkers with
}KES in AOPS and resu"ting AOS > HTR3A and htrlaa (serotonin

receptor) inhibition/inactivation

AOPs: ADVERSE . . . .
921,222, 224, 225 e OUTCOME (A0) results in depression and agitation
Inactivated

Depression; > GABRB3(GABA, receptor)

serotonin receptor agitation

stimulation/activation result in

NCs: sertraline, q q oN0nE .

clozapine, caffeine, SEROTONIN feedlng inhibition, mortallty'

fipronil RECEPTOR epilepsy

MUNICIPAL WW Inhibition of gene . ey ore . .

EFFLUENTS expression inhibition/reduced activation result
in epilepsy

AOPs: ADVERSE
160, 215 OUTCOME (AO) AOPs: ADVERSE

a Feeding inhibition; 231 OUTCOME (A0)
increased mortality; Reduced GABA, a

epilepsy receptor activation

activated

GABA receptor Epilepsy

GABA , RECEPTOR
NCs: diazinon a GABA , RECEPTOR
Stimulation of gene NCs: fipronil a

expression Inhibitiontion of
gene expression




DOPAMINE RECEPTOR;
NCs: diazinon CATABOLIC ENZYMES

Inhibitiontion of
gene expression

ADVERSE
OUTCOME (AO)

SYNAPTOTAGMINE NO AVAILABLE AOPs
10 —-EXOCYTOSIS
OF NTs

Inhibition of gene

expression

NCs: sertraline,

?2???
caffeine, fipronil

v

MYELIN BASIC

Other responsive and potentially relevant
PROTEIN

biomarkers — still no available AOPs with
Inhibition of gene

expression corresponding MIEs and/or KEs; the question of AO
remains open

INDUSTRIAL WW
EFFLUENTS

VOLTAGE-GATED

MUNICIPAL AND Ca2+ CHANNEL

INDUSTRIAL WW

EFFLUENTS Stimulation of gene
expression

A



Conclusions and further work

} v'Validation of suggested biomarkers
and further search for novel
biomarkers clearly related to adverse
effects in the exposed organisms

v’ Testing additional NCs with various
primary MoA (single and in mixture)

v

Ecological impact assessment

COMPLEX

ENVIRONMENTAL LoE1 LoE2
MIXTURE | ™| [ cgm EBM
CONTAINING NCs

Molecular Cellular level Organism

NCs |—™ ; : — — .
interactions response level response

g0y

MECHANISTIC LABORATORY STUDIES
Effects of NCs on
molecular / cellular /
biochemical / organism level
(in vitro and in vivo studies)

Synchronization & integration

LoE4
Field studies
(population &
community
structure)

Population

level response

Kaisarevic et al. (2021) Environ Sci Eur 33:115

A
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