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The term physiology is essentially synonymous with
function

The science of physiology explains how organisms
work and how these workings are influenced by the
changing environments in which organisms live
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Adaptation

Acclimatization

the processes by which natural
selection adjusts the frequency of
genes that code for ftraits affecting
fitness

the process of tuning physiology of
organisms within their lifetime allowing
them to cope with varying
environments, and it is also referred o
as phenotypic plasticity




The simplest definition
molecular, cellular, tissue, orgnaims and even behavioral
component that indicates an alteration in physiology from

normal

Biomarker

a biomarker is a change in @

Why looking at the molecular responses?

They are the first mechanisms to
be activated in the biological
respose to enviornmental stimuli

They are the indication of animal-
environment intferaction

They may forecast changes at
higher bioclogcal levels
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Biomonitoring using the biomarker approach and
sentinel organisms
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Goldberg (1975) -

The Mussel

Watch

UNEP_MAP (1999)

Volume 6/Number 7/July 1975

The Mussel Watch—

A First Step in Global Marine Monitoring

The many proposed global marine monitoring
are ch rized by their vastness and com-
plexity which lead to thcir doom as fanuﬂu on paper.
Inputs from biologist physicists, geologists,
logists and engir have indicated a need for
measurements which would tax the facilities of the existing
world marine science community. While such documents
pass for review from one international organization to
another, the world ocean continues to receive man’s wastes
and there is no systematic attempt to measure the exposure
levels of already identified major pollutants in the various
parts of the ocean.

propose a world musse]l wat g My a
and similar species) in which sp from perhaps 100
coastal and open ocean sites would annually be analyzed
for their concentrations of halogenated hydrocarbons,

transuranics, heavy metals, and petroleum. Both indigenous
specimens and alien organisms, transferred to open ocean

of ten pollutants (PCBs, DDT residues, 33%Py,
239py + 240py, 241 Am_ gross petroleum hydrocarbons, Pb,
Hg, Cd, and °°Sr, for 100 samples per year, the annual
cost is in the order of $200,000. The collection and
preservation costs clearly will increase this amount some-
what, probably no more than double. It is most probabl
that the annual cost of such a programme would cost under
$500,000.

Such an activity would provide a continuing revelation
of how man’s activities are altering oceanic composition.
Our present conception is spotty — the northern

i is emphasized over the southern hemisphere,
the ooutal ocean over the open ocean, The mussel watch
would provide a method of assessing the health of the
ocean and a springboard for action where marine resource
loss appears imminent.

EDWARD D. GOLDBERG

“a

(&

UNITED NATIONS ENVIRONMENT PROGRAMME
MEDITERRANEAN ACTION PLAN

MANUAL ON THE BIOMARKERS
RECOMMENDED FOR THE MED POL
BIOMONITORING PROGRAMME

Pollutant bioaccumulation

Few biomarkers
considered, mainly related
to metal or oil spill

pollution

Today

O== ..|||I|““||‘|Im

1976 2022

About 100
papers/year

Broad spectrum of pollutant sources
considered (natural toxins, physical
stressors, emerging pollutants)

Mixed exposure scenarios

Incorporating -omic technolgies, whole
life-cycle analyses

Integrating biological and chemical
datasets = Weight Of Evidence

Addressing whole pathway
perturbations = Adverse Outcome
Pathways
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Sentinel organisms

Indicator or sentinel species are those species
that are sensitive to environmental

Acknowledged sentinel species ...

disturbance and develop measurable
biological responses that provide an early
warning that more severe water quality
conditions are likely to occur unless mitigation

MUSSELS

CLAMS

measures are taken.

Main features:

« Sensitive enough to develop sublethal
responses towards environmental stress

* Widespread in the study area and simple
to be sampled

* Fast and repeatable biological responses

+ Good knowledge about their physiology
and acclimatory features

Mytilus Chamelea Tapes
galloprovincialis gallina philippinarum
Water column sediment sediment
Good survival Low survival Good survival

High sensitivity

High sensitivity

Low sensitivity

Measurable Measurable Few measurable
responses responses responses
Good low low

reproducibility

reproducibility

reproducibility

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
CAMPUS DI RAVENNA



Marine mussels (Mytilus spp.) as model
organisms in environmental physiology

Sessile

Benthic filter-feeder

Lives in coastal marine environments

characterized by:

high daily/seasonal variability of
environmental variables (temperature,
salinity, pH ...)

continuous exposure to natural and

anthropogenic toxins

Effective mechanisms of protection and
adaptation are needed to cope with
environmental challenges

Planktonic

Free-swimming
larval stages

| Trochophore D-veliger Pediveliger

Benthic

@ Fortilised egg f

Fartilisation 1' \

Further Juvenile
mussels

metamorphosis

Growth and
resettioment
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Experimental setup

INTEGRATED SAMPLING SYSTEM

water + suspended sediment
buoy
251, —
container .| 25L.
corer
aluminium - —
water cage Mytilus gallop_rovmc;ahs
column l 4;; (90 organisms)
_ : =7 ,
" £ &Y mansasanzasg m
Chamelea galiina| HH = pump

(300 organisms)

suspended
sediment

sediment

battery

Caging experiments

about 30 days

Sampled tissues :
- Haemolimph
- digestive gland
mantle/gonads

GILLS

DIGESTIVE GLAND
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Which biomarkers?

(Viarengo et al., 2007 - 1° LIVELLO
Biochem. and Physiol.)

Screening

- LMS = valutazione dei livelli di stress

- Tassi di mortalita = identificazione dei siti con

elevati livelli di contaminazione )

NO effetti SI effetti

2° LIVELLO
BATTERIA DI BIOMARKERS

per la definizione del livello di
VULNERABILITA BIOLOGICA |

Il sito NON

presenta
criticita

=B ALMA MATER STUDIORUM
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Lysosomal membrane stability assay

early-warning parameter predicting effects at the
population level

Extracellular
Fluid
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Evaluating the c?
through sentine

vality of tfransitional environments
organisms and the biomarker approach

zootecnhica

acque di drenaggio da aree
a vocazione agricola e

Laguna costiera salmastra situata
a nord-est della citta di Ravenna
(Ttalia).

E' inclusa nella convenzione di
Ramsar tra le come zona umida di
interesse internazionale e nel
Parco del Delta del Po.

La circolazione delle acque dolci
e regolata artificialmente.

Gli scambi d'acqua col mare
avvengono grazie all'escursione di
marea.

Area

acque reflue depurate
dall'area industriale e
dalla cittd di Ravenna

| da centrali termoelettriche

portuale

acque di raffreddamento [ Sorgenti di inquinamento

Tipologia di contaminanti

riversati nella Pialassa Baiona:

Negli anni 50 - 70

- Mercurio
- IPA, PVC, PVA

Oggi
- Scarichi urbani

- Acque di scolo da zone agricole
- Scarichi industriali depurati

@ Industrial wastewaters

Power plan cooling waters

Agricolture
=49
“akliastewaters

nella Pialassa Baiona.
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through sentinel organisms and the biomarker approach

GRADIENTE NORD-SUD NELLA

Evaluating the Cfuqli’ry of fransitional environments
e
i CONTAMINAZIONE DA Hg E IPA

‘, O Hgr0. = 0.88 ng/g UJ ZPAH= 2700 ng/g Aumento rispetto al
T e valore indicato:
\" D | O O 100-200 %
{ Li B O 200- 400 %
KA B W >4000%
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Ocr = 133ug/g O cu=33ug/g O Zn = 93ug/g []Pb= 15ug/g
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From the end of the '50s to the '70s the lagoon has been
impacted by poorly treated industrial waste waters, produced Aumento rispetto al valore indicato:
mainly by chemical plants manufacturing synthetic polymers. © 800 100-200%

H . @ @ [0 M@ 200-400%
The lagoon is nowadays affected by a widespredd gmwmm 400-600%
contamination of the sediments by metals, and a north-south m m = = 600-800%
increasing gradient was observed for Hg and organic pollutants
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Evaluating the c||uqliiy of fransitional environments
through sentine

organisms and the biomarker approach

Available online at www.sciencedirect.com

“+.* ScienceDirect

ENVIRONMENT
INTERNATIONAL

www.elsevier.com/locate/envint

3},' |

ELSEVIER Environment Intemational 33 (2007) 919928

A biological and geochemical integrated approach to assess the
environmental quality of a coastal lagoon (Ravenna, Italy)

Filippo Donnini *, Enrico Dinelli *, Francesca Sangiorgi *°, Elena Fabbri **
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Evaluating the c?uali’ry of fransitional environments
e

through sentin

organisms and the biomarker approach

Sezioni di ghiandole digestive

o7 Available online at www.sciencedirect.com
A I : ENVIRONMENT
«” ScienceDirect INTERNATIONAL

3

ELSEVIER Environment Intemational 33 (2007) 919928

www.elsevier.com/locate/envint

A biological and geochemical integrated approach to assess the
environmental quality of a coastal lagoon (Ravenna, Italy)

Filippo Donnini ®, Enrico Dinelli *, Francesca Sangiorgi *°, Elena Fabbri **

Stabilita delle membrane lisosomiali

=35

non
stressati - 30

livello di stress

periodo di destabilizzazione (min)

40 ~

35 1

nessun mitilo sopravvissuto
nessun mitilo sopravvissuto

CtrlTO BACS5 BAC1 BAI2 MAG1 MA

siti di campionamento

@

5
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Evaluating the

vality of tfransitional environments

through sentinel organisms and the biomarker approach

i /

i £

Sk 3
"G
b3

ELSEVIER

Available online at www.sciencedirect.com
“+.” ScienceDirect

Environment Intemational 33 (2007) 919-928

ENVIRONMENT
INTERNATIONAL

www.elsevier.com/locate/envint

A biological and geochemical integrated approach to assess the
environmental quality of a coastal lagoon (Ravenna, Italy)

Filippo Donnini ®, Enrico Dinelli *, Francesca Sangiorgi *°, Elena Fabbri **

Attivita dell'enzima Acetilcolinesterasi

30 -
25 1
p £ <
5§ @ 8
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X
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Evaluating the
through sentin

c?uali’ry of transitional environments
el organisms and the biomarker approach

ELSEVIER

Available online at www.sciencedirect.com
“+.” ScienceDirect

Environment Intemational 33 (2007) 919-928

ENVIRONMENT
INTERNATIONAL

www.elsevier.com/locate/envint

A biological and geochemical integrated approach to assess the
environmental quality of a coastal lagoon (Ravenna, Italy)
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Evaluating the c?uali’ry of fransitional environments
through sentinel organisms and the biomarker approach

Combining the biomarker responses
~_____ The Expert Decision Support System

/ STABILITA'
METALLOTI MEDMEBL&AENE
ONEINE LISOSMIALT

>

ELEVATO LIVELLO
DI STRESS

INDICE DI STRESS

NO STRESS

19 ALMA MATER STUDIORUM
d UNIVERSITA DI BOLOGNA

AN S CAMPUS DI RAVENNA

> > ALMA MATER STUDIORUM
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Evaluating the
through sentin

el

vality of transitional environments
organisms and the biomarker approach

How to explain the high mortality at the MAG sites?

Chemical pollution + thermal pollution

16.7 -
16.1 -
16.6 -
16.9 -
17.3-
17.7 -
18.17-
185-
189 -
19.3-
19.7 -
20.1 -
205 -
20.9 -
21.3-
21.7 -
22.1-
225-
22,9 -
23.8-
23.7 -

(X X X XoRoNoRojeNoReeRoReX X N X N N X

L
’
<
a

Temperature (°C)

6.1
165
69
17.3
2.7
8.1
i85
189
19.3
19.7
20.1
205
209
213
21.7
221
228
229
233
237
24.1

24.1-245
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Evaluating the c?uali’ry of fransitional environments
through sentinel organisms and the biomarker approach

How to explain the high mortality at the MAG sites?

Autumn 2006
Molecular biomarkers to study the development of a stress syndrome
at the MAG sites

Comparative Biochemistry and Physiology, Part C 152 (2010) 24-33

Stabilita delle membrane

% 4 |isos°mia|i : ' Contents lists available at ScienceDirect

| o poom Comparative Biochemistry and Physiology, Part C

- N A~ LR

-§ 20 ) journal homepage: www.elsevier.com/locate/cbpc

8 v

P, ‘N

° - . .

¥ 0 - - - Exposure of mussels to a polluted environment: Insights into the stress
e 0o 2 4 7 14 30 syndrome development

expovure. perjad (days) Silvia Franzellitti, Sara Buratti, Filippo Donnini, Elena Fabbri *

Metallothionein protein content

8

*

. B Biomarkers indicate a physioloigical
200 - .

ol alteration from day 7

0 - — =, == =y
o 2 - 7 14 30
exposure period (days)

g tissue)
583

MT content {mg/k
S
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Evaluating the c?uall’ry of tfransitional environments

through sentin

How to explain the high mortality at the MAG sites?

Autumn 2006

organisms and the biomarker approach

Molecular biomarkers to study the development of a stress syndrome

HSP70 gene expression
B \gHSC70

* B \igHSP70

*
*
*

w
o

14

o

fold change
O NWAEBUNONOW
o ‘ *

x
°

osure period (days)

Biomarkers indicate @
physioloigical
alteration from day 7

fold change

12
10

=]

o N B O

at the MAG sites

mt gene expressmn

.i.nl.l

e per d(d YS)

B mti0
B mt20

fold change
O = N W B WV o0

MgPgp gene expression

e period (days)

Trasncripional profiles significantly

altered from day 2
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How temperature may affect cytoprotective responses in marine
ectoterms

9
X-OH
X 65-X /
! | &
D o ] ey g 8
Protein " N @ B
synthesis ' ﬁ‘ N N
HSP70

Intracellular Translocation
traffiking a

HSP70\ -
Folding @ ‘\ [. HAFTD "":\\ GSH: glutatione
HSP70 \@ Degradation gép-:xfl;oh‘::::i‘:nzfigniugaﬁ
70 kDa heat shock proteins MXR-related active transporters
(Hsc70, Hsp70) (Pgp, Mrp2)

» Both displaying cytoprotective functions
« Highly conserved across evolution
* May be co-regulated
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Scicnce of the Total Environment 720 (2020) 137733
Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv
HSP70 P-glycoprotein
'!‘ Evaluating bivalve cytoprotective responses and their regulatory "
% i pathways in a climate change scenario —
g g Silvia Franzellitti “**, Fiorella Prada <, Aldo Viarengo ¢, Elena Fabbri?
(L) o
~e
EITHER PROTEIN G G
ACTIVATION OR PROTEIN
INHIBITION ACTIVATION ATP

A » Both displaying cytoprotective

cAM ATP

() functions

X ) i ,@\C?\ PR A » Highly conserved across evolution
- * May be co-regulated

- ‘Y )

X000/ 00004/

VAR VA
_
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The bivalve neuroendocrine control

Neurohemal

Neuron
organ
Distant
target
Neurosecretory or cells
“neuroendocrine”

cell

N

Nei molluschi non €  possibile
identificare un vero e proprio sistema
endocrino.

Neurosecretory cells and ganglia that
release in the open circulatory system
molcecules acting as neuroendocrine
modulators

Androgenic Mediodorsal

effects body Cerebral
« ganglia
Ovarian -
stimulation
Pedal

Male/female ganglion

transition \

Laterodorsal
: body

Penis “*
differentiation -
Osmoregulation g Parietal
g Egg capsule \/ 5 ganglion
production  Egg laying || : Visceral
ganglion
Gonad
T | —— Neurohemal
eniacle organ adjacent
Sex to heart
reversal
Brain ganglia Nerves — Gut

The location of the main neurosecretory structures in a
gastropod mollusc, with the nervous ganglia enlarged
to show the main neurosecretory centers (green dots)
on the left, and the known neuroendocrine effects
elicited from different ganglia (green arrows).
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Serotonin (5-HT) is and high-tier physiolopgical controller in bivalves

HO

T Z

Cardiac
output

Shell
biogenesis

NeHellfelile]gNelale M | -

feeding
Reproduction Hl

-

Cilia beefing in
cells
Catch muscle

aill

Gametoge
spawning

nesis and

Metabolism

Larvae development

Mantle tissue physiology
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Is it possible to assess a regulatory pathway in a marine

invertebrate?

-Noradrenaline
-Serotonin
-Propranolol

In vitro experiments with Mytilus
galloprovincialis living
haemocytes exposed to:

pharmacological modulators

physiological agonists

OPEN @ ACCESS Freely available online @. PLOS | ONE

Cyclic-cAMP Mediated Regulation of ABCB mRNA
Expression in Mussel Haemocytes

Silvia Franzellitti'*, Elena Fabbri'?

V G-protein

Receptor

Forskolin

-dBcCAMP
-H89
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Is it possible to establish a regulatory pathway in a marine

invertebrate?

* CAMP cell content=>» ELISA assay
* PKA activity = spectrophotometric

assay

* Total RNA extraction
* cDNA preparation
* real-time PCR

Check haemocyte settlement
under microscope

cAMP-related
parameters

N

ABCB mRNA / n—

expression

]

Haemolymph recovery
(posterior blood sinus)

Haemolymph
pooling

!

s}

Incubate (16° C, 30 min) for
haemocyte settlement

§

l‘v_l -~ '\ ‘ - J 1 |: = |
-w-—‘{ — e -W-—‘)
» !.‘i g Ia’.i
Haemocyte treatment in ASW
containing the selected compounds
(16° ¢, different durations)
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Is PKA involved in the control of ABCB gene
transcription in mussels?

Putative binding sites for PKA-activated transcription factor within the
unstranslated 5’ regulatory regions of mussel ABCB genes

-174 -156 -123 -95 76 -70 35 -24
HSF-1 AP-1 NF-kB HSF-1 CRE-BP Sp1l Spl SRF
77 +1
M. galloprovincialis I:I
abcb1
SRF NF-kB AP-1 AP-2
-161 -85 -78 -39
-177 -132 112 98 -55 -32
Sp1 NF-kB  SRF AP-1 Sp1 SRF
M. californianus +1
abcb
CRE-BP HSF-1 CRE-BP

-170 -125 -96
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Is PKA involved in the control of ABCB gene
transcription in mussels?

G-protein

Adenylyl $
. ___;cyclase

|
\\.l —~ 3 45 -
O 4 -
Receptor g 2.5 - 5 3.5
-F) 3 3 -
o 2 o
° g. 2.5 -
N 15 () 2
> <
¢ dBcAMP -'E 1 E 1.5 +
WV H8 . S o5 4 g
9 © 5 0.5 -
: l _ a0 0
9
&
b@c

*p<0.05 vs CIR el
$p<o'o ] ALMA M/—\’]ER STUDIORUM
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ANFSK

Is PKA involved in the confrol of ABCB
gene transcription in mussels? N/

G-protein

Adenylyl
—___cyclase

. CAMP Forskolin

c 4 *

_8 Receptor

(o) -

2 3.0

o0

£ 2.0 A

o

s

T 1.0 A

°

£ 0.0 |
ctr FSK 20 uM

~ 3.0 7 307

v * ABCB

E’ 2.5 | Pka T 5 % ]

S 20 - I 3 2.0 -

2 ] & ic .

:..; 1.5 s 1.5

2 1.0 A % 1.0 1

é 0.5 - E o5 -

0.0 ' : 0.0 - _

ctr FSK 20 uM ctr FSK 20 uM
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A 5-HTI1 receptor is expressed in mussel

hemocytes

1-h exposure to 1 yM S5HT + 15
min pre-incubation with 100
UM PROP

5-HT1 Gi cAMP W
5-HT2 Gq IPAN & Ca** /N
5-HT4 Gs cAMP A\
5-HTS 27 ??
5-HT6 Gs cAMP A\
5-HT7 Gs cAMP A\

Uptaks mechanism

(olocked by SSRI)

mRNA expression

ctr SHT

AN SHT
X PROP

5HT+PROP

G-protein

Adenylyl
___cyclase

Receptor

% ]
p<0'05 Vs CTR ALMA MATER STUDIORUM

UNIVERSITA DI BOLOGNA
$|I)<0.01 CAMPUS DI RAVENNA



G-protein

Adenylyl
____cyclase

Effects of agonists NOR and 5-HT A SHT

3.0 - cAMP

1-h exposure to:

pmol cAMP/mg protein

* NOR 1 uM
*5-HT 1 uM
ctr NOR SHT

= 127

2 94 6

3 ;

5 0.8 - 95)-

£ 0.6 x

2 <

s 04 7 Z

S 02 - -

i :

o O -

ctr NOR SHT ctr NOR SHT

ALMA MATER STUDIORUM
* UNIVERSITA DI BOLOGNA
P<0.05 vs CTR CAMPUS DI RAVENNA



PROP blocks 5-HT effects

G-protein

$ '! Adenylyl
- = 1
c 2.5 A cAMP 7 A 5HT - ___;cyc_afe
.g X PROP R
o 2.0 \
=
o
o 1.5
£
o 1.0
=
T 05
©
g 0.0
. ctr SHT  SHT+PROP
2.0 5.0 - $
ABCB | |

-
U1

o
U1

pka activity (fold change)
o
mRNA expression

o
o

ctr SHT  5HT+PROP ctr 5HT  5HT+PROP
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Scicnce of the Total Environment 720 (2020) 137733
Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv
HSP70 P-glycoprotein
'!‘ Evaluating bivalve cytoprotective responses and their regulatory r")
% i pathways in a climate change scenario —
g g Silvia Franzellitti “**, Fiorella Prada <, Aldo Viarengo ¢, Elena Fabbri?
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Scicnce of the Total Environment 720 (2020) 137733

Contents lists available at ScienceDirect

Experimental setup

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Evaluating bivalve cytoprotective responses and their regulatory L“!?’
pathways in a climate change scenario —
Silvia Franzellitti “>*, Fiorella Prada "<, Aldo Viarengo ¢, Elena Fabbri®
£ St < o : Control Cu OTC
Acclimatization  Acclimatization to Cu/OTC Sampling
ta Ebopatiey] . Gk temparatines Selinares (0 pg/L CulOTC) (2.5,5, 10,20, 40 ug/L) (0.1, 1, 10, 100, 1000 ug/L)
conditions > '% b &
4 Bi i i i
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16°C
Day 6 Day I5 Day |9
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The threats of emerging pollutants

compounds diphenyl ethers

perfluorinated][ polybrominated ]

flame
retardants

ANIMALS

human
pharmaceuticals

water personal care
disinfection Emerging products ] _
byproducts pOHUta nts
MICRO-
UV-filters ] ORGANISMS
additives

manufactured veterinary
nanomaterials pharmaceuticals

HUMANS
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Mussels as microplastic bioccumulator

From Haemolymph..

3 um MPs (20X)

... lo other tissues/organs

3 um MPs (20X) 20
‘ < — 1 Digestive gland
| 2 == Gils
| > 15-
| 2
| S |
| 2
| o 10
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o
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20 » 5
£ c >
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Pharmaceuticals as enviornmental pollutants

EU recognizes
Brussels, 11.3.2019 phOrmOCGUhCOl ds dn

COM(2019) 128

environmental issue

EUROPEAN COMMISSION

COMMUNICATION FROM THE COMMISSION

European Union Strategic Approach to Pharmaceuticals in the Environment
Improve environmental monitoring
Y approaches by coupling analytical
COUNCIL AND THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE = (chemical)  and  complementary
European Union Strategic Approach to Pharmaceuticals in the Environment (biologicol in vivo in vifro and in silico
testing)  techniques, and to fill

knowledge gaps on ecotoxicity of
pharmaceuticals

https://eur-lex.europa.eu/legal-content/ EN/TXT/?2uri=CELEX:52019DC0128§
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https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52019DC0128

1. To assess whether a pharmaceutical at
concentrations found in coastal waters
induces consistent stress responses in
marine organisms

Community

responses l
Population
Mode of l/’ Individual

"w Cell

Stress / i‘ < Ecosystem
_d

BIOLOGICAL
RESPONSE

PHARMA as emerging biomarkers of stress
contaminants response

<«— Organelle

*Lysosomal membrame stability
*Activity of Antioxidant enzymes

Molecular

STRESS LEVEL - EXPOSURE TIME

2. To assess the MODE OF ACTION (MoA) Identification of highly active compounds among
Of d pharmaceutical in marine mussels in environmental pharmaceuticals (Christen et al., 2010

. oL ¢ -A . Toxicol.
relation with its molecular targets quat. Toxicol.)

vThe mode of action of the pharmaceutical;
PHARMA G.S [> Target specifc endpoints vThe degree of homology between the human drug
therapuetic target and the potential target in aquatic organisms;
agents vThe relevance of the affected pathways

ALMA MATER STUDIORUM
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o“ﬁmk

OH
v Highly prescribed OO

v" 10% excreted unchanged

v’ variably removed by treatment plants (60- 96%)
v’ fairly persistent, scarcely biodegraded

v’ bioaccumulative,

v’ rather water soluble,

v’ low tendency for adsorption to organic matter

v'very stable in the range of pH values typical of
seawater

PROPRANOLOL

A [-adrenergic receptor blocker
used in human therapy against
cardiovascular diseases

Water sol =100 g/L
Log Kow =0.78 at pH 7;3.5atpH 9

Suitable candidate as
emerging pollutant for
the aquatic environment
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Propranolol effects on aquatic organisms

Organism

Experimental conditions

Biological endpoints Reference

Invertebrates
Mpytilus edulis trossulus

Mytilus galloprovincialis

Daphnia magna

Hyalella azteca, Daphnia magna,
Daphnia lumholtzi, and
Ceriodaphnia dubia

Thamnocephalus platyurus

Vertebrates
Pimephales promelas

Oncorhynchus mykiss

Oncorhynchus mykiss
hepatocytes {in vitro
exposure)

Oryzias latipes

Oryzias latipes (larval stage)
Various

NOEC, no-observed effect concentration; LOEC, lowest observed effect concentration; LPO, lipid peroxidation levels; CbE, carboxylesterase activity; AChE, acetylcholinesterase
activity; GST, glutathione-S-transferase activity; LCs,, median lethal concentration; ECs,, median effective concentration; EROD, ethoxyresorufin-O-deethylase activity.

1-10,000 pg/L different periods of
exposure (7-21 days) depending on
the biological endpoint

11 and 147 pg/L 10-day exposure

Acute tests (48 h) and chronic tests (7,
14, or 27 days depending on the target
organism)

0.1-33 mg/L acute test (24 h)

0.001-10mg/L (1 exp} 0.001-1 mg/L (I
exp) 21-day exposure

0.0001-10 mg/L 40-days exposure

31.25-500 .M 24-h exposure

Acute tests {48 h) and chronic tests (7,
14, or 27 days depending on the target
organism)

4.4-22.2 mg/L acute test (96 h)
Various

« Decreased scope for growth;

e Norroacod ctranath and ahundancs af hucenie thraade:

. Effective  concentrations far
LC

.1 exceeds PROP levels measured in
.1 aquatic environments

. (.IJI CGLLIVILY ULLITAITU I WIELIUVL plaliu, Gl
increased in gills.

« LOEC for growth and fecundity of 0.44 and 12 mg/L,
respectively;

o [OFC of N NS5 mell far hinmarkerc far heart rara

.1 BUT pharmaceuticals are designed to
.. affect specific molecular targets, and to
_, be effectives at low concentrations

« Increased gonad somatic index;

« Decreased hatchability;

« Significant bioaccumulation of PROP in plasma.

« Altered growth-related parameters;

« Sionificant bioaccumulation of PROP in fish nlasma.

‘i Is PROP really not dangerous
Ny for marine wildlife?

.l

e Survival (LCsp=11.4 mg/L).

« EC<; for different endpoints and LCsy between 1 and
1000 mg/L.

Ericson et al. (2010)

Dorne et al. (2007)

Owen et al. (2009)

Kim et al. (2009)
Fent et al. (2006)
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5 concentrations of (DL)-propranolol
encompassing the environmental range

Concentration 0.3 ng/L

of exposure

Coastal waters
Estuary waters

Surface waters

Waste waters

Significant
physiological
effects in bivalves

Control group

(unexposed mussels)

3ng/L 30ng/L 300 ng/L

I
—
—

'd
! % * 3-days acclimatization

*7-days exposure

* 35-psu seawater

* Continuous aeration
Pharmaceutical- * Constant water temperature
exposed group (16° C)

Sampled tissues : -haemolimph

- digestive gland
- mantle/gonads
30000
ng/L
GILLS
| DIGESTIVE GLAND S J MANTLE/GONADS
I

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
CAMPUS DI RAVENNA



Stress responses induced by propranolol

The biomarker responses

Lysosomal membrane Antioxidant enzyme
stability activities
120 - 250 - .
100
z @
S 5 C
= 60 B S
24 = w
2 40 %
20
0

N
o
o
J
*
*
*
*

[propranolol]

GST activity
(% vs control)

Reduced
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eractio

=

n with its specific

— molecular targets
o ) e B X G-protein
7 A e Adenylyl
o o cyclase
. o /—\\
o ' — \‘x ’

PROP acts as an antagonist for 2 Receptor %
families of membrane receptors

Receptor control

B adrenergic
receptor
(B-ADR)

Serotonin receptor
(5HT1/2 rec)

on the cAMP
synthesis

Enanched cAMP
synthesis rate

Decreased cAMP
synthesis rate

Putative effect
following receptor
blockage by PROP

Decreased cAMP .
levels / \ Stress

Metabolism
response
Increased cCAMP

[EVals Reproduction Regulation of
(gametogenesis V/‘Catch” muscle
and spawning)

Gill

L] L]
functioning
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DIGESTIVE GLAND

Prevalent B-adrenergic
control

Gs-protein

Adenylyl

Receptor

MANTLE/GONADS

Prevalent serotoninergic
control

Gi-protein

Adenylyl

Receptor

pmol cAMP/g tissue w.w.
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The cAMP/PKA system
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Gender bias and seasonal patterns

Dealing with
propranolol effects on
mussel cell signaling

MANTLE/GONADS

Prevalent serotoninergic
control

Gi-protein

February-March October-November
(Pre-spawning) (gonad development
and gametogenesis)
LMS.‘ Il control LMS l’
400 GSI 1 PROP 300 ng/L GSI
control *
i = S 500 = PROP 30,000 ng/L
- 1 L-PROP 30,000 ng/L
: ][ E 400 - T
" I
> 200 - > 300 1
: 7 2
= * g 2004 - T
g_ 100 A 3 e
100
z 3
0 Z8 0- :

T T T T
digestive gland  gills  mantle/gonads Digestive gland  Gills Mantle/gonads

Aquatic Toxicology 101 (2011)299-308 . o °
Preliminary experimental
Contents lists available at ScienceDirect quatic t ° I
Aquatic Toxicology
journal homepage: www.elsevier.com/locate/aquatox

The B-blocker propranolol affects cAMP-dependent signaling and induces the
stress response in Mediterranean mussels, Mytilus galloprovincialis
Silvia Franzellitti#, Sara Buratti?, Paola Valbonesi?, Antonio Capuzzo®, Elena Fabbri?* ALMA MATER STUDIORUM

UNIVERSITA DI BOLOGNA
CAMPUS DI RAVENNA



Gender bias and seasonal patterns

1.0

condition factor

OO = N W b O D

N
(®)]
T

mRNA expression (fold change)
ing

o
T
neutral red retention time (min)

Transparency -
Temperature
Marine Pollution Bulletin 172 (2021) 112847
Contents lists available at ScienceDirect Surface oxygen
()
. - . -5
Marine Pollution Bulletin E: Salinity 4
& s
ELSEVIER journal homepage: www.elsevier.com/locate/marpolbul
pH 4
Variability of metabolic, protective, antioxidant, and lysosomal gene |G Goanad maturation 1
transcriptional profiles and microbiota composition of Mytilus
oty Ui . o s h I-a
galloprovincialis farmed in the North Adriatic Sea (Italy) Chiorophyll-a
Rajapaksha Haddokara Gedara Rasika Wathsala*, Margherita Musella **, Paola Valbonesi *, 0.0 01 0.2 03 04 05 00 01 02 03 0.4 0.5 ALMA MATER STUDIORUM
Marco Candela ™, Silvia Franzellitti Proportion of variance explained UNIVERSITA DI BOLOGNA
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Unexpected effects on embryo-larval development...

Mussels have complex life cycle with a plankionic
development up to the juvenile stage, when larvae

Eqg .
50pm

complete their metamorphosis, settle to the sea

bottom and grow up as a benthonic adult.

Early planktonic stages are considered the most

10 mm n Q
Young

Young Aduit
Veligers
Benthic
100 pm L sensitives to environmental stressors.

3
4
%
-
(TN
2
[

Sen”ng Stag
(2

Planktonic /
Straight-Hinged * Fast evolving adaptation

Umbonal
Forms
Forms

250 pm
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Embriotoxicity and morphological effects of
pharmacedvuticals

Natural spawning of sexually Sperm:oocyte mixing under check for fertilization success Larvae grown for 48 h in the presence of PHARMA
mature mussels ® controlled conditions (16°C) $ (> 85% fertilized eggs) $ TESTED CONCENTRATIONS

30 min pf 24 h pf
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% normal D-larvae

Embriotoxicity and morphological effects of
pharmacedvuticals

100 CBZ PROP
Carbamazepine | A C ‘B B =
80" CAT CAT
cs cs E—
60- o -
- - -
404 GST I GsT
GusBe Guse
20- HEX HEX
0 150 o . 1 =1
Propranolol | B D MeER1 MeR1
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i b wi ) B | T
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s 2 oo EEEO
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E 7
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Embriotoxicity and morphological effects of
pharmaceuticals

DICLOFENAC
Cl

NH

A & OControl @Trocophora mD-Veliger

Relative expression
N

FE S ALMA MATER STUDIORUM
B3 UNIVERSITA DI BOLOGNA
QNS CAMPUS DI RAVENNA
L1/ E S




Embriotoxicity and morphological effects of
pharmaceuticals

Estradiol

100 - a
90 -

L P<0.01
80 + I 1

70 -

60 A OC @Trocophora W D-Veliger
50 -
40 - 1.5 -

% Normal D-larvae

30 -
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10

Relative expression
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MeER1 MeER2 S5-HTR SOD CAT EP CA GST ABCB  HSP70 p53 mTor TLR-i

A ALMA MATER STUDIORUM
‘B UNIVERSITA DI BOLOGNA

gy CAMPUS DI RAVENNA

A E >




Not only pharmaceuticals ... plastic polymers and
additives

b 100 4 @Normal D-veliger T.
90 - OMalformed D-veliger
OTrocophorae/Early veliger

80 4
70 A
60 - l
50 - i

40 A

BISPHENOLS

% Embryos

30 A
20 -

10 -
0 A T T _‘er- 1
0 0 0,01 0,1 1 10 100 1000

TBBPA (ug/L)

SEM HV. 200 kv View Neld 149 pm |

SEM MAG: 193 kx Det: S€ « BSE 20 pm

o
1
1

Egg
© Trocophora - control
@ Trocophora - BPA 1 pg/L
® Trocophora - BPA 10 ug/L

dbRDA2 (4.7% of fitted, 4.7% of total variation)

0 O Veliger - control
° Veliger - BPA 1 ug/L
- @ Veliger - BPA 10 pg/L
=5 : i
5 10

SEM HV: 20.0 &V View fisla: 126 um [»_“ 11 ] SEM HV: 200V View field; 113pm | | | | | SEM MV 300 kv View fialg: 115 um L‘A“ 11
SEM MAG: 220 kx Det: SE + BSE 20 pm SEM MAG: 256 kx Det: SE « BSE 20 ym SEM MAG: 2 81 kx Dot SE « BSE 20 pm
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Not only pharmaceuticals ... plastic polymers and
additives

STYRENE
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Ontogeny of the serotoninergic neuromodulatory system in mussel embyos

trochophore

b Anti-5-HT
8-
—
[
o) 61
c
2
c 4
3
S 2
e
o 0
o
-2

4

late
trochophore

.9

right lateral view

5-HT1 mRNA
levels

early
veliger

(%

A
mid- late , 24
veliger veliger Podvaiges
48
B

Number of 5-HT-ir neurons

b

BPA1pg/ll  BPA 10 pg/L TBBPA 10 pg/L

Science of The Total

Environment «
Volume 793, 1 November 2021, 148596 g

N
=S

Tetrabromobisphenol A acts a
neurodevelopmental disruptor in early
larval stages of Mytilus galloprovincialis
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Pharmaceuticals as enviornmental pollutants: the recent mthodological
approach

The Adverse Outcome Pathway

// (AOP)

OECD Series on Adverse Oytcome Patways No. 4 an Adverse Outcome Pathway (AOP) describes a sequence of events
commencing with the initial inferaction of a stressor with a biomolecule
st within an organism that causes a perturbation in its biology, which can

progress through a series of intermediate key events up to and apical
adverse outcome relevant fo risk assessment or regulatory decision-

making

Molecular
Initiating Event

- Receptor/ligand
@) OECD interaction

« DNA binding

« Protein oxidation
\_ J

Adverse

Outcome

+ Disease
« Impaired development
« Impaired reproduction

- Altered tissue
development

- Altered tissue
function

- Gene activation

« Protein production
- Altered signaling
» Celi-cell interactions

~aza—
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