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To Whom It May Concern,

The PhD thesis entitled “Toxicity caused by metals in teleost fish. Effects on cellular
viability, protection and immunity” is presented by Dr Patricia Morcillo Garcia and
focused on in vitro effects of metals such as cadmium (Cd), mercury (Hg), lead (Pb)
and arsenic (As) on fish cell lines or primary cell cultures derived from gilthead
seabream (Sparus aurata L.) or European sea bass (Dicentrarchus labrax L.).

Particularly in the first part of the thesis a detailed investigation was shown about a
characterization of a new European sea bass cell line (DLB-1) and the effects of
metals on DLB-1 and SAF-1 (commercial from gilthead seabream) cell lines. This is
the first study in which metal cytotoxicity has been evaluated in a fish brain cell line
and results seem to support that the new cell line DLB-1 and the commercial SAF-1
cell lines are suitable for toxicological studies.

The second part is dedicated to the study of the effects of metals on primary cultures
of seabream and sea bass erythrocytes, and head-kidney leucocytes (HKLs) and
blood leucocytes (PBLs) including the evaluation of viability and gene expression
alteration of oxidative stress, cell protection or cell death and immunotoxicity.

The Fish erythrocytes head-kidney and peripheral blood leucocytes incubated with
each one of the metals exhibited alteration in gene expression profile of mta, sod, cat,
prx1, gr, hsp70 y 90, bax and calpl indicating cellular protection, stress, oxidative
stress and apoptosis death. Interestingly, the expression of immune-related genes was
great altered by Hg, which included down-regulation of ighm and hepc, as well as the
up-regulation of illb mRNA levels. This study points to the benefits for evaluating
the toxicological mechanisms of marine pollution using fish leucocytes in vitro and
insight into the mechanisms at gene level and present substantial elements of
originality; in fact Dr. Morcillo has made a fundamental contribution in the field of
Fish immunology and biology.

Overall, the topic of the Dr. Morcillo PhD thesis is very appealing for its
involvement in the scenario of aquaculture and immunotoxicology and, for this
purpose, several advanced method and techniques belonging to immunology and
physiology field have been exploited to elucidate the behavior of fish cells.

The PhD thesis is distinguished for the ability to combine theoretical and
experimental analysis of the proposal phase and realization of the results achieved.

Notably, all the extensive research work performed during Dr Morcillo PhD thesis
allowed the publication of 6 article on peer reviewed journals that could be
considered an excellent performance for a PhD student.
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Therefore, | strongly support to be awarded the PhD with “European Mention”. | also

invited to go ahead in his career of motivated researcher at University or for a
competitive Company in this Field

Palermo May 25, 2016

Prof. Matteo Cammarata
Associate Professor in Zoology
President of Italian Association of
Developmental and

Comparative Immunobiology
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To Whom It May Concern,

PhD thesis: Toxicity caused by metals in teleost fish. Effects on cellular viability, protection

and immunity

This work investigates the cytotoxic effects of heavy metals including Cd, Hg, Pb and on
cells of gilthead seabream and European sea bass.” The thesis contains General Introduction,
5 data chapters and general discussion. In Chapter 1, a permanent cell line (DLB-1) derived
from brain was developed and characterised. The effects of different metals on the DLB-1
cells were comparatively studied. The results indicate that the DLB-1 cells are responsive to
exposure of metals. It has been concluded that the cell line is useful for toxicological research
in fish. In Chapter 2, similar approaches described in Chapter 1 were applied to evaluate the
toxicity, oxidative stress and apoptosis pathway in a seabream cell line SAF-1 following
treatment of heavy metals. It has been shown that exposure of SAF-1 cells to heavy metals
resulted in increased production of the ROS species and induction of cell apoptosis. This
observation was also supported by the data of the gene expression analyses. Chapter 3
investigates the effects of metals on fish erythrocytes isolated from gﬂthead seabream and
European sea bass. Viability of the erythrocytes was assessed after exposure to metals.
Expression of several key genes involved in cellular protection, stress and apoptosis were

analysed. Chapters 4-6 analysed the in vitro effects of metals on the primary leucocytes
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isolated from immune organs (head kidney and blood) for the gilthead seabream and
European sea bass. 1n both species, exposure to Cd, MeHg, Pb or As reduced the viability of
leucocytes in a dose dependent manner. Interestingly, head kidney leucocytes were shown to
be more sensitive to the metals than blood leucocytes. At the molecular level, genes such as
bel2 and casp3, known to be activated during apoptosis, were induced. Strikingly, genes

involved in immune responses such as il1b and ighm were suppressed.

Overall, the quality of the science is of high standard as exemplified by the number of papers
published. More importantly, a range of cellular and molecular assays have been developed
for evaluating the cytotoxicity of metals/metal pollutants in fish using the cell culture system.
These tools will be invaluable for future research to assess the impacts of the metal pollutants
on farmed fish and aquatic animals in general. In particular, the DLB-1 cell line will have

long term benefits for fish biologists.

In summary, the thesis is well structured and well written with clear aims and discussions.
The experiments are hypothesis-driven and logically designed. Data are adequately analysed
and interpretation of the results is scientifically sound. In no doubt, I strongly recommend the

thesis to be awarded a Degree of Doctor of Philosophy with International Mention.

Dr Jun Zou
Senior Research Fellow

Scottish Fish Immunology Research Centre

University of Aberdeen
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Esta Tesis Doctoral no solo representa el final de un duro y arduo trabajo de casi 4 afos,
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0 menos medida haya contribuido a su realizacion. De alguna forma, todos estais aqui.
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Summary

During the present Doctoral Thesis, we have studied the in vitro effects of metals such
as cadmium (Cd), mercury (Hg), lead (Pb) and arsenic (As) on fish cell lines or primary
cell cultures derived from gilthead seabream (Sparus aurata L.) or European sea bass
(Dicentrarchus labrax L.) specimens, which are two marine fish species of great
importance in aquaculture. Thus, the first part includes two chapters devoted to the
establishment and characterization of a new European sea bass cell line (DLB-1) and
the effects of metals on DLB-1 and SAF-1 (from gilthead seabream) cell lines. The
second part is divided in 4 chapters dedicated to the study of the effects of metals on
primary cultures of seabream and sea bass erythrocytes (chapter 3) and head-kidney
leucocytes (HKLs) and blood leucocytes (PBLs) (chapter 4). In all cases, parameters
such as viability and alteration in the gene expression profile related to oxidative stress,
cell protection or cell death have been evaluated. In addition, when leucocytes have
been used, immunotoxicity has also been evaluated in the chapters 5 and 6.

1. In the first chapter, we have established and characterized a new cell line derived

from the European sea bass brain, called DLB-1. Indeed, no commercial cell lines from
sea bass are available. Furthermore, its usefulness in toxicology studies has been tested.
DLB-1 cells showed a rapid cell division, glial origin and low rate of transfection.
When DLB-1 cells were exposed to different metals (As, Pb, MeHg or Cd) for 24 h the
cells resulted killed in a dose-dependent manner. Neutral red (NR) uptake was the most
sensitive colorimetric technique and Cd was the most toxic metal (EC5,=0.004 mM)
followed by MeHg, As and Pb. Moreover, Cd and Pb induced the greatest production of
ROS. Interestingly, cell cycle analysis of DLB-1 cells exposed to metals showed that
exposure to Cd, MeHg or Pb significantly increased the percentage of cells in interphase
GO/G1 cells whereas Pb and As increased the percentage of cells in S phase and almost
abrogated the G2/M phase. Moreover, all the metals induce apoptosis cell death as
indicated by sub-Go/G1 population in the cell cycle analysis and annexin binding.
Finally, exposure of DLB-1 cells to metals also produce significant alterations at gene
expression level that confirm the above results such as down-regulation of anti-

apoptotic (bcl2) and antioxidant system (sod and cat) gene transcription. This is the first
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study in which metal cytotoxicity has been evaluated in a fish brain cell line and results

seem to support that DLB-1 cells are suitable for toxicological studies.

2 « Similarly, in the second chapter, the cytotoxic effects of metals Cd, MeHg, Pb and

As after 24 h exposure on the commercial SAF-1 cell line derived from fins of gilthead
seabream were evaluated. NR, MTT-tetrazolio (MTT), crystal violet (CV) and lactate
dehydrogenase (LDH) viability tests showed that SAF-1 cells exposed to the above
metals produced a dose-dependent reduction in the number of viable cells. MeHg
showed the highest toxicity (ECs0=0.01 mM) followed by As, Cd and Pb. NR was the
most sensitive method followed by MTT, CV and LDH. SAF-1 cells incubated with
each one of the metals also exhibited an increase in the production of ROS and
apoptosis cell death. Moreover, the corresponding gene expression profiles pointed to
the induction of the metallothionein protective system, cellular and oxidative stress and
apoptosis after metal exposure for 24 h. This report describes and compares tools for

evaluating the potential effects of marine contamination using the SAF-1 cell line.

3 « The aim of the third chapter was to evaluate the cytotoxicity of metals Cd, Hg, Pb

and As on circulating erythrocytes from marine gilthead seabream and European sea
bass specimens. Exposure to metals produced a dose-dependent reduction in the
viability, and Hg showed the highest toxicity (ECs,=0.0024mM) followed by Cd, As
and Pb. Moreover, fish erythrocytes incubated with each one of the metals exhibited
alteration in gene expression profile of mta, sod, cat, prx1, gr, hsp70 y 90, bax and
calpl indicating cellular protection, stress, oxidative stress and apoptosis death. This
study points to the benefits for evaluating the toxicological mechanisms of marine

pollution using fish erythrocytes in vitro.
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4. In the fourth chapter, head-kidney and peripheral blood leucocytes (HKLs and

PBLs, respectively) from gilthead seabream and European sea bass specimens were
exposed for 24 h to Cd, MeHg, Pb or As being evaluated the resulting cytotoxicity.
Exposure to metals produced a dose-dependent reduction in the viability, and MeHg
showed the highest toxicity followed by Cd, As and Pb. Interestingly, leucocytes from
European sea bass are more resistant to metal exposure than those from gilthead
seabream. Similarly, HKLs are always more sensitive than those isolated from blood
from the same fish species. Thus, genes related to cellular protection (mta, hsp) and
oxidative stress (sod, cat, gr) were, in general, down-regulated in seabream HKLs but
up-regulated in seabream PBLs and sea bass HKLs and PBLs. In addition, this profile
lead to the increase of expression in genes related to apoptosis (bax, casp3). Finally,
transcription of genes involved in immunity (il1b, ighm) was down-regulated, mainly in
seabream leucocytes. This study points to the benefits for evaluating the toxicological
mechanisms of marine pollution using fish leucocytes in vitro and insight into the

mechanisms at gene level.

5. In the fifth chapter, the effects of metals (Cd, Hg, Pb or As) on viability, oxidative

stress and innate immune parameters of isolated HKLs from gilthead seabream were
studied. Cytotoxicity results indicated that short exposures (30 min or 2 h) to Hg
promoted both apoptosis and necrosis cell death of leucocytes whilst Cd, Pb and As did
only by apoptosis, in all cases in a concentration- and time-dependent manner. In
addition, production of ROS was induced by Cd, Hg and As metals. Cd failed to change
phagocytosis but Hg and As increased the percentage of phagocytic cells but decreased
the number of ingested particles per cell whilst Pb increased both phagocytic
parameters. On the other hand, respiratory burst activity was significantly reduced by
incubation with Cd, Hg and As but increased with Pb. Furthermore, the gene expression
profiles partly support the functional finding of this work. This study provides an in
vitro approach for elucidating the metals toxicity, and particularly the immunotoxicity,

in fish leucocytes.
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6 « In the sixth and last chapter of this Thesis, HKLs from European sea bass were

exposed to metals Cd, Hg, As and Pb for 30 min or 2 h. Production of ROS was induced
by Cd, Hg and As, mainly after 30 min of exposure. Cd and Hg promoted both
apoptosis and necrosis cell death while Pb and As did only by apoptosis, in all cases in a
concentration-dependent manner. Moreover, expression of genes related to oxidative
stress and apoptosis were significantly induced by Hg and Pb but down-regulated by
As. In addition, the expression of mta and hsp70 genes was up-regulated by Cd and Pb
exposure though this transcript and down-regulated by Hg. Cd, MeHg and As reduced
the phagocytic ability but Pb increased it. Interestingly, all the metals decreased the
phagocytic capacity. Leucocyte respiratory burst changed depending on the metal
exposure, usually in a time- and dose-manner. Interestingly, the expression of immune-
related genes was great altered by Hg, which included down-regulation of ighm and
hepc, as well as the up-regulation of il1lb mMRNA levels.
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Introduction

1. Overview

Toxicology is the scientific field which evaluate the adverse effects of chemicals and
the area of Ecotoxicology is devoted to study the effects of chemical pollutants on
ecosystems and their impact on the populations and communities. Contamination is one
of the major problems associated with the environmental sciences. Over the last decades
the levels of pollutants on the aquatic environment have increased as a result of mining,
forestry, waste disposal and fuel combustion. Pollutants, or ecotoxicants, could be
divided according to different criteria ( ). Thus, based on
the biological function; they can be classified as insecticides, herbicides, fungicides and
environmental estrogens. However, they are more known by its chemical structure and
are divided in polycyclic aromatic hydrocarbons (PAHS), dioxins and furans,
polychlorinated biphenyls (PCBs), phenols, organometallics and metals. In the present
Thesis, we will focus on the effects of metals on fish because they are persistent in the
environment and can be bioaccumulated and biomagnified along the food chain (

). In addition, they might be a

problem not only for fish living there but also for human consumption.

Numerous toxicological studies have gained increasing interest in order to understand
the impact of metals on aquatic communities, which are particularly vulnerable. Marine
invertebrates such as molluscs and crustaceans have been used to assess pollution
( ), but a more attractive group are fish, which represent the
most diverse group of vertebrates ( ) and have genetic
relatedness to the higher vertebrates including mammals. It is widely known that fish
are a great source of metals (Hg, Al, Se, Cd, Pb, As, Cu, Cr, Fe, Mn, Mb, Va and Zn) in
our food and their accumulation could represent a serious risk for human beings (

). Although fish have always been perceived as a healthy and
nutritive food ( ), a recent report of the Spanish Food Safety and
Nutrition Agency (AESAN) has raised public concern as it claimed that the levels of
some metals (mainly Hg and Cd) in certain fish species make them unsuitable or be
restricted for children and pregnant women consumption ( ). According to
the Environmental Protection Agency (EPA), the content of Hg in some fish species

such as Atlantic salmon (Salmo salar) or rainbow trout (Oncorhynchus mykiss) is less
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than 0.09 ppm (parts per million), in European sea bass (Dicentrarchus labrax) from 0.3
to 0.49 ppm and in tuna (several fish species belonging to the Thunnini tribe) or
swordfish (Xiphias gladius) more than 5 ppm. These data are worrying us if we consider
that the projections show an increase in the demand for seafood products to year 2,030.
In Europe, the average per capita consumption will increase from 22 kg/person/year in
1,998 to 24 kg/person/year in 2,030. The two additional kg per capita signifies that the
net supply will have to increase by 1.6 million tonnes (Mt) (respectively, 1.1 Mt for the
2 extra kilos per person and 550,000 tonnes due to the 22 million population growth
over the period).

In this regard, aquaculture will be one of the fields in the coming years that will increase
significantly, trying to compensate this negative balance for human consumption.
According to the FAO (Food and Agriculture Organization of the United Nations),
extractive fishing only covers 60% of the annual world fish production ( ), a
situation in which aquaculture is seen as the only way to satisfy the demand in the near
future. Concretely, Spain is the third member state of the European Union (EU) with a
high production of fish from aquaculture as well as in the production of gilthead
seabream (Sparus aurata) (16,795 tonnes in 2,013) and European sea bass (14,707
tonnes in 2,013) emerging as an area of economic activity of great strategic importance.
Furthermore, it is located in the 20th position in the world ranking of aquaculture
producers and 9th in the world ranking of fish exporters. Therefore, farmers have to
know and control the impact of the environmental contaminants in the species produced
for humans ( ). In this specific field, relevant fish species for
aquaculture are not commonly used as models in ecotoxicological studies and very few
have used marine cell lines or primary cell cultures to screen and evaluate toxicity in in
vitro conditions. The use of cell cultures in fish has been proposed as an alternative
method to animal experimentation. In fact, in vitro fish cell assays are able to generate
comparable results on relative potency ranking and effect of toxicants to the in vivo
acute lethality test ( ) and at the same time allow better mechanistic
characterization. Although some studies have evaluated certain aspects of gilthead

seabream and European sea bass biology after exposure to metals in vivo (

), very few studies have dealt with this aspect
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under in vitro conditions (

).

Therefore, knowledge of the toxicological effects of pollutants, and specially metals, on
fish and of the species of interest in aquaculture, in particular, has become one of the
primary objectives in research applied to aquaculture. Furthermore, the use of
alternative methods to animal testing has gained great interest in the field of toxicology.
In this context, the aim of this Thesis was to assess the cytotoxicity effects of four
metals (Cd, Hg, As and Pb) on cell lines and primary cell cultures from gilthead
seabream and European sea bass, the most important cultured fish species in the

Mediterranean area.

2. Toxicology by metals in fish

Toxicity in fish is the culmination of a series of events involving various physical,
chemical, and biological processes ( ). Pollutants are released to the
environment from different sources; enter aquatic systems by effluents, atmospheric
deposition, runoff, and groundwater; and become distributed throughout the water
column and underlying sediment. Aquatic organisms become contaminated via contact
with water or sediment and via their own food. Fish represents a group of vertebrates
ecologically and economically important which play a role in the food chain as
consumers (predators) and consumed (prey). Fish accumulate pollutants both by
ingestion of contaminated food and by contact of their surfaces (skin, gills and digestive
tract) with contaminated material ( ). Accumulated chemicals
are distributed throughout the fish, and some of these chemicals reach a site of action to
elicit toxic effects. Thus, the accumulation of toxics may have a negative impact not
only for fish but also for their consumers ( ). Therefore, fish
occupy a prominent position in the field of toxicology; they constitute a relevant group
of test organisms to evaluate the biological effects of toxic chemicals. Knowledge and
understanding how toxics can affect cultured fish as well as the levels they might
transfer to humans is important information for the aquaculture industry to develop

efficient restrain measures.
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2.1. Metal definition and classification

Nowadays, in toxicology, the term metal substitutes the previous designation of heavy
metals. Heavy metals were considered any toxic metal and this include some metals,
metalloids, transition metals, basic metals, lanthanides and actinides ( ).
Metals are defined as relatively dense chemical elements causing toxic effects and differ
from other toxic substances in that they are neither created nor destroyed by humans.
About 80 of the 105 elements in the periodic table are regarded as metals. Metalloids
occur along the diagonal line through the p block from boron (B) to astatine (At).
Elements in the upper right of this line display increasing non-metallic behaviour;
elements in the lower left display increasing metallic behaviour. Metals are elements
with an atomic weight greater than 20 and characterised by similar atomic electron
configuration in the outer orbitals and can be categorized as biologically essential and
nonessential ( ). Nonessential metals such as tin (Sn),
aluminium (Al), Cd, Hg, and Pb have no demonstrated biological function (also called
xenobiotics or foreign elements) and its toxicity rises with increasing concentrations in
a similar way to what happen with the metalloid As. Essential metals, for example
copper (Cu), zinc (Zn), cobalt (Co), nickel (Ni), selenium (Se) and iron (Fe) are those
with a biological function ( ) though they can be toxic at high or non-
biological concentrations.

Human activities such as mining, industry and sewage treatment discharges as well as
electronic wastes (computers, printers, photocopy machines, TV sets, mobile phones
and toys) and agriculture (agriculture fertilisers) are some examples of anthropogenic
sources contributing to the elevated levels of trace metals. Metal pollution can harm
aquatic organisms through lethal and sublethal effects and can reduce or eliminate
species from an ecosystem through increased susceptibility to fish disease, mortality
and decreased fecundity ( ). Indeed, fish can bioaccumulated metals to
several orders of magnitude (thousands to million times) above background levels in the

aquatic environment ( ).

Distribution of metals in water is determined by the physico-chemical properties of the
metal and it is influenced by complex and diverse environmental parameters including
hydrophobicity, pH, salinity, hardness (Ca** and Mg?* concentration) and interaction of
metals with biotic and abiotic ligands ( ). For example, the
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bioavailability (ability of a metal to bind or traverse/cross the cell membrane) of Cu
decrease with increasing hardness, with Ca** and or Mg* competing with metals for
surface binding sites on cell membranes ( ). Moreover, a
decrease in pH may increase the bioavailability of metals, resulting in metal desorption
from colloidal and particulate matter, and dissociate some inorganic and organic metal
complexes ( ). Soluble metals include simple dissolved metal
ions, metal ion complexes with organic ligands and with inorganic anions. For dissolved
metals, there is considerable evidence that the dissolved ionic form is the major
bioavailable form and correlates best with metal toxicity. Metals can also be found in
organic forms as bioavailable organometallic compounds such as MeHg ( ).
An important aspect of this chain of events is chemical accumulation and toxicity that
depend not only on total chemical concentration in the environment but also on how
readily the fish can absorb these different chemical species at the gill, across the skin,
and within the digestive tract and on how chemical speciation affects distribution

throughout the organism ( )
2.2. Toxicokinetics: absorption, distribution and excretion

The processes of absorption, distribution, biotransformation, and excretion also
determine the extent to which xenobiotics bioconcentrate and bioaccumulate in fish.
Bioconcentration refers to the uptake and accumulation of chemicals directly from
water. Bioaccumulation is a more inclusive term that describes chemical uptake and
accumulation from all sources: water, diet, and sediments. Bioconcentration and
bioaccumulation, particularly of persistent compounds, serve as indicators of past
exposure for the animal; as indicators of potential exposure for higher trophic levels,

including the human consumer; and as markers of potential toxicity.

In fish, metal absorption and distribution occurs as follows: first, metals cross the
epithelium; second, they incorporate into blood including binding to plasma proteins,
transport via the systemic circulation of freely dissolved and plasma-bound chemical to
various tissues; and finally, they are transported from blood into tissues. Gills, digestive
system, and, to a lesser extent, the skin, are the major sites of metal uptake in fish
( ). For crossing the cell membrane, there are three main processes
for metal uptake: passive diffusion, channel penetration and endocytosis (Figure I). If
the molecules are not charged they are able to pass directly through the cell membrane.
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Figure I. Cellular transport mechanisms for essential and nonessential metals. Transporters
whose primary functions are to transport metals are bolded, while those whose primary function
is not the transport of metals are italicized. Essential metals are represented in green and non-

essential metals in red (Ebany et al, 2012).

For instance, MeHg, due to its high lipophilicity, may diffuse directly across the
membrane (Boudou et al., 1991; Huang et al., 2012). However, most hydrophilic metals
with the correct size and configuration may pass through channels. Indeed, there is
strong evidence that Co?*, Zn** and Cd*" ions cross the gill by the same transporter as
Ca®* (Comhaire et al., 1994). On the other hand, endocytosis represents one of the basic
systems of nutrition in which the pollutants associated to food or sediments are
transported into the cytosol and therefore is more important in filter-feeding organisms.
The valence of metal ions (free metals) and their propensity to bind to organic material
limits their ability to traverse cell membranes without interacting with membrane
protein constituents. It should be remarked the fact that Fe, Cu, manganese (Mn) and Zn

are nutrients or essential metals and cells have mechanisms to acquire them from their
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extracellular environment. However, many of the transporters available for essential
metals transport can be hijacked by nonessential metals such as Cd, Pb or Hg since
there are no known transporters for nonessential metals ( ).

Following absorption, metals are distributed by the blood to different tissues. Five
primary factors control the distribution of xenobiotics from blood to peripheral tissues:
the physicochemical characteristics of the compound (e.g., pKa, lipid solubility and
molecular volume), the gradient between blood and tissues concentrations, the ratio of
blood flow to tissue mass, the relative affinity of the chemical for blood and tissue
constituents, and the activity of specific transport proteins ( ). To
better understand these processes some of the major proteins involved in cellular
uptake, retention and excretion are described below. The consequences of this net
balance are the bioaccumulation and magnification. Overall, most metals are not
expected to be biomagnified to any significant degree; however, lipophilic organic
metals that are not easily biodegraded (e.g., triphenyltin and organoselenium) do so
( ). For example, MeHg biomagnifies; it has high uptake and low
elimination rates and attains its highest concentration at the top of the aquatic food
chain in large predatory species such as the tuna, swordfish and sharks (

).
2.3. Biological effects and toxicodynamics

Metals are systemic toxicants and may be teratogenic, neurotoxic, cardiotoxic, and/or
nephrotoxic ( ). In addition, they disrupt metabolic processes by altering
a number of homeostatic processes including antioxidant balance, binding to free
sulfhydryl groups, and competing with cations for binding sites on enzymes, receptors
and transport proteins. In the present Thesis we focus on nonessential metals, specially,
Cd, Hg, Pb and As.

2.3.1. Cadmium

Cd is a nonessential metal causing great toxicity and represents the major aquatic
pollutant in many parts of the world ( ). Cd is increasingly used in various
industries such as the production of the nickel-Cd batteries and to a lesser extent in

pigments, coatings, stabilizers for plastics and non ferrous alloys, and photovoltaic
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devices ( ). Cd has been categorized as a group 1 carcinogen by the
International Agency for Research in Cancer (IARC) and as an eventual human
carcinogen (group B1) by the Environmental Protection Agency (EPA) (

). The acute toxicity of Cd is highest at neutral pH, with ECsx (effective
dose causing the 50% population death) values of 0.8-48 mg/L for freshwater fish.
Marine species appear to be more tolerant, likely due to the effects of higher pH and
other ions (e.g., Ca®*) on Cd bioavailability. For marine species, acute ECso values range

between 200 and 700 mg/L in water.

In teleost fish, there is strong evidence that at least Cd traverses the gill epithelium
through the chloride cells in the gills ( ) and
uses various routes of entry (Figure I). For example, divalent metal transport 1 (DMT1)
is likely to transport free Cd ( ) whilst Cd bound to proteins can be
taken up by endocytosis, especially in hepatocytes ( ). Furthermore,
Cd** is a Ca®" analogue and has the ability to impair calcium transport by competitive
binding and selective inhibition of Ca?*-ATPase transporters ( ). In
addition, zinc transporters (ZIP) have also been shown to transport Cd in mammalian
cells ( ). Cd has been shown to form sulphur-conjugates with thiols,
such as cysteine and glutathione (GSH), and these conjugates can act as molecular
homologues, which can be transported by the amino acid or organic cation/anion
transporters ( ). Following that, several molecules such as
plasmatic albumin ( ) or metallothioneins (MTs) bind Cd in the plasma and
Cd is gradually transferred into the erythrocytes, until the equilibrium is reached
between the erythrocyte pool and the plasma pool of Cd. Finally, when Cd is absorbed
by the body it is transported primarily to liver and kidney tissues, which remain for a

number of years, while a small portion is excreted in the urine and faeces.

The main toxic effects of Cd in fish occur in gills and kidney resulting in
osmoregulatory disturbances specifically hypocalcaemia ( ).
Furthermore, Cd is an endocrine modulator which produces reduced growth and effects
on reproduction ( ). Furthermore, Cd affects haematological parameters
resulting in anaemia, and produces histological alterations and skeletal deformities. Cd
is also immunomodulatory, inhibiting and stimulating different immune system

components ( ).
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2.3.2. Mercury

Hg is one of the most toxic metals. It combines with other elements (i.e. chlorine,
sulphur, or oxygen) to form white powders/crystals, known as inorganic Hg salts.
Elemental Hg also combines with carbon to form organic Hg and compounds. In the
environment, Hg is released from natural and anthropogenic sources (

). Inorganic Hg enters the air from mining ore deposits, burning coal and
waste, and from manufacturing plants. It enters the water or soil from natural deposits,
disposal of wastes, and the use of Hg-containing fungicides. Hg is maintained in the
upper sedimentary layers of sea and lake-beds and is methylated and thus transformed
to the highly toxic species MeHg by sulphate-reducing bacteria. Historical use of Hg
compounds includes fungicides, topical antiseptics, vaccine preservatives, disinfectants,
laxatives, diuretics, nasal sprays, dental amalgams, batteries, thermometers, skin-
lightening creams, cosmetics and other biomedical applications. Due to the information

on the toxic effects of Hg its use has been reduced ( ).

Regarding its bioaccumulation, concentrations of MeHg are magnified within the food
chain, reaching concentrations in fish 10,000- to 100,000-fold greater than in the
surrounding water ( ). The primary target tissues for Hg are
the central nervous system (CNS) ( ) and the kidney, triggering loss
of appetite, brain lesions, cataracts, abnormal motor coordination, and behavioural
changes, alterations that lead to the fish to have impaired growth, reproduction, and
development.

Hg uptake can be passive or energy-dependent, depending on the Hg species (

) (Figure I). Concretely, in plasma, MeHg binds reversibly to cysteine amino
acid and therefore to sulphur-containing molecules such as glutathione. The cysteine-
bound form is of particular interest because it is transported by a L-neutral amino acid
transporter system into the cells of sensitive tissues such as brain ( ).
In the gastrointestinal tract, ingested MeHg is efficiently absorbed and its distribution to
the blood is complete within approximately 30 h, and the blood level accounts for about
7% of the ingested dose. The brain is the primary target site for MeHg and
approximately 10% is retained in the brain with the remainder transported to the liver
and kidney where it is excreted through bile and urine. In rainbow trout, however, 90%
of whole-blood MeHg is bound to the beta-chain of hemoglobin in red blood cells
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( ). In addition, MeHg readily binds to MTs and
metalloproteins with cysteine residues displacing Zn** (

). The primary mechanism of MeHg as well as its specificity has yet to be
identified. MeHg-cysteine conjugates have shown increased cellular efflux, presumably

due to the generation and involvement of GSH.
2.3.3. Lead

Pb is a common contaminant in the natural environment that can enters the water
column through geologic weathering and volcanic action, or by various anthropogenic
practices including smelting, coal burning and use in gasoline, batteries and paint
( ). Contamination of water through anthropogenic practices is the primary

cause of Pb poisoning in fish ( ).

Pb uptake is modulated by dietary iron status, which alters expression of iron transport

proteins such as DMT1 ( ). Once in the bloodstream, Pb is taken up
by erythrocytes through anion exchange ( ) and Ca?* uptake channels
( ). Pb is actively exported from erythrocytes via Ca®*
ATPases ( ). In plasma, the majority of Pb associates with albumin or

sulfhydryl compounds such as cysteine, citrate, glutathione, and histidine (
) (Figure I). Following exposure, Pb is distributed in tissues, and within

weeks fish excrete nearly 99%.

Pb can be bioconcentrated from water, but it does not biomagnify and concentrations
tend to decrease with increasing trophic level. Pb causes cancer, adversely affects liver
and thyroid function, and decreases disease resistance ( ). Other effects
include muscular, spinal, and neurological degeneration ( ),
growth inhibition, reproductive problems, and hematologic effects such as disruption in
haemoglobin synthesis because Pb inhibits delta-aminolevulinic acid dehydratase

(ALAD), an enzyme critical for the incorporation of iron into heme in erythrocytes

( ).
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2.3.4. Arsenic

As, a toxic metalloid, occurs naturally in the environment and is found in soil, air and
water ( ). Organic forms occurring in the
environment are generally considered nontoxic, whereas inorganic forms (As** and
As™) are toxic ( ). As accumulation in the environment has
increased due to human activities such as fossil fuel combustion, metal smelting and
mining, semiconductor and glass industries (

). Furthermore, industrial sources of inorganic As compounds are

insecticides, weed killers, fungicides, antifouling paints and wood preservatives (

).

The route by which these metalloids enter the cell has been a subject of debate in the
literature. Initially, it was thought that metalloids enter the cell only by passive
diffusion; however, there is now a wealth of evidence indicating that special integral
membrane proteins facilitate the uptake/efflux of As into/from the cell (

). Indeed, uptake of As®* is mediated by the aquaglyceroporins (AQPS)
which are normally responsible for transporting small uncharged molecules such as
glycerol, urea and water ( ). In addition, glucose
transporters (GLUT1 and GLUT2), which are glucose permeases (transmembrane
proteins that facilitate the diffusion of a specific molecule in or out of the cell by passive
transport), play a role in the As transport ( ) (Figure
I). Furthermore, the ATP-binding cassette (ABC) transporters from the ABCB
(MDR1/Pgp) and ABCC (MRP1 and MRP2) subfamilies are the major pathways of
As** extrusion in mammalian cells (

) but no information are available in fish cells.

Environmental As primarily accumulates in retina, liver and kidney of exposed fish.
There are reports suggesting that As induces oxidative stress (

), liver inflammation ( ), hypertrophy, production
of stress proteins, apoptosis of fish hepatocytes ( ) and alterations of the

immune system ( ).
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2.4. Toxicological mechanisms of metals

2.4.1. Cellular protection and bioaccumulation

Most biochemical defenses respond to cellular injury by increasing levels of proteins
through self-regulating signal transduction mechanisms. In the case of metal toxicity the
importance of MTs, heat-shock proteins (HSPs) and ATP-binding cassette (ABC)
transporters are of great relevance in the binding, accumulation and excretion of metals

in the cells.

MTs are a family of ubiquitous low-molecular weight cytosolic proteins that contain
molecular-conserved cysteine residues with a high affinity for specific metals. These
unique proteins are involved in diverse intracellular functions (

), but their role in the detoxification of metals and in the maintaining of essential
metal ion homeostasis, which is due to their high affinity for these metals, is mostly
investigated ( ). MTs bind Zn, but with
excess Cu, Cd, Ag or Hg, Zn can be easily replaced by these metals (

). Indeed, they typically bind five to seven metal ions per
molecule. Two isoforms of MT, MT-1 and MT-2, are described in all vertebrates,
including fish ( ), which are present almost in all
types of soft tissues including the blood (

). MT synthesis varies with fish species, age and an analysed tissue (

). External factors, such as season, temperature, and diet, can also effect MT

induction ( ).

MTs are inducible by some metals, stress hormones, oxidants and inflammation. The
induction of MTs may not only increase the tolerance of fish to metals, but also
decrease metal excretion rates due to sequestration; ecologically, this may increase the
potential for bioconcentration within a fish and transfer through a trophic food chain
( ). MTs can also help to damaged cells to survive by inhibition of
apoptosis increasing the survival of the organism (

). Additionally, several studies support an antioxidant function for MTs,
including inducibility by hydrogen peroxide and the ability to scavenge ROS (

). The role of the MTs as antioxidant function will be discussed later.
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On the other hand, cellular stress proteins, originally known as heat shock/stress
proteins (HSPs), are key components in modulating stress responses (

). They are highly conserved molecular chaperones, ubiquitously
expressed, belonging to distinct multigenic families and, according to their molecular
size, have been classified into several major categories: e.g., HSP100, HSP90, HSP70,
HSP60, HSP40 and small HSPs. They exert several protective and homeostatic
functions within the cell, for example, in fish, like in mammals, the HSP90 and HSP70
have been related to cytoprotection, cell survival and immune response (

) exerting a protective role (

). Several studies in vivo and in vitro have reported the induction of HSPs after
a stress response in fish ( ). More specifically, they
play an important role in protein-protein interactions such as folding and assisting in the
establishment of proper protein conformation (shape) and prevention of unwanted
protein aggregation. By helping to stabilize partially unfolded proteins, HSPs aid in
transporting proteins across membranes within the cell ( ). Compelling
evidence suggests that HSP70 may be a useful bioindicator of general cellular stress
relating to proteolysis. Although the induced synthesis of the protein is transient, the
turnover is much less rapid and the proteins tend to accumulate upon continued cellular
stress ( ). In addition, the Kinetics of induction appear to be longer
following chemical-induced stress compared to heat-induced stress, and recovery is not
achieved until several days following exposure to metal, presumably due to the
accumulation of the metal into the cells ( ). Overall,
significant gaps remain in characterizing basal activities of fish HSPs, especially
regarding potential susceptibility, gender-related, and developmental differences. Thus,
it is suggested that these proteins are used in conjunction with other acute phase protein
markers (i.e., MT) and enzymatic systems to transform the chemicals into a more easily
excreted form (biotransformation enzymes) what is of critical importance in the

detoxification pathway.

Finally, transport proteins include multidrug resistance-associated proteins (MRPSs) and
P-glycoprotein (Pgp) ( ). Mrps and Pgp
belong to the highly conserved superfamily of ABC transporters, which have been
described for an increasing number of fish species, such as winter flounder

(Pseudopleuronectes americanus) ( ), Antarctic fish (Trematomus
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bernacchii) ( ) rainbow trout (Oncorhynchus mykiss) (
), zebrafish (Danio rerio) (
), mullet (Chelon labrosus) ( ), killifish (Fundulus
heteroclitus) ( ), Nile tilapia (Oreochromis niloticus) (
), channel catfish (Ictalurus punctatus) ( ) and European sea bass

( ). Both groups of transporters are plasma membrane-bound export
pumps out of the cell however; their amino acid sequence identity and substrate
specificity differs. Recent studies have described the regulation of these proteins after
metal exposure in fish ( ).
Another way of eliminating cellular metals is by biotransformation. This is a two-phase
process of enzymatic reactions that alter the chemistry of non-polar lipophilic chemicals
to polar-water soluble metabolites, leading to the detoxification and elimination of the
parent compound ( ). The organ most commonly involved in the
biotransformation of foreign compounds is the liver. Biotransformation reactions of
xenobiotic chemicals in fish such as PAHs, have been extensively reviewed by several
authors ( ), however, very few information
regarding biotransformation of metals is available. Few studies have demonstrated an
enhanced expression of ABC transporters after metal exposure in the kidney of Killifish
( ), kidney, liver and intestine of zebrafish (

) or after in vitro or in vivo Cd exposure in grass carp (

2.4.2. ROS and oxidative stress in fish

Pollutants such as metals, pesticides or petroleum are well-known inducers of oxidative
stress ( ), and assessment of oxidative damage
and antioxidant defences in fish can reflect metal contamination of the aquatic
environment ( ). Oxidative stress is an unavoidable aspect of aerobic
life. Life on earth has evolved leading to aerobic organisms that cannot survive without
the oxygen, since it is needed for their metabolic processes. However, when this oxygen
is activated becomes toxic to these organisms. The primary basis for the toxicity of
oxygen lies in its propensity to undergo electron transfers that yield ROS. Among them,
we can find singlet oxygen (O;), ozone (Os), superoxide anion radical (O,"”), hydrogen

peroxide (H,0,), hydroxyl radical (OH") and reactive nitrogen species (RNS) such as
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nitric oxide (NO-) or peroxynitrite (ONOQO") among others (

). Excess active forms of oxygen lead to the oxidative stress, which results from
the imbalance between the ROS production and the elimination by antioxidant defences
in living organisms ( ).

The two radical species (O, and OHe) are free radicals, which means that contains one
or more unpaired electrons. The existence of unpaired electrons tends to make free
radicals reactive (Figure 2). Superoxide radical O," is relatively weakly reactive, while
hydroxyl radical OHe is extremely reactive and is among the most potentially
deleterious compounds among ROS encountered in cells. Interestingly, O, is a free
radical; however H,O; is not a radical but is also an important ROS. It has the ability to

generate OH+ via Haber-Weiss reaction catalysed by ion (Figure 2).

; Superoxide Peroxide Oxene Oxide
Dioxygen radical ion ion ion ion
1 1H+ l oH’ oH" 1H+ lzw
'0, HO, H,0, H,0 OH" H,0
Singlet Perhydroxyl Hydrogen Water Hydroxyl Water
oxygen radical peroxide radical

Figure 2. Generation of different ROS by energy transfer or sequential univalent reduction of

ground state triplet oxygen ( )

2.4.2.1. Sources of ROS

The most important sources of ROS during normal cellular metabolism are the electron
transport chain of mitochondria, the endoplasmic reticulum and chloroplasts (only in
plants). Thereby, in animals, mitochondrial respiration is likely the most important
source of ROS. In this process, O, serve as the terminal electron acceptor in
mitochondrial electron transport, which drives the production of high-energy adenosine
triphosphate (ATP). The O, is reduced to H,O, this is a four-electron reductive process
that proceeds sequentially through the superoxide anion radical, hydrogen peroxide, and
the hydroxy! radical products. In this process, mitochondrial complex I and 111 (Figure 3)

constituents are often involved ( ).
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Endoplasmic reticulum is another important source of ROS production. Cytochrome
P450 (CYP450) plays a major role in the oxidative metabolism of endogenous
compounds and xenobiotics such as PAHs (Della-Torre et al., 2012b). This multi
enzymatic system catalyse oxidations by cleaving O, with one oxygen atom ultimately
added to the substrate and the other ultimately giving rise to H,O. In this process, two
electrons provided by nicotinamide adenine dinucleotide phosphate (NADPH)-P450
reductase or cytochrome b5 are sequentially added to drive catalysis. This cycle can be
uncoupled, resulting in the diversion of electrons to give rise to O," and H,0, (Goeptar
et al., 1995). However, to date, the effects of divalent metal ions on the activity of
CYP450 enzymes have not been well understood. Cd and Pb could inhibit the CYP450
induction by different mechanism (Kim et al., 2002; Zhang et al., 2015) but further

investigations are necessary to elucidate this.

Several oxidative enzymes can also generate ROS during catalysis, including 5-
lypoxigenase, xanthine oxidase, nitric oxide synthase, cyclooxygenase, other NADPH
dependent oxido-reductases, glycolate oxidases, D-amino oxidases, ureate oxidases,
fatty acid-CoA oxidases, L-a-hydroxyacid oxidases, or lysyl oxidase (Hanschmann et
al., 2013). Additionally, some molecules such as glyceraldehyde, reduced flavin
mononucleotide (FMNH;) or reduced flavin adenine dinucleotide (FADH,) can
produce ROS.
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Furthermore, some specific cells can also produce ROS. For example, owing to the
high oxygen and iron concentrations in the cytoplasm, erythrocytes can continuously
produce ROS as a result of hemoglobin oxidation to methemoglobin (

). In this process, oxygen will release as O,  and
concomitantly yield Fe (I11) in the heme group. Other specific cells producing ROS are
leucocytes. In the context of oxidative stress, ROS are cast as bad actors, but it is
important to note that ROS play positive roles as well. In the respiratory burst process,
in activated leucocytes (neutrophils and macrophages), the production of ROS is
employed in the phagocytic activity of these cells against bacteria ( ).
During this process, NADPH complexes present in cell membranes, mitochondria,
peroxisomes, and endoplasmic reticulum is oxidized to NADP* by NADPH oxidase
enzyme. Electrons from cytoplasmic NADPH are translocated across a redox chain to

reduce O; to superoxide anion O," inside the phagosome or extracellularly (Figure 4).
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The superoxide thus may subsequently be converted, spontaneously or enzymatically,
into a number of different ROS such as H,O,, OHe or O,. In addition, the enzyme
myeloperoxidase (MPO), which occurs in neutrophils but no in macrophages (

), in the presence of H,0O, catalyses the oxidation of chloride ion (CI") to

hypochlorous acid (HOCI), a potent bactericidal oxidant. Together, the ROS produced
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during the respiratory burst are potent microbicidal agents ( ). Moreover,
release of ROS by activated phagocytic cells can be stimulated after pollutant exposure
in fish ( ).

2.4.2.2. Antioxidant defences

To counteract the negative effects of ROS all aerobic organisms have evolved a diverse
array of mechanisms to minimize their impacts. These mechanisms include enzyme and
nonenzimatic systems that act to remove and minimize the toxic effects of ROS, whose
control depends tighltly on the levels of substrates and are necessary to maintain the
redox state of the organism.

Superoxide dismutase (SOD) was the first isolated enzyme able to scavenge ROS
( )- This enzyme becomes O, into H,O, (Figure 5) and
contain three distinct forms of SOD with different cellular location: copper/zinc SOD
(CuzZnSOD), mainly in the cytosol but minor presence in lysosomes and the nucleus;
mitochondrial manganese SOD (MnSOD); and extracellular SOD (ECSOD), which
appears to play a critical role in protecting NO- from O,". Numerous studies in fish
have demonstrated the presence of CuZnSOD or MnSOD including the flat head grey
mullet (Mugil cephalus) liver ( ), killifish ( ) or sea

bass ( ) among others.
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Catalase (CAT) is an oxidoreductase enzyme able to reduce the hydrogen peroxide to
water (Figure 5) ( ). It is found in the peroxisomes where prevents damage to
them and also hampers the movements of H,O, to other locations in the cell. The
presence of CAT in fish has been also widely documented (

).

Glutathione peroxidase (GPx) has a broader distribution within cells. The reactions
catalysed by GPx involve the reduction of a peroxide substrate to water (Figure 5),
coupled with the oxidation of reduced glutathione (GSH) to glutathione disulfide
(GSSG) by the glutathione transferase ( ). GSH can also directly
scavenge ROS, including Oz, OHe and ONOO™ (

), with the thiol (-SH) group provided by cysteine as the active moiety
that undergoes oxidation. Furthermore, glutathione reductase (GR) enzyme catalyses

the reduction of GSSG to GSH. In the case of GPX, it has been characterized in liver of

Japanese sea bass (Lateolabrax japonicas) ( ), gills, and posterior
kidney of channel catfish ( ) or gilthead seabream larvae
( ) among others.

Peroxiredoxins (PRXs or PRDXs), first described in yeast ( ), are a

family of antioxidant enzymes that protect cells from oxidative damage by reducing
H,O,, peroxynitrite, and lipid peroxidation, as well as by scavenging thiyl radicals
(Figure 5). After CAT, they are probably the most important hydrogen peroxide-

scavenging enzymes in cells. Depending on their structure they show differential

compartmentalization ( ). The presence of PRXs has been found in
rainbow trout ( ), bluefin tuna (Thunnus thynnus) (

), catfish ( ), gilthead seabream (

), European sea bass ( ) or Atlantic salmon ( ).

On the other hand, the hypothesis that MT functions as antioxidant against ROS and
RNS has received extensive experimental support from many in vitro studies (
). Studies using a cell-free system have
demonstrated the ability of MT as free radical scavengers (
). The cluster structure of Zn-MT provides a chemical basis by which
the cysteine ligand can induce oxido-reductive properties ( ). Under

physiological conditions, Zn bound to MT is released through oxidation of the thiolate
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cluster when the environment becomes oxidized. Formation of MT-disulphide would
be subjected to degradation; however, when the oxidized environment became reduced
(for example, an increase in the GSH/GSSG ratio), MT disulphide is reduced to MT-
thiol (Figure 5). This reduction route is greatly enhanced in the presence of Se while the
presence of Zn quickly reconstitutes MT. This process constitutes the MT redox cycle,

which plays a crucial role in the biological function of MT (

).

Furthermore, other important nonenzymatic antioxidants such as ascorbic acid (vitamin
C), tocopherols (vitamin E components) and carotenoids (vitamin A, or retinol,
precursors) have been less studied in relation to fish toxicology but likely they play an

important role (

2.4.2.3. Biomarkers of oxidative stress

When aquatic ecosystems are polluted, fish will be inevitably affected (

). In fish, the effects of pollutants can be assessed using
different biomarkers. These markers are defined as biological responses to the effects of
pollutants that can be used to identify the early signs of damage to organisms
( ). Biomarkers can be measured at the molecular, cellular, or
even organism level, and may be specific to certain pollutants (

). In the present Thesis, we have focused on cellular protection
and antioxidant gene expression changes as biomarkers of the oxidative stress. Indeed,
it is known that expression of many genes such as cellular proto-oncogenes, GR, heme
oxygenase, MnSOD and ECSOD, MTs or GPx among others are up or down-regulated
at the level of mRNA transcription under cellular oxidative stress (

). Specially, we have focused on the alterations at gene level of
MRNA encoding for proteins such as MTs, Hsps, SOD, CAT, GR or Prxs among others
after exposure to metal. We have chosen them because of the correlation they have with
levels of exposure to Cd, MeHg, Pb or As (

)-
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2.4.2.4. Deleterious cellular effects of ROS

One of the most common consequences of ROS overproduction is the peroxidation of
lipids and proteins. First, lipid peroxidation is perhaps the most studied consequence of
ROS imbalance ( ). Of particular interest are the
effects on polyunsaturated fatty acids (PUFAS) as part of the membrane phospholipids,
and therefore important in all the membranes including the cell and organelles such as
mitochondria, lysosomes and endoplasmic reticulum. Firstly, ROS combines with a
hydrogen atom from a lipid to make a fatty acid radical that rapidly react with O,
yielding a lipid peroxyl radical (ROO-), which can react with another PUFA, thereby
abstracting hydrogen, becoming lipid peroxide (LOOH), and generating another second
lipid radical. This second radical can also react with O, to yield ROO-, and this process
can be repeated many times, constituting a free-radical chain reaction termed
propagation of lipid peroxidation ( ). Consequences of
membrane lipid peroxidation include decreased membrane fluidity, increased
permeability resulting in inappropriate leakage of some molecules, and inhibition of
membrane-bound enzymes ( ). In a similar way, protein peroxidation
occurs and leads to enzyme inactivation, alteration of receptors and other proteins

involved in signal transduction, and perturbed ion homeostasis (

).

Additionally, ROS can interact with DNA and produce another form of DNA damage,
oxidative DNA damage. The consequences of oxidative DNA damage vary
considerably with the identity of the base oxidized, the base sequence surrounding the
modified base, and the efficiency of DNA repair systems available (

). Oxidative DNA damage can lead to mutations and cancer initiation

( ).

Finally, in the cases in which the oxidative stress situation, if the prooxidant-
antioxidant balance is in favour of the former, is maintained o exacerbated the cell

death occurs.
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2.4.3. Cell death: apoptosis and necrosis

Cell death constitutes one of the key events in biology. At least two modes of cell death

can be distinguished: apoptosis and necrosis (Kroemer et al., 1998).

Apoptosis is considered as an ongoing normal event in the control of cell populations.
Essentially, it occurs when cellular damage, including damage to genetic material, has
exceeded the capacity for repair (Rana, 2008). By contrast, necrosis is always the
outcome of severe and acute injury such as infection, toxins, or trauma which results in
the unregulated digestion of cell components (autolysis). Morphological differences

between apoptosis and necrosis cell death are shown in Figure 6.
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Figure 6. Morphological differences between apoptosis and necrosis cell death (Kumar et al.
2009).

Apoptosis also occurs as a defense mechanism such as in immune reactions or when
cells are damaged by disease or noxious agents (Norbury and Hickson, 2001).
Apoptosis is mainly mediated through one of two signalling cascades termed the
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intrinsic and the extrinsic pathway (Figure 7). During the extrinsic pathway, external
signals or ligands interact with tumor necrosis factor receptor (TNFR), Fas, death
receptors, and decoy-receptors at the plasmatic membranes leading to the recruitment of
Fas-associated death domain protein (FADD) and pro-caspase 8, followed by
dimerization and activation of caspase 8, which then directly cleaves and activates
executor caspases 3 and 7 (Elmore, 2007). Alternatively, the intrinsic pathway is
activated by stimuli such metals or ROS, that lead to outer mitochondrial membrane
permeabilization, the release of cytochrome C which binds to apoptotic activating
factor-1 (Apaf-1) and activates caspase 9 leading to the activation of caspase 3 (Lu et
al., 2013). In addition, mitochondrial membrane permeability is regulated through a
family of anti-apoptotic (Bcl-2, Bcl-xL, etc) and pro-apoptotic (Bad, Bax, Bak, Bid, etc)
proto-oncogenes (Borner, 2003). Once activated, Bax is inserted into the mitochondrial
membrane and increase membrane permeability, thereby promoting apoptosis (Tait and
Green, 2010). The anti-apoptotic protein Bcl-2 inhibits the ability of Bax to increase
membrane potential (Youle and Strasser, 2008). As such, the balance of these protein
regulators may determine cell fate.
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Figure 7. Diagram showing the intrinsic (left) and extrinsic (right) apoptotic pathways. Modified

from Goémez-Sintes et al., (2()[ I).
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Necrosis fails to display a stereotyped morphology (except for the early rupture of
plasma membranes) and has historically been regarded as an unregulated cell death that
Is induced by nonspecific and nonphysiological stress ( ). Necrosis
has been typified by ATP depletion and plasma membrane permeabilization (Figure 7)

( ).

Although apoptosis and necrosis are the most usual cell death mechanisms there are
others but we will focus only on those induced or related to metal toxicity. Hence, in
some instances, a less clearly defined mode of cell death was described involving both
apoptotic and necrotic features ( ).
Recently, a mode of programmed necrosis, termed necroptosis, has been identified, in
which cell death occurs with largely necrosis-like morphological alterations but
following apparently well-defined molecular signalling pathways that recruit
components of the extrinsic as well as intrinsic apoptotic cell death machinery
( ). A crucial component of
this pathway is the serine/threonine kinase receptor-interacting protein-1 (RIP-1), the
pharmacological inhibition of which by the small molecule inhibitor necrostatin-1 (Nec-
1) was in fact key to identifying necroptosis ( ). The
pharmacological or genetic inhibition of several key enzymes has been shown to deeply
affect the execution of programmed necrosis. These include receptor-interacting
serine/threonine-protein kinase 1 (RIP1), cyclophilin D, poly (ADP-ribose) polymerase
1 (PARP-1), and apoptosis-inducing factor (AIF). Furthermore, the Ca®* entry and the
ROS production trigger the PTPC (permeability transition pore complex) dependent

mitochondrial permeability transition and finally, necrosis programmed cell death

( ).

In addition, some studies have also suggested the term of eryptosis to describe the
suicidal death of erythrocytes ( ). The eryptosis is important to avoid the
hemolysis, as well as the inflammatory or immunological responses in erythrocytes
destruction. Eryptosis is triggered by several stressors such a metals (Hg, Pb, Cd, As)

( ), osmotic shock (
), energy depletion ( ) oxidative stress ( ) or
increase of temperature ( ). As noted above, metals can induce the

overproduction of ROS. During the oxidative stress, energy depletion impairs the
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replenishment of GSH and thus weakens the antioxidative defense of the erythrocytes
( ). Accordingly, energy depletion similarly activates the cation
channels and Ca’* entry into the cell. The increase of intracellular calcium provokes the
cell shrinkage, the phosphatidylserine exposure ( ) and the activation
of the calpain protein, a key indicator of eryptosis, which degrades cytoskeleton
proteins ( ) inducing the appearance of blebs, which are

characteristics of apoptosis process.
2.5. Metals and molecular mechanisms of toxicity

Fish exposure to metals can activate several processes that finally lead to the cell death
of the cells. Thus, the prospect of developing mechanism-based, noninvasive
biomarkers is one of the goals of toxicology. These markers may provide novel clues
regarding the pathophysiology of disease in fish and some potential value for ecological
risk assessment. For example, genotoxicity (chromosomal aberrations or micronuclei),
oxidative stress and some proteins involved in bioaccumulation or detoxification (MT in
the case of metals) are key biomarkers in this field. Unfortunately, few studies have
focused on the cell death biomarkers. In this Thesis, we focus on some of the most
important markers of apoptosis cell death (bax, bcl2, caspases) at RNA transcription to

better understand the toxicity mechanisms after metal exposure.
2.5.1. Cadmium

The potential role of ROS and free radicals has been highlighted as mediators for
apoptotic cell death, suggesting the involvement of oxidative stress in Cd-induced
apoptosis ( ). Cd enters the electron transport chain in
mitochondria, leading to accumulation of unstable semiubiquinones, which donate
electrons and create superoxide radicals ( ). Furthermore, Cd also
affects antioxidant enzymes, especially SOD and CAT activities (

). Reduced CAT activity following Cd exposure has been reported in the kidney of
European sea bass ( ), what is suggested to occurs by the direct
binding of Cd to CAT. Cd can also alter the GSH oxidation in fish (

) affecting to its turn-over. In addition, the synthesis of MTs following Cd

exposure has been described in vivo studies in greater amberjack (Seriola dumerili)

33



Introduction

brain ( ) or liver, gill and kidney of gilthead seabream (

) as well as in vitro studies ( ).

Regarding cell death, Cd also may directly lead to the dysfunction of the mitochondria,
release of cytochrome C ( ), activate caspase 3 ( ) and
inhibit the expression of bcl2 and p53 genes ( ). Studies in vivo or in
vitro in fish have revealed that Cd induce ROS and causes apoptosis in rainbow trout
hepatocytes ( ), zebrafish embryos (
),common carp (Cyprinus carpio) skin and blood (
), European sea bass blood leucocytes (
) or gilthead seabream leucocytes (

). However, some authors have demonstrated that depending on the cell type and
concentration, Cd it may induce cell death via apoptosis or necrosis. In some instances,
a less clearly defined mode of cell death was described involving both apoptotic and

necrotic features in fish cells (

).
2.5.2. Mercury

Several studies have shown an induction of ROS after Hg exposure in vivo (

) or in vitro ( ).
Indeed, Hg reacts with the thiol groups of GSH, which can induce GSH depletion and
oxidative stress ( ). Thus, some studies have found
alterations in the antioxidant system caused by Hg exposure including GR and GPx
activities in zebra seabream (Diplodus cervinus) ( ) or modifications
in SOD, CAT, GST, and GPx activities in trahira (Hoplias malabaricus) (

). Very recently, MeHg exposure increased the ROS levels and decreased the
antioxidant potential of gilthead seabream serum while increased the SOD, CAT and
GR activities in the liver ( ). In addition, significant alterations in
the expression of the antioxidant enzyme genes sod, cat, gst, gpx, and gr have been
observed in the freshwater fish Yamu (Brycon amazonicus) after Hg exposure leading
to oxidation of lipids and proteins ( ). MTs also play a protective
role in response to Hg exposure. The mMRNA expression of two mt genes was noted in

the liver of common carp from a mercury-contaminated river ( ).
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However, no significant correlations between total Hg content and MT levels were

described by in different fish tissues from Hg contaminated area.

Furthermore, in mammals, Hg acts as a genotoxin significantly altering the expression
of prx2 gene and enhancing the sensitivity of kidney cells to apoptosis (

). Hg induces apoptosis by inhibiting mitochondrial function (

) and releasing cytochrome C from the mitochondria to the cytosol (

). Moreover, p38 mitogen-activated protein kinase is activated by mercury
resulting in apoptosis ( ). However, Hg induced a mix of necrosis
and apoptosis cell death in murine macrophages ( ). Preliminary
histopathological data found tissue disorganization and necrotic catfish (Trichomycterus
brasiliensis) cells exposed to inorganic Hg ( ) and after
MeHg exposure in arctic charr (Salvelinus alpinus) ( ).
Unfortunately, studies on the mechanisms of Hg in fish cells have not been performed
even considering it is one of the most threatening metals for humans and fish are the

main source of Hg.
2.5.3. Lead

Pb can induce oxidative damage through direct effects on the cell membrane, by
interacting with haemoglobin, which increases the auto-oxidation of haemoglobin and

auto-oxidized ALAD, interactions with GR, or through the formation of complexes with

Se, which decreases GPx activity ( ). Pb can also induce the synthesis
of MTs in the toadfish (Halobatrachus didactylus) ( ) or in mud-
sucker (Prochilodus lineatus) liver ( ), although to a lesser degree

than some other metals. Pb can also elevate the SOD activity in the crucian carp

(Carassius carassius) ( ).

In Pb-induced apoptosis in mammals, mitochondria play a crucial role. Since Pb mimics
calcium, calcium overload may triggers apoptosis. Ca>* and Pb both depolarize rod cell
mitochondria resulting in the cytochrome C release, caspase activation and apoptosis
( ). In rat cerebral cortex, hippocampus and cerebellum, Pb-induced
apoptosis results in an increased Bax/Bcl-2 ratio ( ). However, there is

only limited evidence of direct genotoxic or DNA-damaging effects for Pb. Few studies
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have provened that Pb can induces DNA damage and necrotic cell death in fish (

).

2.5.4. Arsenic

There exists a general consensus that As causes oxidative stress. In this sense, GSH
plays a key role in the cell redox status induced by As because it is an electron donor in
the reduction of As™* to As®*. As cell metabolism generates ROS, although the
mechanisms are not clear. RNS are also involved in oxidative damage associated with
As ( ). Oxidative stress-induced
apoptosis was suggested by as a possible mechanism of As toxicity in
a zebrafish liver cell line (ZFL). In mouse embryonic fibroblasts, As stimulates release

of cytochrome C from isolated mitochondria via Bax/Bak-dependent release

( ). As exposure can leads to DNA strand breaks and DNA
oxidation ( ). Furthermore, the nuclear factor
NFkB is modulated in various cells exposed to As ( ). On the other

hand, studies carried out in the topminnow (Poeciliopsis lucida) liver cell line (PLHC-
1) have showed that As,O3 induces apoptosis and necrosis mediated cell death through

mitochondrial membrane potential damage ( ).

3. In vitro models in toxicology

Studies in goldfish (Carassius auratus) and minnows (Pimephales promelas) were the
first fish species used in aquatic toxicity tests to determine the effects of chemicals in
vivo ( ). However, it was not until after World War 11 that efforts
were directed towards standardizing techniques for fish acute toxicity tests (

) and established them as the workhorse for studying and monitoring the effects of
pollution ( ). Nowadays, in vivo fish studies are employed in
toxicology tests (acute, subchronic and chronic, depending on the time exposure) of
many pollutants such as PAHs, PCBs, DDTs and metals among others (

). In addition, fish are also used to assess

the ecological risk from these pollutants by measuring bioaccumulation (
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), genotoxicity ( ), cell death
( ); oxidative stress ( ) or detoxification (

) biomarkers as well as the interplay with environmental factors (e.g.,
changes in temperature, dissolved oxygen) ( ). Most used fish models in
toxicology include zebrafish, medaka (Oryzias latipes), rainbow trout, fathead minnow
and Atlantic killifish ( ).

Unfortunately, the number of animals used in research has increased with the evolution
of research and development in medical technology. Every year, millions of
experimental animals are used all over the world but the use of various alternatives to
animal testing have been proposed to overcome the drawbacks associated with animal
experiments and avoid the unethical procedures. A strategy of 3Rs, (reduction,
refinement and replacement) is being applied for laboratory use of animals (

). Some of the alternative methods include the use of computer models
(such as computer aided drug design (CADD), structure activity relationship (SARs) or
the development of cell and tissue cultures. Thus, we carried out in this Thesis the
toxicological studies using fish cell lines and primary cultures in vitro instead of living
fish.

3.1. Fish cell lines

Culture of established fish cells in vitro is relatively rapid, cost-effective, readily
reproducible, and can be easily adapted to automated high-throughput screening
technologies ( ). Unlike mammalian cell lines, fish cell lines
have a wider temperature range for incubation and lower metabolic rates and therefore
their maintenance and manipulation requires lower care and conditions (

). Currently, there are around 300 fish cell lines, and about half of them are
commercially available. Cell lines are derived from marine (i.e. SAF-1, SPH, GF-1,
CRF-1, etc.) or freshwater fish species (i.e. BF-2, WSF, GFM, and, more recently,
zebrafish-derived cell lines). Specially, great interest due to their use in aquaculture
settings have received fish cell lines derived from salmonid (i.e. RTG-2, CHSE-124) or
cyprinid (i.e. EPC, MG-3, RG-1) fish species ( ). Cell
lines are originated from different tissues (i.e. skin, gills, heart, liver, kidney, spleen,
swim, bladder, brain) and are usually described either as fibroblast- or epithelial-like,
based simply on cellular morphology. These cells are immortalized by different
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methods: spontaneous transformation ( ), the use of viral oncogenes
( ) or induction of the expression of telomerase reverse transcriptase
protein (TERT) ( ). Fish cell lines have been mainly used in areas
such as virology ( ) and toxicology and ecotoxicology (

) followed by their application to fish immunology ( ) or

biotechnology and aquaculture ( ) among others.

Due to the advantages of using cell lines, several cytotoxic studies have been performed
in response to a chemical exposure. The first use of fish cells in vitro to determine the
cytotoxicity of chemicals was by , who studied the toxic
action of zinc on the FHM cell line from the fathead minnow. Since then, a number of
in vitro cytotoxicity assays using fish cells have been developed. For example, exposure
to metals has been studied in fish cell lines such as barramundi (Lates calcarifer) BB,
fathead minnow EPC, rainbow trout RTG-2 or gilthead seabream SAF-1 (
); to PAHSs in barramundi BB, bluegill fry
(Lepomis macrochirus) BF-2 or rainbow trout RTgill-W1 cell lines (
); to pesticides in Japanese flounder (Paralichthys olivaceus)
FG-9307 or fathead minnow FHM cell lines ( )
among others. In vitro cytotoxicity assessments can be readily employed to examine
multiple parameters, including measurements of viability, morphology, metabolism, cell
attachment/detachment, cell membrane permeability, proliferation and growth Kkinetics
( ). For example, colorimetric neutral
red (NR), 3-(4,5-dimethylthizol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT),
propidium iodide (PI) uptake and lactate dehydrogenase (LDH) release or crystal violet
(CV) methods are some examples used to evaluate lysosomal damage, mitochondrial
impairment, membrane integrity and cell attachment/detachment, respectively. Other
tests based on the cell attachment or changes in the cytoskeleton of fish cells are less
frequent ( ). Apart from endpoint cytotoxicity
studies, other parameters evaluated in fish cell are the cell growth (

), the genotoxicity, including chromosome aberrations, DNA damage and
induction of micronuclei ( ) and
xenobiotic metabolism ( ). Thus, the use of multiple tests can
potentially reveal mechanisms behind cytotoxicity. Interestingly, many cytotoxicity
studies have positively related the in vitro and in vivo ECs, (effective concentration
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producing 50% cell death) values in fish exposed to different contaminants
demonstrating the goodness of the fish cell lines in this field (

). Thus, the
use of fish cell lines in the field of toxicology not only will help to extrapolate the
potential effects on fish biology but also dilucidate the mechanisms involved in the

toxicity.
3.2. Primary fish cell cultures

Primary cultures are initiated directly from the cells, tissues or organs of fish, therefore,
cultures of cells may represent a more appropriate and realistic models of tissues in vivo
( ). Cultures can be maintained as primary cell cultures from few days to
several months or even for few years. Unlike mammalian primary cell cultures, few
piscine primary cultures have been employed in aquatic toxicology. Furthermore, the
majority of the in vitro studies using primary cultures have been performed with
freshwater species, and only a few studies used primary cell cultures from marine
species. Despite of, some examples of marine primary cell cultures include the use of
hepatocytes ( ) and those
derived from blood, muscle, brain, skin or gills (

). Interestingly, freshly isolated leucocytes have been also used for
immunotoxicological studies due to the scarcity of fish immune-derived cell lines,
which will be discussed later. Another very promising primary cell culture is performed
with fish erythrocytes since they represent cells in contact with pollutants when they
enter the body and are dispersed through the body. Toxicological effects of many toxics
have been widely described in human erythrocytes (

), but less in fishes. Owing to their sensitivity to chemicals and
the fact that fish erythrocytes are nucleated ( ) possess
mitochondria ( ), exhibit good resistance in primary culture and are
easy to handle, fish blood cells constitute a very interesting cellular model for
toxicological studies in vitro. Additionally, experimental fish are not sacrificed which
turns them into a valuable alternative to fish bioassays and contributes to the three R’s.
In vivo toxicological studies in fish erythrocytes have reported the effects of various
chemicals in the morphology, hemolysis, nuclear deformation, amitosis (

) and genotoxic damage (
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). However, fewer studies have evaluated the
toxicological role of metals on fish erythrocytes in vitro, which could provide basic

information on the nature of the tested agents and/or the cellular response.

4. Immunotoxicology

The increased knowledge of fish immunology and the potential effects that pollutants
may exert in their immune response have developed the specific field of toxicology
called immunotoxicology ( ). Most immunological research
involving fish species has been concerned with either their phylogenetic or economic
importance; thus, such groups as agnathans, elasmobranchs, and chondrosteans have
been studied in attempts to elucidate the evolution of the vertebrate immune system.
Also, species such as salmonids, carp, catfish, seabream and sea bass have received
interest mainly due to their use in aquaculture industries and human consume. Though
fish immunotoxicology is a relatively new field of study, is rapidly expanding as more

and more techniques and reagents become available for use also in teleost species

( )
4.1. Fish immunology

The immune system is composed of cells and molecules that are responsible for the
immune reaction against foreign agents, including microorganisms (viruses, bacteria,
fungi, protozoa and multicellular parasites) and macromolecules (proteins and
polysaccharides). In general, the immune system of fish is very similar to higher
vertebrates, but has some important differences. In all vertebrates, including fish, the
immune response may be of two types: innate (also known as natural or nonspecific)
and adaptive (also called acquired or specific), whereas invertebrates possess only
innate immune response ( ). The fish constitute the first group of
vertebrates displaying cellular and humoral responses that have the characteristics of
specificity and memory ( ). Regarding to the innate immune response,
this includes physical barriers (epithelium and mucous membranes), cellular effectors
(phagocytic cells and nonspecific cytotoxic cells) and humoral factors (complement and

other acute-phase proteins), acting as first line of defense against infection until the
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specific response is activated, whilst the adaptive response has cellular (lymphocytes)
and humoral (secreted antibodies) components which appears exclusively in vertebrates
(Figure 8) (Tort et al., 2003). Both responses are greatly interconnected and involve a

wide variety of innate and adaptive components.
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Figure 8. Fish immune system organization and representative humoral and cellular immune

responses used in immunotoxicological studies (Cuesta et al., 2011).

The organs of the immune system of fish are also essentially similar to those of
mammals, comprising primary (where lymphocyte maturation occurs) and secondary
organs (where, mainly, mature lymphocytes come in contact with antigens) (Alberts et
al., 2002). The kidney, a primary organ, is the main hematopoietic organ, which is
structured in three parts: the anterior or cephalic (head-kidney, HK), with lymphoid and
hematopoietic function; posterior or caudal, with renal function; and the intermediate,
which shares both functions. The second most important primary organ is the thymus,
which appears near the gills and is mainly composed of T lymphocytes, being

considered as the main source of mature T lymphocytes. Moreover, the spleen is the
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main secondary organ of teleost fish. It shows few lymphocytes that greatly increase
after antigen administration, finding both T and B lymphocytes ( ).
An important component of the lymphoid tissue is associated with mucus, forming the
MALT (mucosa-associated lymphoid tissue) that is dispersed in the skin, gut and gill

( ).

The humoral immunity is played by proteins and glycoproteins with defence functions
which are found in serum, mucus and eggs ( ). Among the humoral
factors of the innate immune system the most important is the complement system that
consists of a complex cascade of enzymatic glycoproteins, which acts signaling the
presence of potential pathogens and contributing to their degradation through
chemotaxis and opsonization. The complement system is well developed in fish and
includes classical, alternative and lectin pathways. Other important humoral factors are
Iytic enzymes or lysins including hydrolases, such as lysozyme and chitinase, cathepsin
and bacteriolytic enzymes ( ), lectins, agglutinin, pentraxins,
acute-phase proteins (C-reactive and serum amyloid P protein), transferrin,
antiproteases or ceruloplasmin. It is important to mention the presence of many
antimicrobial peptides (AMPs), which are low-molecular-weight peptides that have
bactericidal properties against different pathogens (

). Regarding the acquired humoral immunity are immunoglobulins (Ig
antibody) expressed as membrane molecules of B lymphocytes or secreted into the
plasma. Until recently, it was believed that the fish had only two classes of
immunoglobulins, IgM and IgD. Nevertheless, after the analysis of multiple genomes

of teleost fish, it was discovered a new immunoglobulin isotype called IgT in rainbow

trout ( ), 19Z in zebrafish ( ) and IgH in Japanese
pufferfish (Fugu rubripes) ( ). Recently, the protein structure,
production and potential role in immunity of IgT was studied ( )

showing that the IgT of rainbow trout is an immunoglobulin specialized in the immune
responses of the intestinal and skin mucosa, while 1gM appears to be specialized in
systemic immunity. The antibodies are responsible for antigen neutralization,
precipitation and agglutination, opsonization and activation of the classical complement
pathway. A crucial aspect of the immune response is specific immunological memory,

thus the secondary antibody production in teleosts is often more extensive and rapid
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than the primary, but this immunological memory is not as developed as in mammals

( ).

The immune system cells are classified into three main types: monocyte-macrophages,
granulocytes and lymphocytes. These cells interact between them resulting in different
innate and adaptive immune responses ( ). Cell-types involved in
nonspecific immune response of fish are monocyte-macrophages, granulocytes,
platelets and cytotoxic (NCC or NK) cells ( ). The
monocyte-macrophages are the phagocytic cells for excellence and are especially
abundant in the kidney. Functionally, they are more important in innate immunity and
they can be the initiator of activation and regulation of the specific immune response
( ). The process of phagocytosis in fish has the same steps as described
for mammalian leucocytes, finishing with three mechanisms responsible for the killing
of phagocytized microorganisms: the lysosomal enzymes able to digest the ingested
pathogens into the phagolysosome, the production of ROS with a rapid and abrupt
increase in the rate of oxygen consumption which is known as respiratory burst and is
independent of mitochondrial respiration and the production of nitric oxide (NO) and
other RNS; all of them showing bactericidal activity (

). Nonspecific cytotoxic cells (NCCs) in fish are functionally
equivalent to natural killer cells (NK) of mammals, forming a heterogeneous
population of cells with typical morphological characteristics of monocyte-
macrophages, granulocytes and/or lymphocytes ( ) able to kill tumor
cells, xenogeneic cells, virus-infected cells and parasites. Regarding the specific
immunity, T lymphocytes are responsible for cell-mediated responses, cytokine
secretion and also act as helper cells of B lymphocytes ( ). The
recognition of antigen by T lymphocytes is produced only when are presented properly
by the antigen presenting cell (APC) through the major histocompatibility complex of
class Il proteins or by nucleated cells through the major histocompatibility complex of
class | proteins ( ). Furthermore, lymphocytes may produce
cytokines that activate macrophages after stimulation with an antigen (

), showing, therefore, a coordinated and mutual control among the innate and

adaptive response.
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Therefore, in fish, as in mammals, a network of cytokines and chemokines exist that
orchestrate the innate and acquired immune response. But these molecules also regulate
many other important biological processes, including cell growth and activation,
inflammation, tissue repair, fibrosis and morphogenesis. Cytokines are proteins
(usually glycoproteins) with a low molecular weight secreted by immune cells (mainly
macrophages and T lymphocytes) in response to pathogens ( ).
Despite being a heterogeneous group of proteins, they are considered as a protein
family from a functional point of view, since not all of them are chemically related but
share common properties ( ). They have a very short half-life and
exhibit pleiotropic attributes (regulate different functions), redundant, synergism,
antagonism and induction in cascade. Furthermore, cytokines mediate effector phases
in both innate and adaptive immunity ( ). Most of
the research has been focused on interleukins (ILs), tumor necrosis factors (TNFs),
interferons (IFNs), transforming growth factors (TGFs), migration inhibitory factors
(MIFs), the colony stimulating factors (CSFs) and chemokines. In the innate immunity,
cytokines are produced mainly by mononuclear phagocytes and so are usually called
monokines. However, most of the cytokines involved in adaptive immunity are
produced by activated T lymphocytes and these molecules are referred to as
lymphokines. Both lymphocytes and mononuclear phagocytes produce other cytokines
known as CSFs, which stimulate the proliferation and differentiation of immature
leucocytes in the bone marrow. Some other cytokines known as chemokines are
chemotactic for specific cell types. Although cytokines are made up of a diverse group
of proteins, they share some features such as: (i) they are produced during the effector
stages of the innate and adaptive immunity, and regulate the inflammatory and immune
response; (ii) their secretion is brief and auto-limited, in general, cytokines are not
stored as preformed molecules, and their synthesis is initiated by a new genetic
transcription; (iii) a particular cytokine may be produced by many different cellular
types; (iv) a particular cytokine may act on different cell types; (v) cytokines usually
produce different effects on the same target cell, simultaneously or not; (vi) different
cytokines may produce similar effects; (vii) cytokines are usually involved in the
synthesis and activity of other cytokines; (viii) cytokines perform their action by
binding to specific and high affinity receptors present on the target cell surface; (ix) the
expression of cytokine receptors is regulated by specific signals (other cytokines or
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even the same one); (x) for many target cells, cytokines act as proliferation factors

( ). In fish, cytokines are grouped into growth factors (TGF-)
pro-inflammatory (IL-18, TNF-a, 1L-18, IL-6, etc.), anti-inflammatory (IL-10, IL-19,
IL-20, IL-22, etc.) ( ), anti-viral (IFNs) cytokines
( ) and chemokines (CC, CXC, CXsC, CXCL-8, etc.) (

).

4.2. Immunotoxicology produced by metals

A large number of environmental pollutants are capable of suppressing immune
responses in fish ( ). Unlike mammals,
stresses imposed on the fish immune system by environmental pollutants may not
always be overtly apparent since stressor agents may directly kill the fish or indirectly
aggravate disease states by lowering resistance and allowing the invasion of
environmental pathogens ( ). Toxicological studies conducted in fish
preferentially uses field/laboratory in vivo exposure because they are more realistic
( ) or fish cell lines ( ) to assess the toxicity while the
effects on the immune response are still not very well understood. However, in vitro
tests are gaining traction as alternatives to in vivo tests because they are more cost and
time effective and have fewer ethical issues and this should be also applied to fish
immunotoxicology ( ). Unfortunately, very few studies have
evaluated the immunotoxicological effects of the toxicants in vitro because there are
very few available immune-related fish cell lines and the use of freshly isolated
leucocytes has attracted little interest among researchers.

4.2.1. Cadmium

The effects of Cd on innate immune function represent the best studied area of metal-
induced immunotoxicity in fish and are mostly obtained by in vivo studies. Thus, Cd
exposure failed to alter the seric IgM levels in gilthead seabream (
) and medaka ( ), reduced in common carp (
) and increased or decreased in rainbow trout (

). Regarding the alternative complement activity, this was decreased in gilthead
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seabream ( ) and Nile tilapia ( ) exposed to Cd.
Regarding the cellular immunity, Cd exposure reduced the respiratory burst and
increased the phagocytosis in gilthead seabream ( ) and similar
trends were also observed in rainbow trout, dab (Limanda limanda), medaka and
European sea bass (

). Moreover, lymphocyte viability and functions seem to be
more affected by Cd exposure than in phagocytic cells ( ).
In fact, blastogenic and antibody-production responses of lymphocytes were impaired in
sea trout (Salmo trutta) ( ). In addition, some studies have also shown
variable effects in the number of circulating leucocytes after Cd-exposure (

). Interestingly, one study has shown a decrease in
the number of neutrophils in the pronephros and, at the same time, an increase in the
thymus of parasitized and Cd-exposed fish indicating that they are mobilized from the
kidney to the thymus ( ).

Few studies have been addressed in vitro. Thus, by Cd incubation of leucocytes, the
respiratory burst activity of PBLs from European sea bass ( ) and
common carp ( ) was reduced. Regarding the NCC activity,

Cd exposure of head-kidney leucocytes resulted in decreased activity (

)
4.2.2. Mercury

Hg and derivatives such as MeHg, are also important contaminants in aquatic
environments inducing organ lesions, neurological, haematological and immunological
disorders ( ). First evidences, in rainbow trout, described a
decrease in the number of mucous-producing cells and mucus production after exposure
to Hg and MeHg, which can be associated to impaired immunity (

). Afterwards, serum C-reactive protein was increased in freshwater
murrel (Chana punctatus) ( ) and major carp (Catla
catla) ( ) by exposure to Hg. However, plasmatic lysozyme of plaice
(Pleuronectes platessa) was decreased after exposure to sublethal doses of Hg (

). In sharp contrast, blue gourami (Trichogaster trichopterus) showed increased
kidney and plasma lysozyme activity, but at the same time reduced the production of

agglutinating specific antibodies after chronic exposure to 0.045 or 0.09 mg Hg*/L
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( ). In addition, in our group, gilthead seabream specimens exposed to
waterborne MeHg showed increased serum complement activity as well as head-kidney

leucocyte phagocytic activities were increased after 10 and 30 days (

).

Further evidences have been obtained in vitro. For instance, blue gourami lymphocytes
incubated with Hg showed increased proliferation at low dosages, which was reversed
by higher levels (>0.045 mg/L) ( ). In the marine red drum (Sciaenops
ocellatus), Hg treatment (<10 uM) produced either activation or inhibition of the PBLs
proliferation by high or low dosages, respectively, as well as increases in the Ca®*
mobilization and tyrosine phosphorylation of proteins ( ). In the
European sea bass, in vitro treatment with HgCl, induced apoptosis in head-kidney
macrophages as well as reduced the ROS production and the benefits of macrophage-
activating factors (MAF) ( ).

4.2.3. Lead

The nonessential metal Pb has detrimental effects on a number of organs and systems,
including the immune system ( ).
Immunotoxic effects of Pb may result in immunosuppression, rendering an organism
more susceptible to infectious diseases or cause inappropriate enhancement of immune
response, leading to allergies or autoimmune diseases ( ). Though the
immunotoxicological effects of Pb on the immune response in human or mice are
evaluated ( ), very few descriptions are in fish.
Thus, first studies observed no alterations in absolute and differential counts of white
blood cells in redbelly tilapia (Tilapia zillii) exposed to waterborne Pb (at
concentrations of 0.3-10 mg/L) ( ). By contrast,

observed an increase in lymphocyte percentage, and a decrease in neutrophil
contribution accompanied by a PBLs decrease in African catfish (Clarias gariepinus)
subjected to 25-250 mg/L of Pb for 4 days. On the contrary, :
and reported an increase in PBL numbers in Pb-exposed fish.

The scarce in vitro data are restricted to common carp leucocytes. Thus, 5.0-100 mg/L
of Pb suppressed the activity of phagocytes while no effect was observed at 0.001-1.0
mg/L ( ). In addition, they found that lymphocyte proliferation
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was enhanced at 6.2-100 mg/L but completely suppressed at 1.0 mg/L. Pb exposure to
common carp PBLs resulted cytotoxic for lymphocytes when exposed to 5-50 uM of

Pb, but no effect on the activity of phagocytes was evidenced (

).
4.2.4. Arsenic

The semimetal or metalloid As is an important environmental toxicant, which has been
associated with multitude of animal and human health problems; although, its impact on
fish immune system has not been extensively investigated. The antibody production has
been reduced by As exposure in several fish species (

). Nevertheless, the immunotoxicological effects of As reduced
the leucocyte respiratory burst, expression of some immune-relevant genes and disease
resistance in zebrafish ( ), in a similar way
than in the channel catfish ( ). In gilthead seabream,
exposure to waterborne As resulted in unaltered humoral innate immune responses
while head-kidney leucocyte phagocytic, respiratory burst and peroxidase activities
were all increased ( ). In European se bass, waterborne As
provoked a significant decrease inthe serum bactericidal activity and head-kidney

leucocyte respiratory burst ( ).

In addition, As-exposure in vitro produces a selective head-kidney macrophages death

( ), down-regulates the synthesis of macrophage-derived cytokines such
as TNFa and IFN-y (interferon gamma) ( ) and decreases the phagocytic
activity of macrophages ( ).
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Obijetives

The present Thesis use fish cell lines or primary cell cultures derived from gilthead
seabream (S. aurata) and European sea bass (D. labrax) for evaluating the in vitro
toxicological effects of four metals (Cd, Hg, Pb and As). Concretely, the specific

objectives of the present work are:

1. Establish and characterize a new brain cell line (DLB-1) from European sea

bass and its applications in metal toxicology.

2. Assess the cytotoxicity of metals Cd, Hg, Pb and As in two cell lines (sea bass
DLB-1 and seabream SAF-1) and three primary cell cultures [circulating erythrocytes
and head-kidney (HKLs) and peripheral blood (PBLs) leucocytes] from gilthead

seabream and European sea bass.

3. Evaluate the cellular oxidative stress response of the cell lines and primary
cell cultures after metal exposure by measuring ROS levels and/or mRNA transcription

of antioxidant enzymes.

4. Evaluate, at gene level, the mechanisms participating on cell protection

against metals such as metallothioneins and heat-shock proteins.
5. Elucidate the main cellular death mechanisms induced after metal exposure.

6. Evaluate the immunotoxicological effects of metals on leucocytes from

gilthead seabream and European sea bass.
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Abstract

Generation and use of cell lines is of great interest because they are valuable tools for
research. In fish, there are not many commercial cell lines and none in the case of
European sea bass (D. labrax). A continuous cell line from the sea bass brain (DLB-1)
has been generated and its usefulness in toxicology tested. DLB-1 cells resemble
epithelial cells, express gene markers for glial cells and not for neural cells and result in
low transfection numbers. Exposure to metals (Cd, MeHg, Pb or As) produces
cytotoxicity, being Cd and Pb the most and less toxic metals, respectively. Moreover,
Cd and Pb induced the greatest ROS production. Interestingly, cell cycle analysis of
DLB-1 cells exposed to metals showed that exposure to Cd, MeHg or Pb significantly
increased the percentage of cells in interphase GO/G1 cells whereas Pb and As increased
the percentage of cells in S phase and almost abrogated the G2/M phase. Moreover, all
the metals induce apoptosis cell death as indicated by sub-Go/G1 population in the cell
cycle analysis and annexin binding. Finally, exposure of DLB-1 cells to metals also
produce significant alterations at gene expression level that confirm the above results
such as down-regulation of anti-apoptotic (bcl2) and antioxidant system (sod and cat)
gene transcription. This is the first study in which metal cytotoxicity has been evaluated
in a fish brain cell line and results seem to support that DLB-1 cells are suitable for

toxicological studies.
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1. Introduction

Fish cell lines are increasingly becoming more important as research resources, both to
gain basic knowledge and to obtain tools that can be used in fish species of interest in
aquaculture. In contrast to mammalian cells, fish cells are easier to handle since they
have a wider temperature range for cultivation and lower metabolic rates and therefore
their maintenance and manipulation requires lower care and conditions ( ).
Though the use of commercial or deposited fish cell lines is usually preferred it is also
common the need to develop and establish new cell lines for different purposes.
Currently, there are around 300 fish cell lines, and around half of them are
commercially available. Those cell lines are derived from marine (i.e. SAF-1, SPH, GF-
1, CRF-1, etc.) or freshwater fish species (i.e. BF-2, WSF, GFM, PSP and, more
recently, zebrafish-derived cell lines). Specially, great interest due to their use in
aquaculture settings have received fish cell lines derived from salmonid (i.e. RTG-2,
CHSE-124) or cyprinid (i.e. EPC, MG-3, RG-1) species (
).

In general, most of the fish cell lines are generated from normal tissues, mainly fins and
embryos, however, there are not many cell lines obtained from fish brain even
considering that this tissue conserves high rates of neurogenesis and regeneration after
injury ( ). Thus, there are some studies
conducted with short- to long-term cultures or generation of brain-derived cell lines
from several fish including catla (CB), groupers (GB, GBC1, GBC4, RGB), barramundi
(BB), tilapia (TB2), European sea bass (SBB-W1), Asian sea bass (ASBB), Japanese
flounder (POBC), half-smooth tongue sole (CSH), Chinese perch (CPB) or American

eel (eelB) among others (

Early works with fish cell lines were mainly initiated for virological studies (
) followed by toxicology and ecotoxicology applications (
). In fact, many cytotoxicity studies using cell lines have positively
related the in vitro and in vivo ECs, (effective concentration causing 50% death in a

population) values upon exposure to different contaminants, demonstrating the value of
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using fish cell lines in this field of research (

). Among these toxicants, metals derived from industrial and
mining can seriously affect aquatic communities ( ). Metals are not
biologically or chemically degraded but may be bioaccumulated in the food chain since
they are found at high concentrations in fish living in contaminated waters (

). This is also of relevance in the case of cultured
fish which are fed diets containing fish oils and meals from the wild. The accumulation
of toxicants may have a negative impact not only for fishes but also for their consumers
( ). In fact, fish are known to be the greatest source of toxic trace
elements (Hg, Al, Se, Cd, Pb, As, Cu, Cr, Fe, Mn, Mb, Va and Zn) for humans (

). Thus, how metals are accumulated and how they can affect
cultured fish as well as the levels they transfer to humans is important information for
the aquaculture industry in order to develop efficient restrain measures. Among the
effects of metals, it is widely known that some of them such as Hg, especially in the
form of MeHg, Cd, Cu, Al, Pb or Sn, as well as other many toxicants, are neurotoxic
( ). Unfortunately, to date there are no studies using fish brain-

derived cell lines to study neurotoxicity in fish.

Among marine fish species, European sea bass (D. labrax) is a very important fish for
the aquaculture industry and one of the most farmed in the Mediterranean area whereby
there are no commercial cell lines. To the best of our knowledge, European sea bass
continuous cell line (DLEC) ( ) and a long term culture cells from
brain (SBB-W1) ( ) have been described. DLEC cell line, derived
from early embryos, are fibroblast-like and adherent cells and have shown to be useful
in immunological ( ) and toxicological ( ) studies.
By contrast, SSB-W1 cells resemble neural stem cells ( ) and
unfortunately no other study has been performed since their characterization. Therefore,
the aim of this study was to generate and to characterize a continuous cell line from the
brain of European sea bass (DLB-1). Furthermore, its applicability to general
toxicology, and neurotoxicology in particular, was established. For this purpose, DLB-1
cells were exposed to metals Cd, Pb, Hg or As and the cytotoxicity, oxidative stress and

cell death were evaluated by functional and transcriptional studies.
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2. Materials and methods
2.1. Generation and culture of the DLB-1 cell line

One asymptomatic European sea bass (D. labrax) fish specimen (83 g of body weight)
was bred and supplied by the Instituto Espafiol de Oceanografia (IEO; Mazarron,
Murcia, Spain) and kept in seawater aquaria (250 L) in the Marine Fish Facility at the
University of Murcia. Fish was anaesthetised with benzocaine (4% in acetone) (Sigma-
Aldrich) and bled from the caudal vein to avoid excessive tissue contamination with
blood cells. Fish was dissected under sterile conditions and brain fragments were
obtained using sterile forceps and scalpels. Fragments were disposed into a tissue
culture flask (Nunc) using L-15 Leibowitz medium (Thermo Fisher Scientific)
supplemented with 15% fetal bovine serum (FBS, Thermo Fisher Scientific), 2 mM L-
glutamine (Thermo Fisher Scientific), 100 pg/mL streptomycin (Thermo Fisher
Scientific), 100 U/mL penicillin (Thermo Fisher Scientific) and 100 mM HEPES
(Thermo Fisher Scientific). Brain fragments were cultured at 25°C in an incubator with
an atmosphere with 85% relative humidity. The medium osmolarity was measured by
an osmometer (Roebling) and adjusted to the osmolarity of fish serum (355 mOsm/Kkg).
Explants were checked every day by an inverted contrast phase microscope (Nikon
Eclipse TE 2000-U;Nikon) and subcultured upon reaching confluence by standard
trypsinization methods using 0.25% trypsin solution containing 0.53 mM
ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich). After a first passage (P1), to
facilitate cell immortalization, culture was inoculated with filtered supernatants from the
SSN-1 cell line that is persistently infected with the snakehead (Ophicephalus striatus)
retrovirus (SnRV) (Family Retroviridae, genus Orthoretrovirinae) (

). Cultures were continued and time between passages was gradually decreasing
from around 1 month at the beginning until 7-10 days after 25-30 passages. Since then,
the obtained DLB-1 brain cell line has more than 90 passages and is subcultured by

passaging every week with a 1:4 dilution.
2.2. Characterization of the DLB-1 cell line

All the techniques used to characterize the DLB-1 cell line were applied to cells from 60

passages onwards.
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2.2.1. Microscopical study

Evolution of the cultures from the explant to the cell line consolidation was routinely
followed by an inverted phase contrast microscope (Nikon Eclipse TE 2000-U; Nikon)
and photographs were obtained with a digital camera (Nikon DS-5M; Nikon). For
further microscopical studies, sterile glass coverslips were placed in 6-well cell culture
plates (Nunc) and 7.5x10* DLB-1 cells/well were cultured on them for two days. For
light microscopy, coverslips with DLB-1 cells were processed for standard Giemsa,
toluidine blue and haematoxylin-eosin (HE) staining methods being examined under a
light microscope (Leica 6000B) being the images acquired with a Leica DFC280 digital

camera.

For scanning electron microscopy (SEM), coverslips with cultured adhered cells were
washed, fixed in 3% (v/v) glutaraldehyde for 30 min and post-fixed in 1% OsO, for 1 h.
Afterwards, samples were dehydrated in acetone, critical-point dried, sputter coated

with gold and examined with a Jeol 6.100 scanning electron microscope.
2.2.2. DLB-1 cell growth curve and doubling time

To obtain the DLB-1 cell line growth curves 1-50x10° DLB-1 cells per well were
seeded into 96 well-plates (Nunc) and incubated from 0 to 7 days at 25°C. The cell
viability was evaluated every day by using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Sigma-Aldrich) colorimetric assay based on the reduction
of the yellow soluble tetrazolium salt into a blue, insoluble formazan product by the
mitochondrial succinate dehydrogenase ( ). For this, DLB-1 cells were
washed and incubated with 200 pL/well of culture medium containing 1 mg/mL of
MTT. After 4 h of incubation at 25°C, the wells were washed, the formazan solubilized
and the absorbance at 570 nm and 690 nm was determined in a microplate reader (BMG
Labtech). Blanks were consisted of wells without cells. In order to relate absorbance
with DLB-1 cell numbers, serial dilutions (1-200x10%) of DLB-1 cells per well were

also seed, incubated for 4 h to adhere and then the MTT test performed as above.

To calculate the doubling time (Dt) we used the data from the linear part of the growth
curves and applied the following formula ( http://www.doubling-

time.com/compute.php):
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Dt = durationxlog (2)/[log(final concentration)-log(initial concentration)].
2.2.3. DLB-1 characterization by gene expression

We evaluated the expression of snakehead retrovirus polymerase gene (pol) by
conventional PCR (Table I). Thereby, DLB-1 cells from 5 and 70 passages were washed
and TRIzol Reagent (Thermo Fisher Scientific) was added to the wells in order to
extract the total RNA. The RNA was then treated with DNase | (Promega) to remove
genomic DNA contamination. Complementary DNA (cDNA) was synthesized from 1
pg of total RNA using the SuperScript I11 reverse transcriptase (Life Technologies) with
random hexamers following the manufacturer’s instructions. The cDNA was then used
in a PCR amplification round with specific primers (Table I) using Taq polymerase
(Thermo Fisher Scientific) and the amplification performed in a Master Cycler Gradient
PCR as follows: 95°C for 5 min, 40 cycles of 95°C for 45 s, 58°C for 45 s, 72°C for 45 s,
and followed by 72°C for 10 min. PCR products were separated on a 2% agarose gel
containing GelRed™ (Biotium) and visualised under UV light. Photographs were taken
with the GL 100 Imaging system (Kodak). PCRs using cDNA obtained from gilthead
seabream (S. aurata) SAF-1 cell line, striped snakehead (O. striatus) SSN-1 cell line

and European sea bass head-kidney leucocytes were used to confirm the results.

Furthermore, in order to characterize the potential cell type of the DLB-1 cells the
expression of neuronal [RNA binding protein fox-1 homolog 3-like (rbfox3) and
microtubule-associated protein 2-like (map2)] or glial [actin binding protein coronin-la
(corola) and glial fibrillary acidic protein (gfap)] cell gene markers was evaluated by
real-time PCR (RT-PCR). cDNA from DLB-1 cells at 70 passage (see above) and brain
of naive European sea bass (as positive control) were used to evaluate the expression for
both cell type markers by qPCR, which was performed with an ABI PRISM 7500
instrument (Thermo Fisher Scientific) using SYBR Green PCR Core Reagents (Applied
Biosystems). Reaction mixtures (containing 10 pL of 2 x SYBR Green supermix, 5 puL
of primers (0.6 mM each) and 5 pL of cDNA template) were incubated for 10 min at
95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and finally 15 s at 95°C, 1
min at 60°C and 15 s at 95°C. For each mRNA, gene expression was corrected by the
elongation factor 1y (efla) RNA content in each sample. Gene names follow the
accepted nomenclature for zebrafish (http://zfin.org/). Genes and primers are shown in

Table 1.In all cases, each PCR was performed with duplicate samples.
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Table I. Oligonucleotide primers used for conventional and real-time PCR. Sequences were

retrieved from GenBank and European seabass Genome (

Acc.
Group Gene IAbbreviation Primer sequence (5'—3")
number
Snakehead Polvmerase ol SRU26458 TGGTACCCATGGATACAGGTACCTCA
retrovirus 4 P TGTCAGACATGGCCTGTACTTTAGCAGC
Microtubule-associated protein IAGGCGGTAACGTGCGTATAG
Neuronal 2-like mapz  [DLAgN_ 00049570, ) s ACTGCCGGAGGATGATA
markers RNA binding protein fox-1 IAGGCGGTAACGTGCGTATAG
homolog 3-like rbfox3  PLAgN_ 00230330 1 5 A cTGCCGGAGGATGATA
Glial fibrillary acidic protein fa DLAgn_00193250CCAGATCCAAGTGGTGACCT
Glial cell yacidiep glap TGGTGATCCTGCTCTCCTCT
markers Actin binding protein coronin- IAGCCGATGAATGGTTTCAAG
la corola  DLAgN 00193020 1o cTeTAACGCTGCTT
Cellular . GCACCACCTGCAAGAAGACT
protection Metallothionein mt AF199014  nGeTeETGTCGCACGTET
GAGGTTTGCCTGATGGCTAC
Oxidative stress Catalase cat FJ860003 TGCAGTAG CGCTCACA
. . TGTTGGAGACCTGGGAGATG
Cu/Zn superoxide dismutase sod FJ860004 ATTGGGCCTGTGAGAGTGAG
. GACTGTACCAGCCGGACTTC
Apoptosis B-cell lymphoma 2 bcl2 DLAgn—00005980GTCCCGGAACAGTTCGTCTA
. . CGTTGGCTTCAACATCAAGA
House-keeping Elongation factor 1-alpha efla AJB66727 GAAGTTGTCTGCTCCCTTGG

2.2.4. Transfection with GFP reporter gene

The vector pEGFP-N3 (Clontech) expresses green fluorescent protein (GFP) under the
control of the human cytomegalovirus (CMV) promoter. Plasmid DNA of this vector
was prepared according to the supplier's instructions. Lipofectamine® LTX with Plus™
Reagent (Thermo Fisher Scientific) was used for transfection according to the supplier
over 80-90% confluent DLB-1 cells seed in 12 well-plates. Green fluorescence was
observed up to 24 h under a fluorescence microscope equipped (Nikon Eclipse TE
2000-U; Nikon) with a mercury lamp and photographs were taken by a digital camera.

2.3. Evaluation of metal cytotoxicity
2.3.1. Metal exposure

Different salts of the metals (Sigma-Aldrich) were used: Cd chloride (CdCl,), MeHg
(1) chloride [CH3HgCI (MeHg)], lead (1) nitrate (Pb(NO3),) and trioxide As (As;03).
DLB-1 cells were plated in 96-well plates at 2.5 x 10 cells/well, cultured overnight and
washed with fresh medium. Then, 180 pL/well of fresh culture medium plus 20 pL/well

of water (controls) or metal were daily prepared to make the following final
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concentrations: 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1 mM of Cd, MeHg or As and
0.25, 0.5, 1, 2, 2.5, 3 and 4 mM of Pb. Cells were exposed for 24 h at 25°C in the

incubator.
2.3.2. Cytotoxicity assays

DLB-1 cells viability was determined after metal exposure by MTT (see above) and
neutral red (NR) uptake tests ( ). For NR uptake test, after
24 h of metal exposure, cells were washed with 10 mM phosphate saline buffer (PBS)
and 100 pL/well of 0.33% neutral red solution (Sigma-Aldrich) added to the DLB-1 cell
cultures. After incubation (3 h at 25°C) the cells were washed and fixed with 1% acetic
acid and 50% absolute ethanol and the absorbance was measured at 540 nm and 690 nm

in a microplate reader. Blanks consisted of wells without cells.

Cytotoxicity experiments were repeated three times, with 5 replicates for each
condition. The viability in each sample was determined according to the controls or
unexposed cells (100% viability). For each method, cell viability data and the logarithm
of metal concentrations were represented and fitted with the recursive equation (a
regression model). Fitted curves always showed r? values higher than 0.95 which are
therefore the only ones presented in the graphs. The effective concentration producing
the 50% cell death (ECso) was determined using Sigma plot software. According to the

MTT method, the ECso dosages were used in other assays.
2.3.3. ROS production

Dihydrorhodamine 123 (DHR 123; Thermo Fisher Scientific) was used to measure ROS
production ( ) by metal-exposed DLB-1 cells. DHR 123 is
able to diffuse through cell membranes and when oxidized by ROS (mainly by
hydrogen peroxide) becomes green fluorescent rhodamine 123 which is sequestered into
the mitochondria. After 24 h of exposure to ECs, dosages of each metal, DLB-1 cells
were detached by trypsin/EDTA solution (see above), resuspended in 200 pL of fresh
medium with 5 uM of DHR 123 and incubated for 30 min at 25°C. The samples were
then analysed in a FACScalibur flow cytometer (Becton Dickinson) to ascertain the
extent of ROS production as indicated by the mean green fluorescence (FL1) intensity
for each treatment. In each case, 10,000 events were acquired. The experiment was

performed twice with duplicated samples.
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2.3.4. Evaluation of the DLB-1 cell cycle

After 24 h of exposure to the ECsy dosages of each metal DLB-1 cells were detached by
trypsin/EDTA solution (see above) and washed twice with PBS. Cells were resuspended
in 200 pL of PBS and 1 mL of a 70% ethanol solution was added dropwise while
stirring. After 30 min of incubation, cells were washed and resuspended in 800 pL of
PBS. Finally, 100 pL of RNAse (1 mg/mL; Thermo Fisher Scientific) and 100 pL of PI
(400 pg/mL; Sigma-Aldrich) were added and incubated at 25°C for 30 min in the dark.
Samples were acquired by a FACScalibur flow cytometer and the cell cycle analysis
was performed on 30,000 events using the ModFit LT™ software (Verity Software

House). The experiment was performed twice with duplicated samples.
2.3.5. Evaluation of cell death mechanisms: Apoptosis and necrosis

To investigate cell death mechanisms induced by metals we used the Annexin-V-
FLUQOS staining kit (Roche) that discriminates between apoptosis (Annexin V, green
fluorescence) and necrosis (PI, red fluorescence) cell death. To do this, DLB-1 cells
exposed to the ECsy dosages of each metal and their unexposed controls were collected
by trypsinization (see above) and washed twice with PBS. DLB-1 cells were incubated
with Annexin-V-FLUOS staining kit solution at room temperature in the dark for 15
min. Then, samples were analysed by a FACScalibur flow cytometer and the green (by
Annexin-V-FLUQOS) and red (by PI) fluorescence intensities were analysed. In each
case, 10,000 events were acquired. The experiment was performed twice with

duplicated samples.
2.3.6. Effects of metal-exposure at gene level

After DLB-1 metal exposure to the ECso of metals, cDNA was synthesized and qPCR
was performed as above. The expression of the genes included those involved in:
cellular oxidative stress (sod and cat), cellular protection to metals (mt) and cell

apoptosis (bcl2).
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2.6. Statistical analysis

Data of the cytotoxic effects are presented for each metal and colorimetric method using
the fitted curves. The results of ROS production are expressed as mean + standard error,
SE. Gene expression is expressed as fold change respect to the control cells. Data were
statistically analysed by one-way analysis of variance (ANOVA,; P<0.05) followed by a
post-hoc Tukey test to determine differences among treatments. Normality of the data
was previously assessed using a Shapiro-Wilk test and homogeneity of variance was
also verified using the Levene test. A nonparametric Kruskal-Wallis test was used when
data did not meet parametric assumptions. Statistical analyses were conducted using
SPPS 20.0 software (SPSS).

3. Results
3.1. Morphological characteristics of the DLB-1 cell line

Primary cell cultures from brain tissue of European sea bass were carried out by using
explant culture method and transformation with a fish retrovirus. Cells started to adhere
to the culture surface surrounding the explant since the first days until reached
confluence within a month (Figure 9A). At very early passages the cell showed a
heterogeneous shape and varying morphologies from small cells with very large thin
processes to round outlined cells (Figure 9B). Cultures of adherent cells seemed to be
progressively more homogenous after subcultures, and cellular shape, mostly
epithelioid-like cells, varied depending on the culture cell density with the presence of
many start-like cells resembling astrocytes (Figure 9B-E). This was particularly evident
in DLB-1 cells stained with HE (data not shown), toluidine blue (Figure 9E) or Giemsa
(Figure 9F) which showed a slightly stained cytoplasm provided of a round
euchromatinic nucleus with two prominent nucleoli and a wide diversity in shape cell
processes. SEM analysis (Figure 9G-H) confirmed the irregular cell outlines as
determined by the presence of several cell processes variable in size and shape, and
allowed to observe the existence of a varied number of delicate thin branched processes
that seemed to firmly adhere to the culture surface. Some of the cells showed an
elongated prominent thick part of the cytoplasm and where provided of very few

delicate thin long processes (Figure 9I).
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Explant

Figure 9. Morphological features of the DLB-I cells. A-D. Phase contrast microscopy. E.
Toluidine blue staining. F. Giemsa staining. G-I. Scanning electron microscopy (SEM). Ex,

explant; Arrowhead, star-like cells; P, passages number.

3.2. DLB-1 cell line growth curve and doubling time

The relation between MTT absorbance and cell number followed a linear regression
curve in the assayed conditions (Figure I0A). DLB-1 cells exhibited, depending on the
initial concentration, the typical lag, exponential, stationary and death phases of a cell
line growth curve (Figure 10B). Based on these growth curves, we selected the optimal
concentration of 25x10°cells per well in order to carry out the rest of the experiments
because it showed very good values of MTT absorbance in the exponential phase within
1 or 2 days.
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Figure 10. Cell growth curve of DLB-I cells cultured at 25°C. A. Relation between MTT
absorbance and the cell number. Cells were plated at 1-200X10° into wells, allowed to adhere
and cell viability was determined by the MTT assay. The equation and R? value are presented. B.
DLB-1 growth curve expressed as cell number vs incubation time. Cells were plated at 1-50X10°
into wells and cell viability was determined by the MTT assay from day O to 4 and at day 7.

Data are representative of two independent experiments.

According to the growth curves, we obtained the maximum slope to calculate the
doubling time (Dt). Thus, the DLB-1 cell line Dt was of 22.41 + 4.5 h.

3.3. DLB-1 cells are infected with retrovirus and express glial cell markers

First, we checked whether the DLB-1 cells were infected with the added SnRV. Thus,
we found by PCR that the cells were positive for SnRV pol gene after 5 and 70 passages
(Figure I1IA) as the positive control (SSN-1 supernatant). In contrast, sea bass head-
kidney leucocytes (HKLs) or the gilthead seabream SAF-1 cell line were both negative

for the retrovirus.

In addition, we evaluated the gene expression of two neuron (rbfox3 and map2) and two
glial (gfap and corola) cell markers (Figure I1B). All the genes were expressed in naive
sea bass brain tissue whilst only those expressed in glial cells were detected in the DLB-

1 cell line indicating that this cell line is from glial origin and not neuronal.
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Figure I1. Expression of retrovirus and cell marker genes in the DLB-I cell line. A. Detection of
the SnRV po/ gene in the DLB-1 cells after passages (P) S and 70, in the European sea bass
head-kidney leucocytes (HKLs), in the gilthead seabream SAF-I or striped snakehead SSN-I
(positive control) cell lines. NT, no template. B. Transcription of neuronal [microtubule-
associated protein 2-like (map2) and RNA binding protein fox-1 homolog 3-like (rbfox3)] or
glial [glial fibrillary acidic protein (g7ap) and actin binding protein coronin-la (coro/a)] cell gene
markers evaluated by real-time PCR in DLB-1 cells at passage 70 and in brain of naive sea bass as
positive control. Data are expressed as relative to the house-keeping gene expression (ef72). ND,

not detected.

3.4. DLB-1 cell line is slightly transfected

DLB-1 cells were transfected with 10 pg pEGFP-N3 vector using liposomes and green
fluorescent signals were observed after 48 h of transfection (Supplementary FigureI.ST).
The transfection efficiency was lower to 10% indicating that reporter gene GFP could

be expressed in DLB-1 cell line.
3.5. Cytotoxicity assays

DLB-1 cells exposed to metals showed cytotoxicity as evidenced by the decrease in
viability observed by both MTT and NR assays (Figure 12). For each method, cell
viability data and metal concentrations were represented. The fitted curves, which were
the only ones presented, always showed r? values higher than 0.95. The curves show
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dose-dependent cytotoxicity from which reliable ECsq values could be calculated (Figure
12 and Table 2). NR method was more sensible in the case of Cd and MeHg while the
MTT assay was for Pb and As. This fact makes a significant difference since the
cytotoxicity is in the order of Cd>MeHg>As>>>Pb for NR method but in the order of
Cd>As>MeHg>>>Pb for the MTT assay (Table 2).

Figure I.SI. DLB-I cells show low transfection efficiency. DLB-I cell cultures were transfected
with the vector pPEGFP-N3 and after 24 h the transfection was visualized. A. Phase contrast. B.

Fluorescence microscopy‘ P, Ppassages number.
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Figure 12. Cytotoxicity curves of DLB-I cells exposed to different metals for 24 h. Lines
represent the fitted curve for each method: NR, neutral red, MTT, yellow soluble tetrazolium

salt.
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Table 2.Values of r? and ECso (mM) after exposure of DLB-1 cells to metals for 24 h. NR,
neutral red; MTT, tetrazolium salt.

NR MTT
Metals r ECso r? ECso
CdCl, 0.95 0.004 0.98 0.015
CH;HgClI 0.95 0.013 0.96 0.020
Pb(NO3), 0.98 1.6 0.97 1.5
As,05 0.99 0.03 0.99 0.018

3.6. ROS production and antioxidant system are disturbed by metals

ROS production, measured by the DHR 123 method (Figure I13A), showed that DLB-1
cells exposed to the ECsq of Cd or Pb for 24 h significantly increase the production of
ROS compared to the controls (P<0.05) whilst exposure to MeHg or As failed to alter
the ROS production in DLB-1 cells (Figure I3B). In addition, we also evaluated this
phenomenon by the expression of genes related to the generation (sod) and elimination
(cat) of ROS. Interestingly, sod transcription (Figure 13C) was unmodified upon metal
exposure, while cat gene expression was significantly down-regulated upon MeHg, Pb
or As exposure (Figure I3D). In addition, MTs are metal-binding proteins with ROS
scavenging functions ( ). Thus, we found that DLB-1 cells
exposed to ECso of MeHg and As for 24 h strongly up-regulated mt transcription, which
coincides with the lowest ROS production, but Cd and Pb failed to alter it to a

significant extent (Figure I3E).
3.7. Cell cycle is altered by metal exposure

First, cell cycle analysis indicates that DLB-1 cells show a typical diploid cell shape
(Figure 14A). DLB-1 cells exposure to Cd, MeHg or Pb provoked a significant increment
in the percentage of cells in phase GO/G1 while As reduced it (Figure 14B). Regarding
the S phase or DNA duplication, MeHg, Pb and As significantly increase the percentage
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of cells at S phase. However, the mitosis of G2/M phase was significantly decreased by

all the tested metals (Figure 14B).

A B
= 8 800
c
DLB-1 alone [<7}
L o b
= § —E—
S 600 b
= = —
= =
DLB-1+DHR 123 ®
2o E 400 -
3 ©
DLB-1 + CdCl, =
= DHR 123 (:
& 200 a a
— a
= o
I
- A o o
@ A e Control CdCl, CHHGCl Pb(NO,), As,0,
DHR 123 relative fluorescence Metal
1 — C 1 D 1000 E
g LIJ H \—F o
2 : |2 S b b
= a B = < 10
a @ a @
S 5 =
© =}
=] °© o]
O ) S 1 S
L ; [N b P b L?
he] — 5 a
o 1] ‘é’ T
] S | L ——
0.01 0,01 0.1 — — -
Cdcl, CHyHgCl  Pb(NO), As,0; Cdcl, CH;HgCl  Ph(NOy), As,0; CdCly CH;HgCl  Pb(NO;), Asy0;

Figure 13. Metal exposure induces overproduction of ROS and impairs antioxidant system in
DLB-1I cells. A. Representative histogram of DHR 123, as measure of ROS production, in
unstained cells and in stained and unexposed or Cd-exposed DLB-I cells. B. DHR 123
fluorescence intensity of DLB-I cells after exposure to ECso of metals for 24 h. C. Expression of
sod gene. D. Expression of car gene. E. Expression of mt gene. Gene expressions are expressed as
fold change with respect to control cells. Bars represent the mean £ SEM (n=2 separate
experiments). Statistical analysis was performed by ANOVA and post-hoc Tukey test (P<0.05).
Different letters denote statistically significant differences among groups (control group always

contains a).

3.8. Apoptosis cell death is induced by metals

We also evaluated whether metals provoked the cell death by necrosis or apoptosis
pathways (Figure 15). Our data showed that apoptosis was the only cell death
mechanisms used by the metals as indicated by the double staining with annexin and Pl

(Figure I5A-C) as well as the sup-GO/G1 population in the cell cycle analysis (Figure
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I15D-E). Though both techniques differed in the absolute percentages and therefore in
sensitivity in the two cases Cd and As were the metals producing the highest apoptotic
rates followed by MeHg and Pb. At gene level, bcl2 gene expression was down-
regulated by MeHg, Pb and As (Figure ISF), confirming the apoptosis cell death by the

other two methods.

A mGOGI %S mG2M B
g_ 80
i GO/G1 phase b
g i g
! wn
b [
i =
_ =N
8 5
=87 &
'E | -]
§ 1 b
5] S
: <9
] S
g |
& G2/M phase ab
i ADO Sphase A4 e
1 i R v\
o — . Zee 0 : 5 ‘ ko ‘ s
0 2 © 60 s 00 120 Control ~ CdCl, CH;HgCl Pb(NO;), As,O;

FL2-A

Figure 14. Cell cycle and metal protection is affected by metal exposure in DLB-I cells. A.
Analysis of control DLB-T cells cycle by flow cytometry showing cells in resting GO/GI, S and
G2/M phases and sub-(GO/GI) or apoptotic cells. B. Evaluation of the cell cycle analysis in
DLB-I cells exposed for 24 h to ECso of metals. Bars represent the mean = SEM (n=2 separate
experiments). Different letters denote statistically significant differences among groups (control

group always contains a).

4. Discussion

The advantages of fish cell lines with respect to mammalian cells are that they are easily
standardized handled with relatively low variability, more convenient, and less
laborious to use (Rocco et al., 2014) and therefore merits further generation and
application. Fish cell lines derived from brain are very scarce and there is no continuous
cell lines from the brain of European sea bass, the main objective in this study. The
usefulness of DLB-1 cells in fish immunology and virology is also under evaluation in

our laboratory (\Valero et al, 2015b), however, we will focus in this manuscript in its
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Figure 1S. Apoptosis is induced by metals in DLB-I cells. A. Double staining with Annexin
(apoptosis) and PI (necrosis) of unexposed (control) DLB-I cells. B. Annexin/PI staining of
DLB-1 cells exposed to ECso of Cd for 24 h. C. Percentage of apoptotic DLB-1 cells after
exposure to ECso of metals for 24 h. D. Cell cycle analysis of DLB-I cells exposed to ECso of Cd
for 24 h showing increased population of apoptotic or sub-(GO/GI) cells. E. Percentage of the
sub-(GO/GI) DLB-I cells population after exposure to ECso of metals for 24 h. F.
Transcription of B-cell lymphoma 2 (5c/2) gene expressed as fold change with respect to control
cells. Bars represent the mean = SEM from 2 independent experiments. Different letters denote

statistically significant differences among groups (control group always contains a).

characterization and application in Toxicology. We have obtained an established a cell
line from the European sea bass brain (DLB-1) after transformation with a fish
retrovirus (SnRV) (Frerichs et al., 1996). This method increases the success of cell
immortalization and should be further used in fish. To our knowledge, this is the first
time a retrovirus is used to obtain fish brain cell lines though it is common to use viral
oncogenes such as simian virus-40 (SV40) large T-antigen in mammals but no in fish
cells (Luque et al., 2014). Nowadays, DLB-1 cells show a rapid growth after more than
90 passages in culture that is shared with most brain cell lines (Fu et al., 2015; Hasoon
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) but not with the sea bass SSB-W1 long-term which

show slower kinetics (after 24 passage could be considered a continuous line) (
). In addition, DLB-1 cells are not sensitive to freeze-thawing cycles and are
capable of transfection but with low efficacy, as it occur with the other evaluated fish
brain cell lines. In general, fish cell lines show lower transfection efficiency than human

or murine cell lines but are also useful to evaluate protein function.

Upon morphological characteristics, DLB-1 cell cultures showed mixed cell
morphologies with most of the cells being epithelioid-like cells and some star-like cells
resembling astrocytes. In the literature, different morphologies have been described for
fish brain cell lines including fibroblastic (

) epithelial (

), endothelial ( ) or
neuronal ( ). Because the morphological
features of cell lines are not easily related with its origin some studies have attempted to
characterize them using markers for the main brain cells, neurons or glial cells. In the
case of DLB-1 cells our data firmly suggest that they belong to the glial linage since
they transcribe gfap and corola and not rbfox3 and map2 (neuronal markers). However,
data are not very conclusive in most of the related fish cell lines. For example, some
authors have described the presence of glial fibrillary acidic protein (GFAP) but lacked
to evaluate the expression of other neural markers (

). Interestingly, in the previous European sea bass brain long-term cultures, SSB-
W1 cells, the characterization was more complete and found expression of nestin,
GFAP and neurofilament (NF) proteins, markers for both glial and neural cells,
suggesting that these cells could be neural stem cells ( ) as well as
other authors found that fish neural-like stem cells were positive for GFAP
immunostaining ( ). Thus, our data about DLB-1 cell morphology and
gene expression points to the need to further analysis. More efforts should be made to
characterize the generated DLB-1 cell line and seek for its usefulness in studies

concerning nervous system and neurobiology.

After a partial characterization of the DLB-1 cells we tested whether they could be used
for toxicological purposes and evaluated the cytotoxic effects of several metals. Though

many toxicological studies have used fish cell lines ( ), brain cell lines
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have just been used for virological studies ( ) and only one has found
that eelB cells failed to respond to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (

). Our data show that DLB-1 cells exposed to metals produce a dose-
dependent cytotoxic effect. Some differences were observed depending on the detection
method used (MTT or NR) but in both cases the most and less toxic metals were Cd and
Pb, respectively. These differences could reside in the cytotoxic mechanism used by
metals and in the detection method. Thus, data suggest that Cd and MeHg alter
lysosomes earlier or to a greater extent than As and Pb as indicated by NR method
while mitochondria are more affected by Cd and As. According to the MTT assay, the
metal toxicity to DLB-1 cells is in the order of Cd>As>MeHg>>>Pb while in the
gilthead seabream SAF-1 and grass carp ZC-7901 cell lines the order was
MeHg>As>Cd>Pb ( ) and Cd>Hg>Pb>Cu>Cr>As (

), respectively. However, this is the first study in which metal cytotoxicity has been
evaluated in a fish brain cell line. In fact, neurotoxicologial effects of Pb and MeHg are
probably the best characterized but other metals such as Cd, As, Mn, Fe, Zn or Cu have
also great impact on the nervous system in mammalian species (

) and also in fish ( ). Interestingly, Hg is one
of the most neurotoxic metals but this was not the case for the DLB-1 cells and which
are the mechanisms involved in this cytotoxicity should be further studied. It is known
that one of the first consequences of metal poisoning is the increased production of
ROS. DLB-1 cells exposed to Cd and Pb showed a great production of ROS while
MeHg and As failed to do so in contrast to what has been reported to other fish cell
lines in which most metals induced ROS production (

). However,
the ROS production induced by Cd and Pb did not correlated with DLB-1 cells
mortality pointing these data to the involvement of other mechanisms, as previously
found and suggested in the SAF-1 cell line ( ). Strikingly, all the
metals produced a similar decrease in the antioxidant system as determined by the
transcriptional down-regulation of cat and points to an increased ROS production.
Interestingly, MeHg and As exposure up-regulated the transcription of mt in DLB-1
cells, which is one of the most important protective proteins against metal poisoning. In
fact, MTs have been proposed as important ROS scavengers (

). Therefore, this enhanced mt gene expression explained the low levels of ROS
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production induced by MeHg and As in the DLB-1 cells. A similar pattern was also
evidenced in the seabream fin SAF-1 cells in which the highest mt transcription is
correlated with the lowest ROS production pointing to their importance in cellular
protection and as ROS scavengers. Unfortunately, none of these aspects have been
evaluated in other available fish brain cell lines until now. Metals exposure produce
alterations in the proliferation of neural cells and induces cell apoptosis (

). Our data also demonstrate that
DLB-1 exposure to the ECsq of metals provokes a decrease in the cell mitogenesis that
iIs more evident in the case of Pb and As that completely abrogated the G2/M phase of
the cell cycle. Similarly, it has been described that metal exposure to brain cells resulted
in decreased cell proliferation by G2/M arrest accompanied with decrease in cyclin B1
and increased p53 expression ( ). Finally,
overproduction of ROS together with the expression of other proteins such as p53, led
to cells to cell death, usually apoptosis ( ). Our data showed that DLB-1 cells
exposed to ECsy of metals also died by apoptosis as demonstrated by the increase of
sub-GO0/G1 cells, annexin staining and down-regulation of the anti-apoptotic bcl2
expression. Interestingly, no necrosis cell death was detected indicating that only
apoptosis cell death is occurring in the exposed DLB-1 cells. In contrast to our data, in
fish cell lines and primary cell cultures exposed to metals the cell death is mainly by

apoptosis but also by necrosis and/or necroptosis (

).
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Abstract

The use of cell lines to test the toxicity of aquatic pollutants is a valuable alternative to
fish bioassays. In this study, fibroblast SAF-1 cells from the marine gilthead seabream
(S. aurata) were exposed for 24 h to the metals Cd, Hg, MeHg, As or Pb, and the
resulting cytotoxicity was assessed. NR, MTT, CV and LDH viability tests showed that
SAF-1 cells exposed to the above metals produced a dose-dependent reduction in the
number of viable cells. MeHg showed the highest toxicity (ECso = 0.01 mM), followed
by As, Cd, Hg and Pb. NR was the most sensitive method followed by MTT, CV and
LDH. SAF-1 cells incubated with each of the metals also exhibited an increase in the
ROS species and apoptosis cell death. Moreover, the corresponding gene expression
profiles pointed to the induction of the MTs protective system, cellular and oxidative
stress and apoptosis after metal exposure for 24 h. This report describes and compares
tools for evaluating the potential effects of marine contamination using the SAF-1 cell

line.
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1. Introduction

Industrial and mining activities often lead to a significant local increase in the levels of
chemical pollutants, such as metals ( ), which can seriously affect
aquatic communities ( ). Metals are not biologically or chemically
degraded but may be bioaccumulated in the food chain since they are found at high
concentrations in fish living in contaminated waters (

). This is also of relevance in the case of cultured fish which are fed diets
containing fish oils and meals. The accumulation of toxicants may have a negative
impact not only for the fish but also for consumers of the fish ( ).
In fact, fish are known to be the greatest source of toxic trace elements (Hg, Se, Cd, Pb,
As, Cu, Cr, Fe, Mn, Mb, Va and Zn) in humans. Thus, how metals are accumulated and
how they can affect cultured fish as well as the levels they transfer to humans is

important information for the aquaculture industry to develop.

In fish, as in mammals, the use of cell lines has been successfully applied for
toxicological purposes by measuring viability, morphology, metabolism, cell
attachment/detachment, cell membrane permeability, proliferation or growth Kinetics
( ). Indeed, many cytotoxicity studies have positively related
the in vitro and in vivo ECs, values in fish exposed to different contaminants,
demonstrating the value of using fish cell lines in this field of research (

). Most of the fish cell lines (RTG-2,
BF-2, CHSE-124, EPC and, more recently, zebrafish-derived cell lines) used in aquatic
toxicology are derived from freshwater species including salmonids or cyprinids.
Unfortunately, there are very few deposited marine fish cell lines available to screen and
evaluate the toxicology in marine fish species in vitro. Thus, further research into the
effects of metals on cultured fish species and their cell lines, including marine fish,
should be undertaken, not only from an environmental point of view but also bearing in

mind the interests of the aquaculture industry and consumers.

Although some studies have evaluated certain aspects of gilthead seabream (S. aurata)
biology after exposure to metals in vivo (
), to our knowledge, only one has evaluated the in vitro

toxicity of Cd and Cu on the SAF-1 cell line, derived from the fin of seabream
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( ). Their results showed that Cd is more cytotoxic than Cu to SAF-1
cells after 24 h of exposure and the microarray study found the implication of Cu
transporters (CTR1, ATP7A and ATOX1), MT and oxidative stress (GR and Cu/Zn SOD)
genes in response to Cu exposure. Thus, the aim of the present study was to assess the
cytotoxicity effects of four metals (Cd, Hg, As and Pb) on the SAF-1 cell line from
gilthead seabream, one of the most widely cultured and consumed fish in the
Mediterranean area. For this, cell viability, the production of ROS, the expression of
genes related to cell protection or oxidative stress and the cell-death mechanism were
evaluated.

2. Materials and methods
2.1. SAF-1 cell culture

The established cell line SAF-1 (ECACC 00122301, Public Health England) (

) was seeded in 75-cm? plastic tissue culture flasks (Nunc, Denmark) and
cultured at 25°C in an incubator with an atmosphere with 85% relative humidity using
L-15 Leibowitz medium (Life Technologies, Madrid, Spain) supplemented with 10%
fetal bovine serum (FBS, Life Technologies), 2 mM L-glutamine (Life Technologies),
100 pg/mL streptomycin (Life Technologies) and 100 U/mL penicillin (Life
Technologies). The subculture was done every 4-5 days with 0.25% (w/v) trypsin
(Sigma) plus 0.02% (w/v) etylendiaminotetracetic acid (EDTA) solution (Sigma-
Aldrich, Madrid, Spain).

2.2. Metal exposure

Different salts of the metals (Sigma-Aldrich) were used: Cd chloride (CdCl,), MeHg
(1) chloride [CHsHgCIl (MeHg)], mercury (Il) chloride (HgCl,), lead (lI) nitrate
(Pb(NO3),) and trioxide As (As;03).

SAF-1 cells were plated in 96-well plates at 2.5 x 10* cells/well, cultured overnight and
washed with fresh medium. Then, 180 pL/well of fresh culture medium plus 20 pL/well
of water (controls) or metal were daily prepared to make the following final
concentrations: 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1 mM of Cd or As; 0.0001, 0.0005,
0.001, 0.005, 0.01, 0.05 and 0.1 of MeHg; 0.001, 0.05, 0.01, 0.1, 0.25, 0.4 and 1 mM of
Hg; or 1, 2, 3, 4 or 5 mM of Pb. Cells were exposed for 24 h at 25°C in the incubator.
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The cytotoxicity was determined in three independent experimental tests and each test

was performed with seven wells for each of the metals or controls.
2.3. Cytotoxicity assays
2.3.1. Neutral Red

Neutral red (NR) uptake was used to assess cell viability (

). After 24 h of exposure, cells were washed with 10 mM phosphate saline buffer
(PBS) and 100 pL/well of 0.33% neutral red solution (Sigma) added to the SAF-1 cell
cultures. After incubation (3 h at 25°C) the cells were washed and fixed with 1% acetic
acid and 50% absolute ethanol and the absorbance was measured at 540 nm and 690 nm
in a microplate reader (BMG Labtech, Madrid, Spain). Blanks consisted of wells

without cells.
2.3.2. MTT

The MTT test is based on the reduction of the yellow soluble tetrazolium salt (MTT)
into a blue, insoluble formazan product by the mitochondrial succinate dehydrogenase
( ). After exposure, cells were washed and 200 pL/well of culture
medium containing 1 mg/mL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Sigma). After 4 h of incubation at 25°C, cells were
washed, formazan solubilized and the absorbance at 570 nm and 690 nm was

determined. Blanks consisted of wells without cells.
2.3.3. Crystal violet

Crystal violet (CV) staining is usually related to the number of viable cells since dead
cells are detached and washed out ( ). After exposure, cells were
washed and fixed with 100 pL/well of Carnoy (3:1 v/v Methanol/Acetic acid; Sigma)
for 15 min. Then, cells were stained with 0.1% crystal violet (N-
hexamethylpararosaniline; Sigma) for 30 min, washed and solubilized with 10%
methanol and 5% acetic acid solution. The plates were read at 570 nm and 595 nm.

Blanks consisted of wells without cells.
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2.3.4. Lactate dehydrogenase (LDH) assay

Cytotoxicity induced by metals was assessed by lactate dehydrogenase (LDH) leakage
into the culture medium ( ). Following exposure, the
culture medium was recovered and centrifuged at 250 g for 4 min. The activity of LDH
in the supernatant was measured using the commercial kit CytoTox96 Non-Radioactive
Cytotoxicity Assay (Promega, Madrid, Spain). Briefly, 50 pL of supernatant was
incubated with 50 pL of CytoTox 96° Reagent for 30 min at room temperature, stopped
with 25 pL of Stop Solution and the absorbance read at 490 nm. Samples of unexposed
cells were completely lysed by the addition of 2 pL of Lysis Solution for 45 minutes and
the absorbance was related to the 100 % of cell lysis. Blanks consisted of wells without

cells.
2.3.5. Data analysis

Experiments were performed thrice with seven replicates for each exposure
concentration. The viability in each sample was determined according to the controls or
unexposed cells (100% viability). Intra- and inter-assay coefficient of variation was
lower than 8.5 and 12.3 %, respectively. For each method, cell viability data and the
logarithm of metal concentrations were represented and fitted with an exponential decay
3 parameter curve [f = y0 + axexp(-bx)]. Fitted curves always showed r® values higher
than 0.92. The concentration producing 50% cell death (ECso) was determined for all
metals and assays using Sigma plot software while EC;, value was only obtained in
some cases. The ECsy used in other assays were calculated with the data obtained by
using the NR method whilst the EC, dosages were referred to the lowest concentration

assayed (producing a nonsignificant cytotoxicity).
2.3.6. Light microscopy

After application of the NR, MTT and CV methods some samples were examined under
a microscope (Nikon Eclipse TE 2000-U; Nikon, Madrid, Spain) and photographs were
taken by a digital camera (Nikon DS-5M; Nikon).
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2.4. ROS production

Dihydrorhodamine 123 (DHR; Life Technologies) was used to measure ROS production
( ). DHR 123 is able to diffuse cell membranes and when
oxidized by ROS (mainly by hydrogen peroxide) becomes green fluorescent rhodamine
123 which is sequestered into the mitochondria. After 24 h of exposure to the EC, and
ECso dosages of each metal, SAF-1 cells were detached by trypsin/EDTA solution,
resuspended in 200 pL of fresh medium with 5 uM of DHR 123 and incubated for 30
min at 25°C. The samples were then analyzed in a flow cytometer (Becton Dickinson,
Madrid, Spain) to ascertain the extent of ROS production as indicated by the mean

green fluorescence intensity for each treatment.
2.5. Expression of genes

After exposure to ECy and ECsy of metals the supernatant was aspirated and TRIzol
Reagent (Life Technologies) added to the wells in order to extract the total RNA. The
RNA was then treated with DNase | (Promega) to remove genomic DNA contamination.
Complementary DNA (cDNA) was synthesized from 1 mg of total RNA using the
SuperScript 111 reverse transcriptase (Life Technologies) with an oligo-dT;g primer. The
expression of the selected genes was analysed by real-time PCR, which was performed
with an ABI PRISM 7500 instrument (Life Technologies) using SYBR Green PCR Core
Reagents (Applied Biosystems). Reaction mixtures (containing 10 uL of 2 x SYBR
Green supermix, 5 pL of primers (0.6 mM each) and 5 uL of cDNA template) were
incubated for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and
finally 15 s at 95°C, 1 min at 60°C and 15 s at 95°C. For each mRNA, gene expression
was corrected by the elongation factor 1o (efla) RNA content in each sample. Gene
names follow the accepted nomenclature for zebrafish (http://zfin.org/). Genes and
primers are shown in Table 3. In all cases, each PCR was performed with triplicate

samples.
2.6. Scanning electron microscopy (SEM) analysis of cell morphology and apoptosis

Sterile glass cover slips were placed in 6-well cell culture plates (Nunc) and 7.5 x 10*
SAF-1 cells/well were cultured overnight. Cells were then exposed to the ECs of each

metal for 24 h. The cover slips were washed, fixed in 3% (v/v) glutaraldehyde and post-

83



Chapter 2

fixed in 1% OsO,. Samples were dehydrated in acetone, critical-point dried, sputter

coated with gold and examined with a Jeol 6.100 scanning electron microscope.
2.7. Statistical analysis

Data of the cytotoxic effects are presented for each metal and colorimetric method using
the fitted curves. The results of ROS production are expressed as mean + standard error,
SE. Gene expression is expressed as relative expression to the house-keeping gene. Data
were statistically analyzed by two-way analysis of variance (ANOVA; P<0.05) to
determine differences among metal concentration as well as among metals, followed by

a post-hoc Tukey test.

Table 3. Oligonucleotide primers used for real-time PCR

Group Gene Abbreviation Acc. Primer sequence (5 —3")
number
House-keeping Elongation factor 1-alpha efla AF184170 F: CTGTCAAGGAAATCCGTCGT
R: TGACCTGAGCGTTGAAGTTG
Cellular protection Metallothionein-A mita X97276 F: ACAAACTGCTCCTGCACCTC
R:CAGCTAGTGTCGCACGTCTT
Cellular stress Heat-shock protein-70 hsp70 EU805481 F: AATGTTCTGCGCATCATCAA
R: GCCTCCACCAAGATCAAAGA
Oxidative stress Catalase cat FG264808 F: TTCCCGTCCTTCATTCACTC
R: CTCCAGAAGTCCCACACCAT
Cw/Zn superoxide dismutase  sod AJ937872 F: CCATGGTAAGAATCATGGCGG
R: CGTGGATCACCATGGTTCTG
Glutathione reductase ar AJ937873 F: CAAAGCGCAGTGTGATTGTGG
R: CCACTCCGGAGTTTTGCATTTC
Peroxiredoxin 1 prxi GQ252679 F:CTCCAAGCAATAATAAGCCCAAAG
RITCACTCTACAGACAACAGAACAC
Peroxiredoxin 2 prx2 GQ252680 F: CAAGCAGTAAATGTGAAGGTC
R: GATTGGACGCCATGAGATAC
Apoptosis B-cell lymphoma 2 bel2 FM145663 F: CAGCCAGGTGCTGACATAGA
RITCAGGAGTGATGTCGAGCTG
Bel-2 associated X protein bax AMD963390 F.ICAACAAGATGGCATCACACC

R:TGAACCCGCTCGTATATGAAA

3. Results
3.1. Cytotoxicity assays

SAF-1 cells exposed to metals showed cytotoxicity as seen by light microscopy and
colorimetric assays (Figure 16). Images of NR, MTT or CV indicate a decrease in the
number of adherent cells after 24 h exposure to metals (Figure I6A-F). The absorbance
assays show dose-dependent cytotoxicity from which reliable ECso values could be
calculated (Figure 16; Table 4) whilst EC,o values could only be determined for all the
metals in the NR assay. MeHg was generally the most toxic followed by As, Cd, Hg and

84



Chapter 2

Pb (Table 4). Among the colorimetric methods, NR uptake was the most sensitive,
(except for As), followed by the MTT, CV and LDH assays. Thus, NR method was the
only one giving a 100% of cell death for all the metals (Figure 16), whilst the other
methods never reached this percentage for all the treatments, what allowed us to

calculate all the EC,o values in the NR assay but not all in the others.

Table 4. Values of 12, ECio and ECso (mM) after exposure of SAF-I cells to metals for 24 h. NR,
neutral red, MTT, yellow soluble tetrazolium salt; CV, crystal violet; LDH, lactate dehydrogenase;

ND, not determined.

NR MTT CVv LDH
Heavy

metals r2 ECso ECio I"2 ECso ECio rz ECso ECio r ECso ECio

Cd 0.96 0.1 0.37 0.98 0.1 0.32 0.99 0.160 0.52 0.98 0.703 ND

MeHg | 0.97 0.015 | 0.049 0.96 0.018 | 0.055 0.99 0.021 0.07 0.97 0.018 | 0.047

Hg 0.96 0.160 0.5 0.97 0.3 ND 0.95 0.3 ND 0.99 0.363 ND

Pb 0.99 3.2 3.98 0.96 3.4 ND 0.96 45 ND 0.98 4.2 ND

As 0.99 0.082 0.28 0.92 0.03 0.14 0.99 0.367 0.85 0.94 0.226 0.5
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Figure 16. Representative light microscopy images and cytotoxicity curves of SAF-1 cells
exposed to different metals for 24 h. SAF-I cells unexposed (controls; A-C) or exposed to
different metals for 24 h (D, 0. mM Hg; E, 0.5 mM Cd; F, 0. mM As) and stained with NR
(A, D), MTT (B, E) or CV (C, F). Scale bar is 100 mm. In the cytotoxicity curves, lines
represent the fitted curve for each method: NR, neutral red, MTT, yellow soluble tetrazolium

salt; CV, crystal violet; LDH, lactate dehydrogenase.
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3.2. Metals induce the production of ROS

SAF-1 cells exposed to the ECy and ECs of all the metals for 24 h showed a significant
increase in the production of ROS compared to the controls (P<0.05) (Figure 17). ROS
production by SAF-1 cells exposure to the ECsy of MeHg, Hg and As produced
significantly higher levels than in those exposed to ECy, especially in the case of As,
whilst Cd and Pb induced the same ROS production at both. Moreover, when the metals
were compared, As induced the greatest effects followed by mercurial compounds, Pb
and Cd.
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600
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cC
cC
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bB
bA bB
200 4 bA BB bA ECo and ECso of metals
|—a] ’—L' for 24 h. Bars represent
0 ' " Hg Pb | As |

Control Cd MeHg the mean T SEM (n =

DHR 123 relative fluorescence

Heavy metals
3 separate

experiments). Statistically significant differences (P<0.05) were studied by two-way ANOVA.
Different lower case letters indicate significant differences among dosages (control, ECo and

ECso) whilst different capital letters denote significant differences among the metals.

3.3. Gene expression profiles indicate protection, oxidative stress and apoptosis

Exposure of SAF-1 cells to the ECy and ECs, of the metals produced regulation in the
expression of genes related to metal protection, cellular and oxidative stress, as well as
apoptosis (Figure 18). Firstly, we evaluated the cellular protection to metals by the
expression of the mta. As expected, Cd, MeHg, Hg and Pb significantly up-regulated
mta transcription in SAF-1 cells whilst As exposure produced a down-regulation when
compared with the controls. Strikingly, the EC, produced greater up-regulation than the
ECso of Cd and Hg while in MeHg exposed cells the opposite occurred. In addition,
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very clear significant differences were observed between As and the other metals (Figure

18) when they were compared.

Regarding cellular and oxidative stress gene expression, SAF-1 cells exposed to Cd
failed to alter the expression of hsp70, prx1 and prx2, sod and gr genes but up-regulated
cat transcription when compared with the controls (Figure 18). By contrast, MeHg
exposure produced a significant increase in the expression of all these genes, up-
regulation that was usually higher when SAF-1 cells were incubated with the ECs
compared with the unexposed cells. However, Hg produced no significant effect
(hsp70), up-regulation (sod, cat or gr) or down-regulation (prx1 and prx2) in the gene
transcriptions and the effects were much higher with the ECs, than with the EC,. Pb, by
its own, was mainly inducing an up-regulation of all these genes. Finally, As exposure

produced in the SAF-1 cells a significant down regulation in the transcription
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Figure 18. Gene expression of SAF-1 cells unexposed (light gray) or treated with ECo (white
bars) and ECso (dark grey bars) of metals for 24 h. Bars represent the mean + SEM (n=3
separate experiments) gene expression relative to the expression of the endogenous control ef/a

gene. Statistically significant differences (P<0.05) were studied by two-way ANOVA. Different
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lower case letters indicate significant differences among dosages (control, ECo and ECso) whilst

different capital letters denote significant differences among the metals. ND, not detected.

of hsp70, prx1 and prx2, up-regulation of sod while the expression of cat and gr genes
was undetected, as in the controls. When the different metals were compared, Cd, Hg

and Pb produced quite similar effects being MeHg and As the most different ones.

The expression on the anti-apoptotic B-cell lymphoma-2 gene (bcl2) and the pro-
apoptotic Bcl2-associated X gene (bax) was also evaluated (Figure 18). Thus, SAF-1
cells exposed to metals showed a significant down-regulation of bcl2 transcription in all
cases, except in those exposed to the ECso of MeHg, when compared with the control
cells. Moreover, when the metals were compared, the ECs, of Hg, Pb and As produced a
much higher reduction in the bcl2 transcription than Cd and MeHg. Finally, bax
transcription was undetected in control cells and exposed to As whilst it was greatly
expressed in Cd, MeHg, Hg and Pb exposed cells suggesting the cell death by apoptosis.
In addition, the induction provoked by MeHg and Pb was significantly higher than the

effects produced by the other metals.
3.4. Cell morphology showed apoptotic features

SEM images showed the control cells to have wide and short cytoplasmic extensions
and intact cell surfaces (Figures I9A, I9B). After metal exposure, the number of cells was
greatly reduced (Figure I19C) and those remaining presented modified extensions in the
width, length and number (Figures I19D-G). The most prominent characteristic of the
treated cells was the abundance of membrane blebs resembling those produced in
apoptosis cell-death, indicating that this is the induced dying mechanism (Figures I9E,
I9F). Finally, some cells showed holes in the membrane or even lost their membrane,

indicating that they were in very late apoptosis or necrosis (Figures I9G, I19H).
4. Discussion

In vitro cytotoxicity assays with fish cell lines represent technically easy to handle and
reproducible test systems that provide very good correlation with acute lethality tests

with fish in vivo ( ). Unfortunately, most of the information focusing on fish
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Figure I9. Representative scanning electron microscopy images of SAF-1 cells unexposed

(control; A, B) or exposed to ECso of As (C), Cd (D), Pb (E), Pb (F) or MeHg (G, H). Scale
bars: I mm (A, C); SO pm (B); 30 um (D, F); 20 pm (E, H); 60 um (G).
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toxicology comes from freshwater species and less is known about marine fish species
and their cell lines. This is especially true for the gilthead seabream, the most important
marine cultured species in the Mediterranean Sea. Therefore, the cytotoxicity of Cd,
MeHg, Hg, Pb and As on the seabream SAF-1 cell line, as well as morphological
alterations and changes in ROS production and in the regulation of different genes
(related to cellular protection, oxidative stress and apoptosis) were analysed in order to
increase our knowledge of metal toxicity and the mechanisms involved in marine fish

cell lines.
4.1. Cytotoxicity

Among the cytotoxicity tests used in vitro, colorimetric NR, MTT, LDH release and CV
methods were used to evaluate lysosomal damage, mitochondrial impairment,
membrane integrity and cell attachment/detachment, respectively. The cytotoxicity
assays used revealed different profiles, with NR and the MTT assays being the most
sensitive, whereas the CV and LDH methods were only suitable after exposure to high
metal concentrations or long time. This is supported by several authors (

), who found that the ECs, are usually higher for LDH leakage assay
and protein assays (like the CV method) than for NR and MTT assays. This
demonstrates that organelle impairment occurs before any permanent cell membrane
damage and cell detachment occurred. Similarly to our results, in the SAF-1 cell line,
the NR assay showed higher sensitivity than the kenacid blue method (

), which is based on protein determination, and similar to the CV assay. For Cd,
MeHg and Pb, the NR and MTT curves were almost identical and gave very similar
ECs values, suggesting that both lysosomes and mitochondrial organelles are impaired
at similar metal concentrations (

). Moreover, ECsy data suggest that lysosomes are the most affected

organelles by Hg and mitochondria by As.

Our observations show that NR is the most sensitive technique and the only one in
which the 100% of cell death was always observed. Thus, the NR ECyo and ECs values
indicated that MeHg was the most toxic metal for the SAF-1 cells followed by As, Cd,
Hg and Pb, which is consistent with previous literature. For example, in the freshwater
rainbow trout (Oncorhynchus mykiss) fish cell line RTG-2, the most toxic metal was
Hg, followed by Cd, Zn, Cu, Pb and Ni ( ) whilst in the case
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of the grass carp (Ctenopharyngodon idella) ZC-7901 cells the order was
Cd**>Hg? >Pb*">Cu®*>Cr**>As>* ( ). In a previous paper, the SAF-1
cells were more sensitive to Cd compared to Cu, and the ECsg values for Cd (

) were very similar to our results. However, rainbow trout RTG-2 or bluegill

(Lepomis macrochirus) BF-2 cells exposed to Hg show ECs, values of 0.012 and 0.019

mM ( ), respectively, which are about ten-fold lower than in the
SAF-1 cell line (EC5,=0.16 mM). A similar pattern was observed when the RTG-2 and
BF-2 cells were incubated with Cd or Pb ( ) indicating that SAF-1

cells are more resistant to metals. This kind of differences in the cell lines susceptibility
could be due to the source of the cell lines (fish species or tissue), incubation
temperature, metal form, solubility, interactions with culture medium components, etc.
In example, RTG-2 cells are more resistant to Hg, Cd, Cu or Ni when they are incubated
in presence of 10% FBS than with 0% FBS ( ) while they are also more

tolerant to metals than BF-2 cells ( ).
4.2. Cellular oxidative stress

SAF-1 cells exposed to all the metals also showed a significant increase in the cellular
ROS levels, as indicated by DHR 123 fluorescence (Figure 17). ROS production has

been also demonstrated in fish cell lines exposed to Pb, Hg, As, Cu or Zn (

) and it is widely accepted that these ROS are the main inducers of the cytotoxicity
( ).
However, our data are not fully supporting this hypothesis. While the ROS production
followed the order As>MeHg>Hg>Pb>Cd the cytotoxic effect was
MeHg>As>Cd>Hg>Pb. Thus, SAF-1 cells exposed for 24 h to Cd and Pb produced the
lowest ROS levels and not followed a dose-response suggesting that these radicals are
not the most important inducers of the cytotoxicity mediated by Cd and Pb. By contrast,
MeHg, Hg and As induced ROS production in a dose-dependent manner pointing to the
importance of ROS in the cell death. Interestingly, the ECso of As produced the highest
ROS level in the SAF-1 cells, which agrees with studies in mammalian (

) and fish ( ) cells exposed to As. Moreover,
it has been shown that the oxidation of As under physiological conditions results in
H.0, formation ( ), what could partly explain the very high ROS levels

91



Chapter 2

in our assays. In addition, As exposure of two fish cell lines resulted in apoptosis cell
death mediated by ROS ( ) supporting our observations for As, and
probably for MeH and Hg, in the seabream SAF-1 cell line.

This generation of hydrogen peroxide is mainly produced at mitochondrial level by
SOD while its elimination may involve CAT, GR and PRXs systems (

). Our results show that the moderate ROS production
after SAF-1 cells exposure to Cd, MeHg, Hg or Pb metals is concomitant with the
increased sod gene transcription and the scavengers cat, gr, prx1 and prx2. In fact,
MeHg was the metal inducing the highest antioxidant response suggesting the
scavenging and clearance of the ROS. However, As induced the highest ROS
production and the lowest sod transcription supporting the idea that part of the ROS
come from the direct As oxidation above mentioned. In addition, As failed to induce any
of the antioxidant genes, making the SAF-1 cells unable to clear the ROS, suggesting
different toxicological mechanisms for the As compounds. In SAF-1 cells, sod
expression was unaltered after exposure to Cu, Zn or Cd for 24 h but down-regulated
after 4 h ( ) though they did not measure ROS production.
However, this gene was down-regulated in zebrafish (Danio rerio) embryos exposed to
Cd ( ) or crucian carp (Carassius auratus var. Pengze) exposed to Cr (

) even when the ROS were overproduced indicating other sources for ROS
generation apart from mitochondrial SOD enzyme. At protein level, As exposure has
been seen to induce ( ) or decrease (

) SOD activity in fish. Interestingly, As induced the CAT activity in the cytosol but
decreased that of the peroxisome and this has been related with increased cellular ROS
and As toxicity ( ). SOD, CAT and glutathione
system have shown different patterns and some controversy in fish exposed to metals,
but still considered good biomarkers of the oxidative stress produced by metals (

), though the role of the PRXs system has never been evaluated
in fish exposed to metals. In fact, prx2 has been demonstrated to play a role as
antioxidant by protecting a human cell line against oxidative damage by hydrogen
peroxide ( ) and could also be involved in removing the ROS induced by
metals. Therefore, the relation between ROS production and oxidative/antioxidant

response should be further investigated in fish.

92



Chapter 2

4.3. Cellular protection and stress

MTs are among the most important proteins in protecting cells against metal toxicity,
especially Cd, Hg, Cu and Zn. Our results show that the mta gene is up-regulated by Cd,
MeHg, Hg and Pb in SAF-1 cells, as previously documented in fish (

). In addition, MT has been shown to directly react with
hydroxyl radicals in cell-free in vitro systems ( ) and may,
consequently, act as a donor of reduced thiolate groups, thereby fulfilling a role in
protecting the cell from free radical mediated injury and reducing oxidative stress (

). Surprisingly, As produced a significant down-regulation of the mta
expression as well as the highest ROS production, pointing to the importance of MT
protein in ROS scavenging in SAF-1 cells as previously suggested (

). Similarly to mta, a cell stress biomarker, the heat-shock protein 70 (hsp70)
gene followed a quite parallel pattern demonstrating cell injury, whilst As produced
again a significant down-regulation. In seabream, in vivo exposure to Cd produced up-
regulation of mt gene and down-regulation of hsp70 ( ), whilst at

protein level the MT was unaffected and the HSP70 increased (

).
4.4. Cell death

Finally, a well-known consequence of imbalanced oxidative stress is cell death by
apoptosis. In the exposed SAF-1 cells we identified morphological changes
characteristic of the apoptosis process although the necrosis pathway cannot be
completely excluded. Moreover, the expression of apoptosis regulatory genes confirms
this finding. Thus, pro-apoptotic bax gene was up-regulated, except by As, and the anti-
apoptotic bcl2 down-regulated by metals confirming this cell death pathway. However,
control of apoptosis is regulated by balance of pro and anti-apoptotic proteins and many
other regulatory factors. Strikingly, in the case of As, SAF-1 cells suffered apoptosis cell
death accompanied by down-regulation of bcl2 transcription, whilst bax was not
detected, what suggests that this regulation occurred at either protein level or implicated
other pro-apoptotic regulators. Moreover, in the case of MeHg, several studies have
confirmed that the fish cell death after metal exposure is mainly by apoptosis (

). However, few papers have dealt with this

aspect in fish cell lines. For example, as in our study, nuclear condensation, holes in the
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membrane and distinct apoptotic-like bodies were observed in the grass carp ZC-7901
cell line after exposure to Cd?*, Cr®*, Hg®*, Cu®*, As>* and Pb*( ). In
rainbow trout cell lines, apoptosis was shown to be the most prominent cell death
mechanism after Cd exposure although others such as necroptosis were also strongly
suggested ( ). In zebrafish, the ZFL cell line exposed to Cu
showed down-regulated bcl2 and up-regulated bax gene expression, demonstrating
apoptosis cell death ( ), as our data. At molecular level, members of
the pro- or anti-apoptotic regulators have been shown to be altered in fish exposed to
metals and mediating apoptosis after oxidative stress (

). Thus, our data suggest that oxidative stress
might be responsible for the alteration of apoptosis-related regulators bcl2 and bax

genes and, finally, SAF-1 cell apoptosis.
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Abstract

The in vitro use of fish erythrocytes to test the toxicity of aquatic pollutants could be a
valuable alternative to fish bioassays but has received little attention. In this study,
erythrocytes from marine gilthead seabream (S. aurata) and European sea bass (D.
labrax) specimens were exposed for 24 h to Cd, Hg, Pb and As and the resulting
cytotoxicity was evaluated. Exposure to metals produced a dose-dependent reduction in
the viability, and mercury showed the highest toxicity followed by MeHg, Cd, As and
Pb. Moreover, fish erythrocytes incubated with each one of the metals exhibited
alteration in gene expression profile of mta, sod, cat, prx, gr, hsp70 and hsp90, bcl2 and
calpl indicating cellular protection, stress and apoptosis death as well as oxidative
stress. This study points to the benefits for evaluating the toxicological mechanisms of

marine pollution using fish erythrocytes in vitro.

96



Chapter 3

1. Introduction

Anthropogenic actions have resulted in an increased flux of metallic substances into the
aquatic environment ( ), a fact that has led to the investigation of
the effect of metals and metalloids on the biological functions of marine organism such
as fish. Among the adverse effects, metals can produce mortality or alterations in blood,
metabolism, nutrition, reproduction, development and immunity (

). Some studies have shown that
aquatic pollutants including metals alter fish haematological indices (haematocrit, red
blood cell count per unit blood volume and haemoglobin (Hb) concentration), as well as
blood/plasma ions, hormones, metabolites, proteins or enzymes ( ).
However, there are not many papers dealing with the toxicological effects on fish blood
cells, namely erythrocytes. In vitro toxicological tests are gaining traction as alternatives
to in vivo tests because they are more cost- and time- effective and have fewer ethical
issues. The fact that fish erythrocytes are nucleated, contain organelles that exhibit good
resistance in primary cultures and are easily handled, constitutes a very interesting
cellular model for toxicological studies in vitro ( ). Furthermore,
experimental fish are not killed which turns them into a valuable alternative to fish
bioassays and contributes to the three R’s. In addition, erythrocytes are targets for
metals and used to distribute them along the body. Owing to the high oxygen and iron
concentrations in the cytoplasm, erythrocytes can continuously produce ROS as a result
of haemoglobin oxidation to methaemoglobin ( ),
and therefore are exposed to potential oxidative stress. To maintain the ROS balance, as
in mammals, fish erythrocytes are well protected by radical scavengers, including
enzymatic and nonenzymatic systems. The enzymatic systems in erythrocytes consist of
mitochondrial and cytosolic SOD, CAT, GPx and PRXs (

). In vivo toxicological studies in fish erythrocytes have reported the effects of
various chemicals in the morphology, haemolysis, nuclear deformation, amitosis (
) and genotoxic damage (
). However, fewer studies have evaluated the toxicological
role of metals on fish erythrocytes in vitro, which could provide basic information on
the nature of the tested agents and/or the cellular response Thus, rainbow trout

(Oncorhynchus mykiss) naive erythrocytes exposed in vitro to Cu showed little effect on
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ROS production ( ) whilst exposure to titanium dioxide nanoparticles
produced cytotoxicity and DNA damage but not ROS production (

). In the case of a neotropical freshwater fish (Prochilodus lineatus), erythrocyte
exposure to lead also confirmed genotoxic and cytotoxic effects ( ).
Nevertheless, very few papers have evaluated the specific cellular responses of marine
fish erythrocytes against pollutants at protein or messenger RNA (mMRNA) levels
( ). To our knowledge, only one study ( ) has
evaluated the MT expression in vitro in fish erythrocytes, showing a similar trend to that
recorded in different fish species and models (

). MTs, together with HSPs, are important proteins involved in cellular
protection and concretely in the protection against metals (

). ROS induction by metals provokes DNA damage and apoptosis, but
no studies have been found in the literature about the cell death mechanism after metal
exposure in fish erythrocytes. In humans, it has been described a particular erythrocyte
cell death mechanism called eryptosis that resembles to apoptosis of nucleated cells
( ). Some differences between eryptosis and apoptosis reside in the fact
that mammalian erythrocytes lack nuclei and mitochondria and that the molecular
signalling pathways are not identical ( ). Eryptosis occurs under natural
conditions in erythrocytes, and eryptotic cells are engulfed and degraded by
macrophages contributing to the animal haemostasis although it also occurs under
pathophysiological situations. Among these situations, eryptosis has been demonstrated
on human erythrocytes exposed to Cd, Hg, Pb, or As (

). In addition, a report has demonstrated
the role of B cell lymphoma-2 (Bcl2) and Bcl-2 homologous antagonist killer (Bak)
proteins in the human erythrocyte survival in vitro ( ), but no studies

were found in fish erythrocytes.

Taking into consideration that pollutants affect fish hematological parameters and the
scarce studies evaluating their effects on fish erythrocytes at molecular level, we aimed
to evaluate the cytotoxicity of metals (Cd, Hg, Pb) and a metalloid (As) as well as the
transcription pattern of genes related to cellular oxidative stress, protection, and death
after 24 h exposure in two teleost fish species: gilthead seabream (S. aurata) and

European sea bass (D. labrax), the most important Mediterranean cultured fish species.
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2. Material and methods
2.1. Animals

Thirty specimens of 80-100 g body weight of the seawater teleost gilthead seabream (S.
aurata) and European sea bass (D. labrax) obtained from local fish farms, were kept in
seawater aquaria (250 L) in the Marine Fish Facilities at the University of Murcia
(Spain) The water was maintained at 20 = 2°C, with a flow rate of 900 L/h, and 28%e.
salinity. The photoperiod was 12 h light/12 h dark and fish were fed with a commercial
pellet diet (Skretting) at a rate of 2% body weight/day. Fish were allowed to acclimatise
for 15 days before the start of the experimental trial. All experimental protocols were

approved by the Ethical Committee of the University of Murcia.
2.2. Erythrocyte isolation

Fish were taken from the aquaria and 200 ul of blood was immediately withdrawn into a
heparinized syringe from the caudal vein and placed into 4 ml of PBS (phosphate
buffered saline containing 0.35% sodium chloride, to adjust the medium’s osmolarity)
with 10 mM glucose, and the fish were returned to the aquaria. Blood was layered over
a 51% Percoll density gradient (Pharmacia) and centrifuged (400 xg for 30 min, 4 °C) to
separate leucocytes and erythrocytes, which were located in the pellets, collected,
washed twice with PBS, counted and adjusted to 5x10° cells/mL in PBS with 10 mM

glucose.
2.3. Metals exposure

Different salts of the tested metals (Sigma-Aldrich) were used: Cd chloride (CdCl,),
MeHg (I1) chloride [CH3HgCI (MeHg)], mercury (I1) chloride (HgCl,), lead (I1) nitrate
(Pb(NO3),) and trioxide As (As,03). Each salt was initially dissolved in PBS with 10
mM glucose and dilutions for each concentration were daily prepared. Prior to carrying
out the assays, the osmolarity of these solutions was measured in an osmometer

(Wescor) to avoid effects due to this parameter.

For each individual fish, 100 uL of blood erythrocytes were placed into separate 1.5 ml
Eppendorf tubes in triplicate and exposed with 1 ml of PBS with 10 mM glucose

(controls) or metal solutions, to make final concentrations of 10-100 uM for Cd, 5-75
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UM for MeHg, 1-10 uM for Hg, 0.1-3 mM for Pb and 10-500 uM for As. Samples were
gently shaken in an orbital agitator (24 h at 24 °C). Erythrocytes from 6 different and
independent fish were used for cytotoxicity curves and from 4 for gene expression
studies.

2.4 Cytotoxicity assays
2.4.1. Propidium iodide (PI) uptake

In order to determinate the viability of the seabream and sea bass erythrocytes; we
assessed the abundance of dead erythrocytes using a flow cytometry technique
( ). Following 24 h of metal exposure, 10 pL of each sample was
transferred to 5 mL tubes (Becton Dickinson) containing 400 pL of PBS and 100 pL of
PI (400 pg/mL; Sigma-Aldrich). All samples were analysed in a flow cytometer (Becton
Dickinson) with an argon-ion laser adjusted to 488 nm. Analyses were performed on
10,000 cells, which were acquired at a rate of 300 cells/s. Data were collected in the
form of two-parameter side scatter (SSC, granularity) and forward scatter (FSC, size),
and green fluorescence (FL1) and red fluorescence (FL2) dot plots or histograms were
constructed on a computerised system. With this method dead (P1%) and viable (PI)
cells were discriminated and analysed.

2.4.2. Oxyhemoglobin release

Erythrocyte exposure to metals results in cell death and liberation of their content being
haemoglobin, in either oxyhemoglobin (HbO;) or deoxyhemoglobin forms, the most
abundant protein. Thus, the viability of the cells was determined by the hemolysis of
erythrocytes and consequent liberation of the HbO, to the medium (

). After 24 h of
exposure, the samples were centrifuged (10,000 x g, 1 min) and 100 pl of the
supernatant transferred to 96 flat-bottomed well plates (Nunc) and the absorbance at 542
nm (the maximum absorbance for HbO;) analysed in a plate reader (BMG, Fluoro Star
Galaxy). Positive (maximum hemolysis and absorbance) or negative (minimum
hemolysis and absorbance) controls consisted on 100 pL of erythrocytes in 1 mL of

sterile distilled water or in 1 mL PBS with 10 mM glucose, respectively.
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For each method, cell viability data and the metal concentrations were represented and
fitted with an exponential decay 3 parameter curve [f =y 0 + a x exp (-bx)]. Fitted
curves always showed r? values higher than 0.96 which are therefore the only ones
presented in the cytotoxicity curves. The concentration producing 50% cell death (ECs)
was determined for all metals and assays using SigmaPlot software. According to the Pl
method, EC, (the minimum concentrations used and that failed to be cytotoxic) and

ECso were used in this study as the concentrations to measure gene expression.
2.5. Gene expression analysis by real-time PCR

After 24 h of erythrocytes exposure to the ECy or ECso of the metals samples were
centrifuged, the supernatants were aspirated and TRIzol Reagent (Life Technologies)
was added to the wells in order to extract the total RNA as indicated by the
manufacturer. It was then quantified and the purity assessed by spectrophotometry; the
260:280 ratios were 1.8-2.0. The RNA was then treated with DNase | (Promega) to
remove any genomic DNA contamination. Complementary DNA (cDNA) was
synthesized from 1 ng of total RNA using the SuperScript 111 reverse transcriptase (Life

Technologies) with an oligo-dT18 primer.

The expression of genes involved in cellular oxidative stress (sod, cat, gr and prx1),
cellular protection (mta, hsp70 and 90) cellular apoptosis (bax) and eryptosis (calpl)
was evaluated by real-time PCR with an ABI PRISM 7500 instrument (Applied
Biosystems) using SYBR Green PCR Core Reagents (Applied Biosystems). Reaction
mixtures (containing 10 puL of 2 x SYBR Green supermix, 5 pL of primers (0.6 mM
each) and 5 pL of cDNA template) were incubated (10 min, 95 °C), followed by 40
cycles of 15 s at 95 °C, 1 min at 60 °C, and finally 15 s at 95 °C, 1 min at 60 °C and 15 s
at 95 °C. For each mRNA, gene expression was corrected by the elongation factor 1a
(efla) RNA content in each sample and calculated using the 2 *“Ct method (

). Negative controls had no amplification product and control
templates showed no primer-dimer formations. Gene names follow the accepted
nomenclature for zebrafish (https://wiki.zfin.org/). The primers used in the present study
are shown in Table 5. In all cases, each PCR was performed with triplicate samples from

four specimens.
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Table 5. Primers used for analysis of gene expression by real-time PCR.

abbreviation | specie numbers Sequence (5*-3°)
CTGTCAAGGAAATCCGTCGT
Seabream | AF184170
Elongation factor ofla TGACCTGAGCGTTGAAGTTG
1-alpha CGTTGGCTTCAACATCAAGA
Seabass | AJBB6T2T - T GTCTGOTCCCTTGR
. CCATGGTAAGAATCATGGCGG
Cu/Zn superoxide o Seabream | AJ937872 CGTGGATCACCATGGTTCTG
. TGTTGGAGACCTGGGAGATG
t
dismutase Sea bass FJ860004 ATTGGGCCTGTGAGAGTGAG
TTCCCGTCCTTCATTCACTC
Catalase o Seabream | FG264808 -~ N S AAGTCCCACACCAT
sonbacs | Fis6000s | CACCTTTGCCTGATGGCTAC
TGCAGTAGAAACGCTCACA
CAAAGCGCAGTGTGATTGTGG
Seab AJ937873
Glutathione o cabream CCACTCCGGAGTTTTGCATTTC
reductase TGCACCAAAGAACTGCAGAA
Seabass | FM020412 1 e s ST GTCACCTCCAGTCC
CTCCAAGCAATAATAAGCCCAAAG
Seroxiredoxin 1 ” Seabream | GQ252679 e N~ T ACAGACAACAGAACAC
P conbmcs | AMog7213 | CTOCCGAAGATTTCAGGAAGA
CGCCGTGTGTCAGATACCAG
ACAAACTGCTCCTGCACCTC
Metallothionein A o Seabream | X97276 o e T AGTGTCGCACGTCTT
conbmcs | AF100014 | CCACCACCTGCAAGAAGACT
AGCTGGTGTCGCACGTCT
AATGTTCTGCGCATCATCAA
EU805481
Heat shock protein | Seabream | EUB0S48. - CACCAAGATCAAAGA
70 P seabacs | Avazssss | CTCCTAAGAATGGCCTGGAG
CTCGTTGCACTTGTCCAGAA
Heat shock protein GGAGCTGAACAAGACCAAGC
90 00 Seabream | DQS24994 1 e T e ATCCTCCCAGTCGTT
P senbacs | Avasseas | CTCAGGGACAACTCCACCAT
CTTTGTCGTTCTTGTCAGCA
CAACAAGATGGCATCACACC
AM
Bcl-2 associated X - Seabream 963390 | 5 AACCCGCTCGTATATGAAA
protein TGTCGACTCGTCATCAAAGC
Seabass | FMOL1848 - e T GTTCCCGGAGGTAGT
GTGGAGCTCCTCGCTGTATC
Caloaint ot Seabream | KF444899 - e e CTGAGGGTTGAGC
P P senbmes | Fsp1sol | TCCAGAGGGGACTGAGTTCT
CCGCCTGTAAAGTCCTCAAA
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2.6. Statistical analysis

Data of the cytotoxic effects are presented for each metal and method using the fitted
curves. Gene expression is expressed as fold change with respect to the control samples
where values higher than 1 indicate up-regulation and lower than 1 down-regulation of
each gene. ECs values for each fish species and method were analysed by one-way
analysis of variance (ANOVA,; P<0.05) to determine differences among metals,
followed by a SNK (Student-Newman-Keuls) comparison mean test. Gene expression
data were statistically analysed by two-way ANOVA (P<0.05) to determine differences
between control and metals and between the two fish species. Normality of the data was
previously assessed using a Shapiro-Wilk test and homogeneity of variance was also
verified using the Levene test. A nonparametric Kruskal-Wallis test was used when
data did not meet parametric assumptions. Statistical analyses were conducted using
SPPS 20.0 software (SPSS).

3. Results
3.1. Cytotoxicity assays

After 24 h exposure to metals, the viability of gilthead seabream and European sea bass
erythrocytes declined in a dose-dependent manner compared to controls (Figure 20). The
data were used to fit curves in order to identify the ECsq (Figure 20, Table 6). According
to the Pl method, ECs values for seabream erythrocytes were of 22, 21, 2.4, 523 and
134 uM, and for sea bass 80, 28, 3.6, 1,100 and 190 uM for Cd, MeHg, Hg, Pb and As,
respectively (Table 6). Hg was the most toxic metal for erythrocytes in both species
followed by MeHg, Cd, As and Pb (Table 6). Cytotoxicity curves followed different
shapes between fish species when the erythrocytes were exposed to Cd or MeHg. Thus,
seabream erythrocytes are more resistant to Cd, Pb and As whilst the susceptibility to
MeHg and Hg was roughly the same. PI uptake and HbO, release techniques revealed
almost identical cytotoxicity curves except for Hg-exposed sea bass erythrocytes (Figure
20), which is also evidenced for the ECsq values (Table 6).
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Figure 20. Cytotoxicity curves of gilthead seabream or European sea bass erythrocytes exposed to

different metals for 24 h. Lines represent the fitted curve for each method: PI and HbO, release.

Table 6. Comparing the cytotoxicity of metals to fish erythrocytes from two species by two

methods. Values of ECso (uM; mean TSEM;n=6 independent fish) of fish erythrocytes after

exposure to metals for 24 h. r? values of the fitted curves was higher than 0.96 in all cases.

Statistically significant differences (ANOVA; P<0.05) within each column (differences among

metals) or row (differences between fish species and method for each metal) were denoted by

different lower case or capital letters, respectively.

Gilthead seabream erythrocytes European sea bass erythrocytes
Metal
Pl uptake | Oxyhemoglobin release | Pl uptake Oxyhemoglobin release
Cd 22 +3.62°%4 | 23+4.5% 80+12.7%® | 71+9.27%®
MeHg [21+1.06* | 20 £0.71** 28 +0.76™5 | 29 + 0.5
Hg 2.4+0.22" | 2.7 £0.45" 3.6 +0.01° | 55+0.37°
Pb 523 + 103°* | 374 + 64°® 1,100 +129% | 1,000 + 201%
As 134 +0.28%4| 129 + 0.14% 190 £51% | 189 + 3¢
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3.2. Metals generate oxidative stress in erythrocytes

Exposure of erythrocytes to the ECsy of the metals for 24 h provoked oxidative stress

(Figure 21, Supplementary data Figure 2.SI). First, all the metals, except Cd in sea bass,
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Figure 21. Expression of genes related to oxidative stress (sod, car, gr and prxI) in gilthead
seabream (white bars) or European sea bass (grey bars) erythrocytes exposed to the ECso of each
metal for 24 h. Data are expressed as fold change with respect to the control erythrocytes. Bars
represent the mean T SEM from 4 independent fish. Statistically significant differences

(P<0.05) between control and metal-exposed (*) and between the two species (#) were denoted.

significantly up-regulated the sod transcription in erythrocytes but no differences were
observed between species. Surprisingly, cat and gr gene expression was always down-
regulated after ECs, metal exposure of seabream erythrocytes, but statistically
significant for Cd, MeHg and As. By contrast, they were always up-regulated in sea
bass erythrocytes being only significant the cat gene for ECs of As and gr for ECsg of
MeHg, Hg and As. Significant effects between the two fish species were also observed.
The prx1 gene expression was significantly enhanced by ECsy of Cd, MeHg, Hg and Pb

in seabream erythrocytes while only Cd and As exposure induced its transcription and
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Hg down-regulated, in sea bass erythrocytes (Figure 2I). As consequence, Hg and Pb
effects were significantly different in the two fish species. Interestingly, exposure of
erythrocytes to EC, provoked roughly the same profile at transcriptional level than the

ECso (Figure 2.SI).
3.3. Cellular protection is differently altered in seabream and sea bass erythrocytes

We evaluated the cellular protection to metals by the expression of the mta and hsp70
and hsp90 (Figure 22, 2.SI). As expected, ECso of Cd or MeHg exposure of erythrocytes
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Figure 22. Expression of gene related to cell protection (mta, hsp70 and hsp90) in gilthead
seabream erythrocytes (white bars) or European sea bass (grey bars) erythrocytes after exposure
to the ECso of each metal for 24 h. Data are expressed as fold change with respect to the control
erythrocytes. Bars represent the mean = SEM from 4 independent fish. Statistically significant
differences (P<0.05) between control and metal-exposed (*) and between the two species (#)

were denoted.

from both fish species significantly up-regulated mta transcription (Figure 22).
Surprisingly, exposure to ECsy of Pb or As did not alter mta mRNA abundance in the

seabream and sea bass erythrocytes. All the metals increased hsp70 gene expression in
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seabream erythrocytes; however, Hg and Pb significantly down-regulated it in sea bass
erythrocytes although As up-regulated it. Thus, exposure to MeHg, Hg and Pb provoked
significant differences between gene expressions in erythrocytes for the two fish tested
species. In contrast, most of the metals down-regulated the transcription of hsp90 but
only Pb and As did to a significant extent in seabream and sea bass erythrocytes,

respectively (Figure 22).

As above, exposure of seabream or sea bass erythrocytes to EC, of metals induced a

very similar transcriptomic profile as the ECsg (Figure 2.SI).
3.4. Metals induce apoptosis and eryptosis cell death

The expression of typical markers for apoptosis (pro-apoptotic Bcl2-associated X gene,

bax) and eryptosis ([-calpain, calpl) was assayed in fish erythrocytes (Figure 23, 2.SI).
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Figure 23. Expression of genes related to cell death (bax and calpl) in gilthead seabream (white
bars) or European sea bass (grey bars) erythrocytes exposed to the ECso of each metal for 24 h.
Data are expressed as fold change with respect to the control erythrocytes. Bars represent the
mean £ SEM from 4 independent fish. Statistically significant differences (P<<0.05) between

control and metal-exposed (*) and between the two species (#) were denoted.

Seabream and sea bass erythrocytes exposed to ECsy of Hg, Pb and As induced an up-
regulation of bax transcripts, demonstrating the apoptosis cell death process. On the
other hand, ECsy of Cd and MeHg did not alter it to a significant level. Surprisingly,
calpl gene expression was greatly impaired by all ECsy of metals, except MeHg in

seabream erythrocytes; however, exposure to MeHg or Hg produced a general induction
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of calpl mRNA transcription in sea bass erythrocytes (Figure 22), which could be
related to the eryptosis process (Figure 22) ( ).

Finally, the effects provoked in fish erythrocytes at gene expression level by EC, and

ECso metals were comparable (Figure 2.SI).
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Figure 2.SI. Expression of genes related to oxidative stress (sod, cat, gr and prx[), cell protection
(mta, hsp70, hsp90) and cell death (bax and calpl) in gilthead seabream (white bars) or
European sea bass (grey bars) erythrocytes exposed to the ECo of each metal for 24 h. Data are
expressed as fold change with respect to the control erythrocytes. Bars represent the mean = SEM
from 4 independent fish. Statistically significant differences (P<0.05) between control and

metal-exposed (*) and between the two species (#) were denoted.

4. Discussion

Fish erythrocytes could be useful for toxicological studies of aquatic pollutants because
they remain viable in primary cultures and are easy to obtain and manipulate. However,
very few papers have evaluated the toxicological effects on fish erythrocytes and those

available include morphological changes (
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), genotoxic damage (

) and MT expression ( ). Among the cytotoxicity
tests used in vitro, flow cytometry and spectrophotometry methods were used to
evaluate the cell death of fish erythrocytes. The cytotoxicity assays used revealed
comparable profiles, showing a dose-dependent curve after 24 h exposure to the metals
in erythrocytes from gilthead sea bream and European sea bass. The ECsy values
showed that toxicity after 24 h exposure to metals was Hg>MeHg>Cd>As>Pb for
erythrocytes from both species. However, sea bream erythrocytes were more sensitive
to the metals than sea bass erythrocytes, showing lower ECs,. Moreover, we have
shown for the first time that the oxyhaemoglobin release method could be used in fish
ecotoxicological testing and is more sensible than the Pl uptake. In addition, it has the
advantage of using unsophisticated and affordable equipment and no need for reagents
such as PI, which is carcinogenic. This method has been satisfactorily used in
toxicological studies conducted in humans, rats and birds (

) and should be further
explored in fish. Cytotoxic effects of metals observed on fish erythrocytes were
compared to the few studies available in the literature. For instance, sea bream
erythrocytes exposed to 100 uM Hg for 1 h showed a 6.1 % of haemolysis
( ) while this dose for 24 h showed 100 % haemolysis, which
could be attributed to a rapid and adverse effect of Hg upon membrane integrity. Human
erythrocytes exposed to 10 mM As (I11) for 5 h exhibited 0.7 % haemolysis (

). Thus, As seems to show a slower and lower toxicity mechanism
than Hg, which is also observed in our results. Studies using bird erythrocytes reported
a lower ECso for Cd (0.027 mM) than for lead (1.84 mM) (

), which also agrees with our data. Other studies in the RTG-2 fish cell line
confirmed the highest toxicity of Hg compared to other metals (

), whilst in the case of the grass carp (Ctenopharyngodon idella) ZC-7901 cell line,
the order was Cd**>Hg?*>Pb?*>Cu?*>Cr®*>As"" ( ). Moreover, in the
rainbow trout RTL-W1 (derived from the liver) ECs, values for Cd are quite similar to
our data ( ). Differences in the fish environment (fresh or marine
water), as well as the metal form, solubility, exposure time, interactions with culture
medium components, etc., could be responsible for some of the differences found with

those mentioned in the literature. In fact, it is known that culture medium composition
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or percentage of serum supplementation affects the metal cytotoxicity (

). For example, differences between
culture medium could be behind the low ECs, values observed in this study (PBS with
10 mM glucose) and the higher values observed in the SAF-1 cell line (derived from
fins of gilthead sea bream and exposed in L-15 with 10 % serum) (

), that would be further investigated. Very few studies concerned with the
erythrocyte toxicology of metals at the gene level are found in the literature. Thus, we
have evaluated the transcription of some important genes involved in oxidative stress,
cell protection and death after 24 h of exposure to the EC, or ECsy of each metal. With
respect to oxidative stress, we found that all the metals induced a significant up-
regulation of sod gene expression in sea bream and sea bass erythrocytes. In sea bass,
erythrocytes exposed to 10— 100 uM Hg for 1 h the SOD enzyme activity increased in
all doses ( ), which agrees with our results. However, the
decrease in SOD activity of sea bass erythrocytes by Cu®* and Zn** was unexpected
( ), since these metallic ions are potent ROS activators. In vivo
experiments with goldfish (Carassius gibelio) erythrocytes evaluating SOD activity
showed a significant decrease after the first day of Cd exposure or an increase after 7 or
15 days ( ). This increased gene and protein SOD could be involved, as
demonstrated in human erythrocytes, in the prevention of methaemoglobin formation
( ). In sea bream erythrocytes, both cat and gr transcriptions were
significantly down-regulated, but in the case of sea bass, cat was up-regulated by As
and gr by most metals. In sea bass, erythrocyte exposure to Cr or Zn increased CAT
activity while GR activity was decreased by Cr, Cu and Zn exposure (

). These opposite effects between sea bream and sea bass erythrocytes were not
observed in freshly isolated head-kidney leucocytes ( ).
Contradictory results were also found in the literature. For example, CAT activity was
increased or decreased after Cd exposure of fish erythrocytes ( )
and GR activity was reduced after Pb exposure in human erythrocytes in vitro or in vivo
( ). In rat erythrocytes exposed to As, the
CAT activity remained unchanged ( ). It was previously
reported that reduced nicotinamide adenine dinucleotide-hydrogen (NADH) plays an
important role in the activation of CAT from its inactivated form ( ) and
insufficient supply of NADH during arsenic metabolism might decrease the activity of
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CAT ( ). Special attention should be focused on the increase
(>1000-fold) of the gr transcription after Hg exposure in sea bass erythrocytes.
Similarly, European sea bass erythrocytes exposed to low HgCl, concentrations for 1 h
resulted in increased SOD, CAT, peroxidase and glutathione peroxidase activities, but
not in the case of human red blood cells, suggesting the presence of ROS and its partial
elimination ( ). Similarly, in vivo exposure to sublethal dosages
of Hg resulted in increased metabolism of glutathione and its associated enzymes in an
effort to control the ROS production ( ). In contrast, inorganic mercury
nitrate added in vitro to stroma free rat erythrocyte haemolysates resulted in a clear
inhibition of GR activity ( ). Thus, our data suggest that
the overexpression of gr could imply that glutathione is in reduced (GSH) state and is
ready to be oxidized by glutathione peroxidase and scavenge more ROS. The
scavenging of H,O, and peroxinitrites by Prx1 and Prx2 has been also demonstrated in
erythrocytes (

). In our study, prx1 gene expression was intensely up-regulated by metals in sea
bream erythrocytes; however, only Cd and As exposure induced prx1 transcription in
sea bass erythrocytes while Hg exposure down-regulated it. In another study, Cd, Hg
forms and Pb exposure elicited the increase of prx1 gene expression in the sea bream
SAF-1 cell line but As decreased it ( ). The antioxidant mechanisms
(cat and gr gene expression) in sea bream erythrocytes were more inhibited than in sea
bass erythrocytes and this could explain higher sensitivity of sea bream erythrocytes to
metal exposure. As in mammals, MTs and HSP are relevant in the cellular protection of
fish erythrocytes ( ). Present results
show an increase of the mta gene expression after Cd and Hg forms while Pb or As
exposure did not alter it in sea bream or sea bass erythrocytes. The finding that Cd and
Hg are transported in the blood bound to MTA cysteine residues (

) could partly explain our observations. In contrast, after 1 or 2 h
exposure to sublethal concentrations of Cd and Pb in silver sea bream (Sparus sarba) in
vitro, no overexpression of MTA was evidenced likely due to the short time exposure
( ). In common carp specimens exposed to Cd, the mt transcription
was related with low adverse effects in the blood compared to those observed in skin
( ). In the case of hsp gene expression, mMRNA coding for
stress proteins is actively produced in red blood cells of the brook trout (Salvelinus
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fontinalis) summited to a heat shock ( ) while we found differences in
the gene expression and fish species. This result suggests a possible influence of the
metal concentration and exposure time in the stress protein expression.

found that the maximal overexpression of HSP70 occurred after 3 h exposure to
20 uM Cd but also that prolonged exposure reduced it. In addition, they showed that
increasing concentrations of Cd failed to further increase the HSP70 overexpression,
while in the case of Cr and Pb, this was reduced. Therefore, the relation between ROS
production and the oxidative stress mechanisms and cell protection deserves further
investigation in fish erythrocytes. Finally, it is widely accepted that overproduction of
ROS induced by metals provokes apoptotic cell death ( ). In the case of
human erythrocytes, these ROS provoke a suicidal erythrocyte death named eryptosis (a
type of apoptosis that takes place in erythrocytes) (

) that may involve stimulation of two
proteases that play an essential role in apoptosis (caspases and calpain), with subsequent
degradation of the cytoskeleton, but how erythrocyte cell death is regulated is still under
debate. have demonstrated the role of BAK and BCL2 proteins in
the human erythrocyte survival in vitro, but no studies are found in fish erythrocytes in
this respect. Fish erythrocytes possess nuclei and mitochondria, both absent in mature
mammalian erythrocytes, and the last one are major players in the apoptosis cell death
( ). Thus, pro-apoptotic bax and p- calpain (calpl) gene expression
was assessed in sea bream and sea bass erythrocytes. As expected, a significant up-
regulation of bax transcription after exposure to Hg, Pb and As in erythrocytes from
both species suggested that these metals induced apoptosis cell death, which resulted
positive to Pl uptake and haemoglobin release after 24 h. However, no differences were
observed after Cd or MeHg exposure in bax mRNA levels, so these metals could not
trigger apoptosis, or alter other genes involved in the regulation of apoptosis in
erythrocytes from both species. For example, Cd and MeHg can provoke necrosis or

necroptosis cell death in fish cell lines or leucocytes (

In fact, excessive oxidative stress can induce necrosis ( )
and the conversion of apoptosis to necrosis in cultured cells (

). Transcription of calpl was strongly down-regulated after metal exposure in sea
bream erythrocytes in contrast to sea bass erythrocytes. A possible reason could be the
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fact that as a result of an oxidative stress situation, reduced glutathione (GSH) is
depleted, which triggers activation of Ca®*permeable cation channels, provoking Ca**
influx and activation of w-calpain (Lang et al., 2006; Calderon-Salinas et al., 2010)
Some of the main molecules involved in the eryptosis process demonstrated in the
present study are summarized in Figure 5. In the case of sea bream erythrocytes, gr is
down-regulated after metal exposure; thus, no GHS depletion and Ca®* entry occurs,
triggering an inactivation of x-calpain, which is in accordance with the down-regulation
of calpl in our study. Alternatively, an up-regulation of gr in sea bass erythrocytes
could deplete GHS leading to the activation of calpl, at least at the gene level, which is

in agreement with our results.

Figure 24. Synopsis of the

mechanism and  the signaling
pathway involved in eryptosis.
Oxidative Modified from Lang et al. (2000).
sl GR, glutathione reductase; GSH,
glutathione:  GSSG,  glutathione

disulfide.

Eryptosis
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Abstract

The in vitro use of fish leucocytes to test the toxicity of aquatic pollutants, and
particularly the immunotoxicological effects, could be a valuable alternative to fish
bioassays but has received little attention. In this study, head-kidney and peripheral
blood leucocytes (HKLs and PBLs, respectively) from gilthead seabream (S. aurata)
and European sea bass (D. labrax) specimens were exposed for 24 h to Cd, MeHg, Pb
or As being evaluated the resulting cytotoxicity. Exposure to metals produced a dose-
dependent reduction in the viability, and MeHg showed the highest toxicity followed by
Cd, As and Pb. Interestingly, leucocytes from European sea bass are more resistant to
metal exposure than those from gilthead seabream. Similarly, HKLs are always more
sensitive than those isolated from blood from the same fish species. Moreover, fish
leucocytes incubated with metals exhibited alterations in gene expression profiles that
were more pronounced in the HKLs in general, being Pb the metal provoking less
effects. Concretely, genes related to cellular protection (mta), stress (hsp70) and
oxidative stress (sod, cat, gr,) were, in general, down-regulated in seabream HKLs but
up-regulated in seabream PBLs and sea bass HKLs and PBLs. In addition, this profile
lead to the increase of expression in genes related to apoptosis (bcl2 and casp3). Finally,
transcription of genes involved in immunity (illb and ighm) was down-regulated,
mainly in seabream leucocytes. This study points to the benefits for evaluating the
toxicological mechanisms of marine pollution using fish leucocytes in vitro and insight

into the mechanisms at gene level.
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1. Introduction

Industrial development has caused an increase of metals such as Hg, Pb, Cd or As in
marine ecosystems, being detectable in water and organism including fish (

). These pollutants in the marine environment produce
severe problems, especially because they persist in the environment, and fish show the
ability to absorb and accumulate higher levels of metals in their tissue than the level of
toxic concentration in their environment ( ), with a consequent
negative influence on fish homeostatic mechanisms but also for human consumers.
Concretely, some studies have showed the adverse effects of metals in fish including
mortality, alterations in hematological parameters, metabolism, nutrition, reproduction,
development and immunodeficiency (

). In light of increasing social and political pressure to use
nonmammalian systems for predicting human health risks and the recent impetus to
develop biomarkers for assessing the biological effects of environmental stress, more
and deeper studies are needed to better understand chemical-induced effects on aquatic
species. Apart from classical biomarkers of toxicity such as oxidative stress or lipid
peroxidation, other studies have revealed the impact of metals on the ecosystem and
organism health suggesting the importance of including more and new markers. In this
regard, though the fish immune system is considered a nonspecific marker for
environmental biomonitoring it has direct implications in individual health and

population growth ( ).

In vivo studies in fish, usually by waterborne exposure to pollutants, have confirmed
alterations in innate and acquired immune functions, such as respiratory burst,
phagocytosis, lymphocyte proliferation or antibody levels as well as interfering with
host resistance against infectious pathogens (

). Despite the fact that fish may be negatively impacted by different
kind of pollutants, little is known about the toxicological role of metals on the immune
system and the oxidative stress in fish leucocytes in vitro, which could serve as good
models for immunotoxicological studies. Previous studies carried out in our laboratory
demonstrated alterations in the immune functions (phagocytosis, respiratory burst and
transcription of immune-relevant genes) and overproduction of ROS of gilthead

seabream (S. aurata) and European sea bass (D. labrax) head-kidney leucocytes (HKLS)
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after 30 min or 2 h of exposure to metals ( ), which is in
agreement with previous studies in fish (

). Similarly, few papers have dealt with the
toxicological effects of metals in peripheral blood leucocytes (PBLs). For instance,
common carp PBLs exposed to Cr decreased the lymphocyte proliferation (

) as it did Cd or Zn, but not Pb or Cu, with the respiratory burst activity
( ). In the case of red drum PBLs, exposure to subtoxic
doses of Hg increased cell proliferation whilst toxic doses induced massive calcium flux
and activation of tyrosine kinase activity ( ). However, only few
papers have dealt with the toxicological mechanisms caused by metals at gene level.
Thus, the regulation of gene expression of genes related to oxidative stress, cell death,
metal protection or immunity has been evaluated in vitro in sea bass PBLSs (

) and HKLs ( ), seabream HKLSs ( ) or
rainbow trout (Oncorhynchus mykiss) HK macrophages ( ). First, these
have showed, in general, an up-regulation of apoptosis marker genes, such as Bcl-2
associated X protein (bax) or caspase 3 (casp3), and oxidative stress-related genes, such
as sod and cat ( ) after HKLs exposure to metals. Regarding
immunity, seabream HKLs showed variable up- or down-regulation of genes related to
lymphocyte markers, pro-inflammatory cytokines, antiviral, antimicrobial peptides or
respiratory burst that differed with the metal used ( ) whilst in the
case of sea bass very few changes occurred after Hg exposure ( ).
In trout macrophages, Cu exposure up-regulated the transcription of interleukin-13
(il1b), tumour necrosis factor-a. (tnfa), interleukin-6 (il6), serum amyloid A (saa),
NADPH oxidase, glutathione peroxidase and trout C-polysaccharide binding protein
(tcpbp) ( ). Therefore, more studies are needed to clarify the
toxicological effects and mechanisms of metals in fish leucocytes since it is known that
in vitro cytotoxicity assays with fish cell lines are very well correlated to acute lethality
tests in vivo ( ).

Thereby, the present study aimed to compare the cytotoxicity of metals (Cd, Hg, Pb)
and a metalloid (As) on HKLs and PBLs isolated from two teleost fish species: gilthead
seabream (S. aurata) and European sea bass (D. labrax), the most important farmed fish
species in the Mediterranean area. Thus, HKLs and PBLs were exposed to Cd, MeHg,

Pb or As for 24 h and viability and transcription of genes related to cellular and
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oxidative stress, protection, death and immunity was determined. Comparisons between
source of leucocytes and fish species will be discussed towards their implication at

research and toxicological level.
2. Material and methods
2.1. Animals

Twenty specimens of 80-100 g body weight of the seawater teleost gilthead seabream
(S. aurata) and European sea bass (D. labrax) obtained from local fish farms, were kept
in seawater aquaria (250 L) in the Marine Fish Facilities at the University of Murcia
(Spain). The water was maintained at 20 + 2°C, with a flow rate of 900 L/h, and 28%o
salinity. The photoperiod was 12 h light/12 h dark and fish were fed with a commercial
pellet diet (Skretting) at a rate of 2% body weight/day. Fish were allowed to acclimatise
for 15 days before the start of the experimental trial. All experimental protocols were
approved by the Ethical Committee of the University of Murcia.

2.2. Leucocyte isolation

Fish were anaesthetised with 0.21 mM benzocaine (stock dissolved in 4% acetone)
(Sigma) and samples were taken under sterile conditions. For HKL isolation, fish were
bled from the caudal vein to avoid tissue contamination with erythrocytes and HK tissue
was excised, cut into small fragments and transferred to 7 mL of SRPMI [RPMI-1640
culture medium (Life Technologies) supplemented with 0.35% sodium chloride, 100
IU/mL penicillin (Life Technologies), 100 mg/mL streptomycin (Life Technologies)
and 5% foetal bovine serum (Life Technologies) ( ). Cell suspensions
were obtained by forcing fragments of the organ through a nylon mesh (mesh size 100
um), washed twice (1,500 rpm, 10 min), counted and adjusted to 10" cells/mL in
sRPMI. For PBL isolation, 200 ul of blood was immediately withdrawn from the caudal
vein with a heparinized syringe and fish were returned to aquaria. Blood was mixed
with 4 mL of sRPMI and layered over a 51% Percoll density gradient (Pharmacia),
centrifuged (400 g for 30 min at 4°C) and PBLs, located in the interface, were collected,
washed twice, counted and adjusted to 10° cells/mL in SRPMI. In all cases, leucocyte

viability was determined by the trypan blue exclusion test and resulted higher than 98%.
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2.3. Metals exposure

Different salts of the tested metals (Sigma) were used: Cd chloride (CdCl,), MeHg (II)
chloride [CH3HQCI (MeHg)], lead (1) nitrate (Pb(NO3),) and trioxide As (As,03). Each
salt was initially dissolved in sterile purified water (Milli-Q) and dilutions for each
concentration were daily prepared. Prior to carrying out the assays, the osmolarity of
these solutions was measured in an osmometer (Wescor) to avoid effects due to

osmolarity.

For leucocyte treatments, 180 pL of freshly isolated HKLs and PBLs were dispensed in
separate wells, always in triplicate, of flat-bottomed 96-well plates (Nunc). Then, 20
uL/wellof water (controls) or metal solutions, to make final concentrations of 50-5,000
uM for Cd, 5-100 uM for MeHg, 500-5,000 uM for Pb or 2,000-5,000 uM for As, were
added. Cells were exposed for 24 h at 25°C in an incubator. Leucocytes from 6
independent specimens (not pooled) and assayed separately (tested in different days)

except in the gene expression studies that we used 4 independent fish specimens.
2.4 Cytotoxicity assays
2.4.1. Pl (propidium iodide) uptake

In order to determinate the viability of the seabream and sea bass leucocytes, we
assessed the abundance of dead HKLs and PBLs using a flow cytometry technique
based on fluorochrome labelling ( ). Following 24 h of metal exposure,
samples were mixed by pipetting and 200 uL of each sample were transferred to 5 mL
tubes (Becton Dickinson) containing 400 pL of phosphate buffered saline (PBS) and
100 pL of PI (400 pg/mL; Sigma-Aldrich). All samples were analysed in a flow
cytometer (Becton Dickinson) with an argon-ion laser adjusted to 488 nm. Analyses
were performed on 10,000 cells, which were acquired at a rate of 300 cells s. Data
were collected in the form of two-parameter side scatter (SSC, granularity) and forward
scatter (FSC, size), and green fluorescence (FL1) and red fluorescence (FL2) dot plots
or histograms were made on a computerised system. With this method dead (P1”) and

viable (PI') cells were discriminated and analysed.
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2.4.2. Data analysis

For each method, cell viability data and the metal concentrations were represented and
fitted with an exponential decay 3 parameter curve [f = y0 + axexp(-bx)]. Fitted curves
always showed r? values higher than 0.96 which are therefore the only ones presented in
the cytotoxicity curves. The concentration producing 50% cell death (ECsp) was
determined for all metals and assays using Sigma plot software (Table 7). According to
viability data obtained by the Pl method, ECy (the minimum concentrations used and
that failed to be cytotoxic) and ECs, values calculated using the fitted curves were used

in this study to evaluate gene expression.
2.5. Expression of genes by real-time PCR

After 24 h of HKLs and PBLs exposure to metals samples were centrifuged, the
supernatant was aspirated and TRIzol Reagent (Life Technologies) was added to the
wells in order to extract the total RNA as indicated by the manufacturer. It was then
quantified and the purity assessed by spectrophotometry; the 260:280 ratios were 1.8-
2.0. The RNA was then treated with DNase | (Promega) to remove any genomic DNA
contamination. Complementary DNA (cDNA) was synthesized from 1 pg of total RNA
using the SuperScript 111 reverse transcriptase (Life Technologies) with an oligo-dT18

primer.

In the present study, the expression of genes involved in cellular oxidative stress (sod,
cat, gr), cellular protection (mta and hsp70), cellular apoptosis (bax and casp3) and
immune-relevant genes (ighm, il1b) has been evaluated by real-time PCR (RT-PCR)
with an ABI PRISM 7500 instrument (Applied Biosystems) using SYBR Green PCR
Core Reagents (Applied Biosystems). Reaction mixtures containing 10 uL of 2 x SYBR
Green supermix, 5 pL of primers (0.6 mM each) and 5 pL of cDNA template were
incubated for 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 1 min at 60 °C,
and finally 15 s at 95 °C, 1 min at 60 °C and 15 s at 95 °C. For each mRNA, gene
expression was corrected by the elongation factor la (efla) RNA content in each
sample and calculated using the 27*Ct method ( ). Negative
controls had no amplification product and control templates showed no primer-dimer
formations. Gene names follow the accepted nomenclature for zebrafish

(https://wiki.zfin.org/). The primers used in the present study are shown in Table 7. In all
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cases, each PCR was performed with triplicate samples from four independent

specimens.

Table 7. Primers used for analysis of gene expression by real-time PCR.

Gene name Gene abbreviation | Fish specie | Acc. numbers | Sequence (5°-3”)
Elongation factor 1-alpha efla Seabream AF184170 CTGTCAAGGAAATCCGTCGT
TGACCTGAGCGTTGAAGTTG
Sea bass AJB66727 CGTTGGCTTCAACATCAAGA
GAAGTTGTCTGCTCCCTTGG
Cu/Zn superoxide sod Seabream AJ937872 CCATGGTAAGAATCATGGCGG
dismutase CGTGGATCACCATGGTTCTG
Sea bass FJ860004 TGTTGGAGACCTGGGAGATG
ATTGGGCCTGTGAGAGTGAG
Catalase cat Seabream FG264808 TTCCCGTCCTTCATTCACTC
CTCCAGAAGTCCCACACCAT
Sea bass FJ860003 GAGGTTTGCCTGATGGCTAC
TGCAGTAGAAACGCTCACA
Glutathione reductase gr Seabream AJ937873 CAAAGCGCAGTGTGATTGTGG
CCACTCCGGAGTTTTGCATTTC
Sea bass FM020412 TGCACCAAAGAACTGCAGAA
ACGAGTGTCACCTCCAGTCC
Metallothionein-A mta Seabream X97276 ACAAACTGCTCCTGCACCTC
CAGCTAGTGTCGCACGTCTT
Sea bass AF199014 GCACCACCTGCAAGAAGACT
AGCTGGTGTCGCACGTCT
Heat shock protein 70 hsp70 Seabream EU805481 AATGTTCTGCGCATCATCAA
GCCTCCACCAAGATCAAAGA
Sea bass AY423555 CTGCTAAGAATGGCCTGGAG
CTCGTTGCACTTGTCCAGAA
Bcl-2 associated X protein bax Seabream AM963390 CAACAAGATGGCATCACACC
TGAACCCGCTCGTATATGAAA
Sea bass FM011848 TGTCGACTCGTCATCAAAGC
CACATGTTCCCGGAGGTAGT
Caspase3 casp3 Seabream EU722334 CTGATCTGGATGGAGGCATT
AGTAGTAGCCTGGGGCTGTG
Sea bass DQ345773 AATTCACCAGGCTTCAATGC
CTACGGCAGAGACGACATCA
Immunoglobulin M heavy chain | ighm Seabream AM493677 CAGCCTCGAGAAGTGGAAAC
GAGGTTGACCAGGTTGGTGT
Sea bass FN908858 AGGACAGGACTGCTGCTGTT
CACCTGCTGTCTGCTGTTGT
Interleukin-1 beta illb Seabream AJ277166 GGGCTGAACAACAGCACTCTC
TTAACACTCTCCACCCTCCA
Sea bass AJ269472 CAGGACTCCGGTTTGAACAT
GTCCATTCAAAAGGGGACAA
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2.6. Statistical analysis

Data of the cytotoxic effects are presented for each metal using the fitted curves. Gene
expression is expressed as relative expression to the house-keeping gene. Data were
statistically analysed by one-way analysis of variance (ANOVA; P<0.05) to determine
differences among metal concentration, followed by a post-hoc Tukey test. Normality of
the data was previously assessed using a Shapiro-Wilk test and homogeneity of
variance was also verified using the Levene test. A nonparametric Kruskal-Wallis test
was used when data did not meet parametric assumptions. Statistical analyses were
conducted using SPPS 20.0 software (SPSS).

3. Results

Data regarding regulation of gene expression by metals are presented as relative
expression for each gene, compared to the housekeeping gene, in a graph and grouped
with the following order: metal, fish species and leucocyte source. Transcription in
control, ECy and ECsp metal exposed fish leucocytes is presented. It is interesting to
note that in most cases, expression in sea bass leucocytes is higher than in seabream

leucocytes and that PBLs expression is also higher than HKLs.
3.1. Cytotoxicity assays

After 24 h exposure to metals, mortality of gilthead seabream and European sea bass
leucocytes was induced in a dose-dependent manner compared to controls (Figure 25).
The data were used to fit curves in order to identify the ECo and ECsp (Figure 25, Table
8). According to the PI method, ECs values for seabream HKLs were of 110, 5, 2,800
and 218 uM, and for seabream PBLs 171, 12, 2,900 and 491 uM for Cd, MeHg, Pb and
As, respectively (Table 8). On the other hand, ECs, values for HKL sea bass were of
150, 300, 3,400 and 2,700 uM, and for sea bass PBLs were of 2,600, 464, 4,200 and
3,800 uM for Cd, MeHg, Pb and As, respectively (Table 8). MeHg was the most toxic
metal for leucocytes in both species followed by Cd, As and Pb (Table 8). Cytotoxicity
curves followed different shapes between fish species and source when the leucocytes
were exposed to metals. Overall, PBLs are always more resistant to metals than HKLs
in both species and the ECs, values reveal that sea bass leucocytes are more resistant to

metals than in seabream (Table 8).
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Figure 25. Cytotoxicity curves of gilthead seabream or European sea bass head-kidney (HKLs) of

peripheral blood (PBLs) leucocytes exposed to metals for 24 h. Lines represent the fitted curve

for each type of leucocyte sources.

Table 8. Values of ECso (uM; mean £ SEM; n = 6 independent fish) of fish leucocytes after

exposure to metals for 24 h. r? values of the fitted curves was higher than 0.96 in all cases.

Different letters within each fish species and leucocyte source denote statistically significant

differences (ANOVA; P<0.05).

HKLs PBLs
Metals seabream sea bass seabream sea bass
CaCl, 0.110+0.028" | 150.090° | 0.171+0.034* | 2.6+0.105°
CHsHGCl | 0.005+0.0006° | 0.3+0.012° | 0.01240.0017" | 0.4640.038"
PONOa)2 | 2 8+0.156° | 3.440.124° 2.9+0.128° 4.2+0.301°
As0s 0.218+0.014° | 2.7+0.105° | 0.491+0.065° | 3.8+0.199°
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3.2. Antioxidant genes are down-regulated in seabream and up-regulated in sea bass

leucocytes

Exposure of leucocytes to the ECy and ECsp of metals for 24 h provoked a regulation of
the oxidative stress gene expression (Figure 26). Firstly, sod transcription was always
significantly impaired by EC, or ECso of Cd, MeHg, and As in seabream HKLs or after
MeHg exposure in sea bass HKLs (Figure 26).
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Figure 26. Expression of genes related to oxidative stress (sod, cat, gr) in gilthead seabream or
European sea bass leucocytes unexposed (white bars) or exposed to the ECo (grey bars) or ECso
(black bars) of each metal for 24 h. Bars represent the mean = SEM (n = 4) gene expression
relative to the expression of the endogenous control ef/a gene. Different letters denote
statistically significant differences (P<0.05) between control and metal-exposed leucocytes from

the same source.
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By contrast, it was significantly up-regulated by MeHg exposure in PBLs from both
species, Pb exposure in seabream PBLs and As exposure in sea bass PBLs. The cat
transcription was again down regulated after Cd or MeHg exposure in seabream HKLs
or PBLs, or after As exposure in seabream HKLs whilst in sea bass leucocytes it was
significantly up-regulated by exposure to Cd (in PBLs) and MeHg or As (in HKLs and
PBLs). Similar results were also observed in the gr transcription, showing a down
regulation after Cd or MeHg exposure in seabream HKLs and a significant increase
after As exposure in sea bass HKLs or PBLs. Interestingly, exposure of leucocytes to
either EC, or ECs provoked roughly the same profile at transcriptional level than the
ECso (Figure 26). In addition, Pb resulted the metal showing less impact in the cellular

oxidative stress.
3.3. Cellular protection and stress are differently regulated by metals

We evaluated the cellular protection to metals and stress by the expression of mta and
(hsp70) (Figure 27).

100

10 4

0.1 4

0.01

mta Relative gene expression

0.001 -

HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs
seabream sea bass seabream sea bass seabream sea bass seabream sea bass
CdCl, CH3HgCl Pb(NO,), As,0,
1000
b b
100 | ab a 22 a b a

a a aa a a a

2ag I aa E a H = E

10 a

0.1

hsp70 Relative gene expression

001 | @ a a, a
a8
0.001 b
0.0001
HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs HKLs PBLs
seabream sea bass seabream sea bass seabream sea bass seabream sea bass
CdCl, CH3HgCl Pb(NO,), As,0,

Figure 27. Expression of genes related to cell protection (mra) and stress (Asp70) in gilthead
seabream or European sea bass leucocytes unexposed (white bars) or exposed to the ECo (grey

bars) or ECso (black bars) of each metal for 24 h. Bars represent the mean + SEM (n = 4) gene
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expression relative to the expression of the endogenous control ef7a gene. Different letters denote
statistically significant differences (P<0.0S) between control and metal-exposed leucocytes from

the same source.

Surprisingly, mta transcription was down regulated after ECso of MeHg or As exposure
in seabream HKLs. However, in general, seabream PBLs or sea bass leucocytes
exposed to Cd, MeHg and As up-regulated mta transcription. On the other hand, Pb
exposure does not alter it to a significant level. Regarding hsp70 transcription, seabream
HKLs exposed to ECsp of MeHg or As exhibit a significant decrease of the of the hsp70
mRNA transcription. By contrast, seabream PBLs exposed to MeHg or Pb or seabass
PBLs exposed to Cd, MeHg or As enhanced it.

3.4. Metals induce apoptosis cell death

The expression of typical markers for apoptosis (pro-apoptotic Bcl2-associated X gene,
bax) and caspase 3 (casp3) was assayed in fish leucocytes (Figure 28). Leucocytes from
seabream and sea bass exposed to ECy or ECsy of Cd, MeHg or As increased bax or
casp3 transcription to a significant extent in most cases, demonstrating the apoptosis

cell death process. However Pb only induced bax transcription in seabream PBLs.
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Figure 28. Expression of genes related to cell death (bax and casp3) in gilthead seabream or
European sea bass leucocytes unexposed (white bars) or exposed to the ECo (grey bars) or ECso
(black bars) of each metal for 24 h. Bars represent the mean = SEM (n = 4) gene expression
relative to the expression of the endogenous control ef/a gene. Different letters denote
statistically significant differences (P<0.05) between control and metal-exposed leucocytes from

the same source.
3.5. Metals impaired the expression of immune-related genes

After 24 h exposure to ECy or ECsy of metals, we have evaluated the expression of
selected genes related to the innate and adaptive immunity by real-time PCR in
leucocytes from seabream and sea bass (Figure 29). Regarding the ighm transcription, it
was significantly down-regulated by exposure to ECy or ECso of Cd, MeHg and As in
both sources of seabream leucocytes and similarly down-regulated by exposure to Pb in
sea bass PBLs. The expression of illb was significantly reduced by exposure to all

metals in seabream HKLs and PBLs whilst it was slightly modified in sea bass.
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Figure 29. Expression of immune-related genes (zghm and :/1b) in gilthead seabream or

European sea bass leucocytes unexposed (white bars) or exposed to the ECo (grey bars) or ECso
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(black bars) of each metal for 24 h. Bars represent the mean *+ SEM (n = 4) gene expression
relative to the expression of the endogenous control ef/a gene. Different letters denote
statistically significant differences (P<0.05) between control and metal-exposed leucocytes from

the same source.
4. Discussion

In spite of the fact that a large number of environmental chemicals can impair
components of the immune system ( ), only few studies have
used immune parameters or molecules for environmental risk assessment purposes
( ). The deployment of an environmental immunotoxicology approach
for aquatic ecosystem biomonitoring is challenging while some functional immune
cellular responses should be studied in living cells from fresh tissues. In the present
work, we aimed to evaluate the cytotoxicity and alterations at transcriptional level
caused by 24 h in vitro exposure to metals on head-kidney and blood leucocytes of
gilthead seabream and sea bass due to the lack of toxicological studies in vitro in fish
and the interest might have in the field of Toxicology. Prior to this study, seabream and
sea bass HKLs exposure to metals up to 2 h confirmed that these metals provoke
leucocyte death, oxidative stress and negatively affect the innate cellular immune
functions ( ). We have evaluated the effects at gene level of two
different concentrations, ECy (sublethal) and ECsp. Interestingly, our data show very
little differences at gene expression level after metal exposure as we have already
documented in the seabream SAF-1 cell line exposed to ECy and ECs (

) and in seabream or sea bass HKLs exposed to low and high metal dosages
( ). These findings have not been described or demonstrated

before in fish and explanations for this should be further evaluated.

One of the mechanisms by which metals affect the immune system is through effects on
cell viability and proliferation ( ). To achieve the first objective,
dose-response experiments were conducted to assess the potential of metals to kill
HKLs and PBLs in vitro. Though most of the cytotoxicity studies use MTT or NR
colorimetric assays to assess cell viability, we opted to analyse leucocyte viability by PI
uptake and flow cytometry as in earlier studies ( ). This method
is preferred since we use heterogeneous populations (lymphocytes, monocyte-

macrophages and granulocytes) containing different amounts of mitochondria and
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lysosomes, which could affect to the MTT and NR assays. The cytotoxicity assay
revealed dose-dependent curves after 24 h exposure to the metals in leucocytes from
gilthead seabream and European sea bass. The ECs values showed that toxicity after 24
h exposure to metals is MeHg>Cd>As>Pb for leucocytes from both species and
similarly to that found in seabream and sea bass HKLs after 2 h exposure (

) and in fish cell lines ( ). The fact that MeHg was the most
toxic metal for leucocytes could be attributed to a rapid and adverse effect of Hg upon
membrane integrity ( ). Furthermore, HKLs were more sensitive to
the metals than PBLs in the same species; and surprisingly, if we compare between the
two species, leucocytes from seabream were more sensitive to the metals than sea bass
leucocytes, showing lower ECs, values. A potential explanation of this could be due to
the fact that head-kidney is composed of leucocytes at all developmental stages (

) whilst blood leucocytes are mature cells. Interestingly, seabream leucocytes
showed lower transcription of genes of the antioxidant system (sod, cat and gr) as well
as hsp70 what could render them more susceptible to ROS induced by metals. In
addition, fish exposed to metals showed that the highest bioaccumulation and
histopathological damage occurs in the kidney ( )
and this could partly explain why leucocytes from this tissue are more sensitive. Further

research will confirm or not these hypothesis.

Metal detoxification is an essential process within organisms. Among the mechanisms
shown to be important in the cellular protection against metals, and more specific, are
MTs ( ). In addition, and related to them, HSPs (

) and those proteins involved in antioxidant system such as SOD, CAT and GPx
are also important. In fact, the MT and ROS levels are related and MTs could also serve
as ROS scavengers ( ). The MTs are the first defense
mechanism against the toxicity of metals, mainly Cd, Hg, Cu and Zn, but when metal
concentrations reaches high levels and produce protein denaturation, HSPs act to repair
the damage ( ). However, very few toxicological studies evaluating
the impacts of metals on fish leucocyte gene expression are found in the literature.
Overall, our data show that seabream HKLs, the most susceptible to metals, exposed to
Cd, MeHg or As had down-regulated cellular protection, stress and antioxidant system
gene expressions, which partly agrees with the results obtained after 2 h of exposure
( ). These data indicate that seabream HKLs are not able to

130



Chapter 4

eliminate and compensate the overproduction of ROS induced by metals exposure and
therefore an imbalance is generated into the leucocytes. Strikingly, the same genes were
mainly up-regulated in seabream PBLs and sea bass leucocytes, which are more
resistant to metal cytotoxicity. In Cd-exposed workers, mta mRNA levels are also
increased in the PBLs ( ) suggesting the validity of MT expression in
leucocytes as a biomarker of metals exposure. reported that the
efficacy of MT in protecting against metal-induced lethality was in the order of
Cd>>Zn>Cu>Hg, with no protection for Pb, which is confirmed with our results.
Regarding hsp70 gene expression, the results are quite parallel to those obtained for mta
suggesting their relation and a protective role, at least in sea bass PBLS, which agrees
with data obtained after exposure to 10° M of Cd in sea bass PBLs (

). Surprisingly, the increase of sod (after MeHg or As exposure), cat (after Cd,
MeHg or As exposure) and to some extent gr (after As exposure) expression in sea bass
PBLs show a potent mechanism to scavenge ROS and could be one of the reasons that
could explain why sea bass PBLs are the most resistant leucocytes tested. Although we
did not measure the particular enzyme activities, the gene expression profiles of sod,
cat, gr, mta and hsp70 partly support the functional data about the ROS production as
observed in seabream and sea bass HKLs ( ). Thereby, the
relation between ROS production and the oxidative stress mechanisms and cell

protection deserves further investigation in fish leucocytes.

One of the consequences of this ROS overproduction, i.e. triggered by metals, is the
induction of apoptosis cell death ( ). Thus, based on our data at gene level
pointing to this ROS imbalance we have evaluated bax and casp3 gene expression in
fish leucocytes. Although we failed to find significant relation between leucocyte
transcription of bax or casp3 and the apoptosis process in seabream HKLs after 2 h
exposure to metals ( ), we observed the highest up-regulation in the
expression of these genes in seabream HKLs after 24 h of exposure to all metals. On the
other hand, sea bass leucocytes and mainly PBLs showed lower up-regulation of bax
and casp3 transcription. Therefore, it seems to be a positive relation between the
overproduction of ROS inferred and the transcription of apoptosis markers. Our data are
in accordance with previous studies in fish which have confirmed that the fish cell death

after metal exposure is mainly by apoptosis (
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). However, the expression of these apoptosis-related genes does not
completely fulfill the observations. Consequently, it is tempting to speculate that other
regulators of apoptosis are involved or the differential balance or localization of such

proteins might be operating.

Finally, in order to cast some light on the mechanisms leading to the immunotoxicology
of metals we evaluated the expression of some immune-related genes. Surprisingly, in
seabream leucocytes, and mainly in PBLs, the expression of the B lymphocyte marker,
ighm gene, was down-regulated after Cd, MeHg and As whilst only in sea bass PBLs
exposed to Pb occurred the same. Our data suggest that B lymphocytes, especially in
seabream, are altered by metals. In fact, fish lymphocyte in vitro proliferation is
commonly depressed by Zn, Mn, Hg forms or Cr (

). Furthermore, we evaluated the expression of the pro-
inflammatory illb gene, expressed in phagocytes (monocyte-macrophages and
granulocytes), which suggests that the inflammatory process is sharply inhibited in
seabream leucocytes exposed to all metals. However, a slight reduction of this cytokine
was observed after metals exposure in sea bass leucocytes. By contrast, illb
transcription was up-regulated in rainbow trout head—kidney macrophages exposed to
Cu ( ). Thus, our data about the gene expression of immune-related
genes might suggest immunosuppression in the fish leucocytes after 24 h metal
exposure, being more significant in seabream leucocytes. Surprisingly, seabream HKLs
exposed to Cd and As for 2 h showed up-regulated transcription of ighm and illb,
respectively whilst Hg forms sharply inhibited them ( ). On the
other hand, only little changes in the expression of immune-related genes were
provoked in the European sea bass HKLs exposed to metals ( ),
demonstrating again that this fish species is more resistant to metals. Therefore, the
metal and the time-exposure could determinate the activation or inhibition of the

immune-related genes and finally the integrity of the fish immune system.

132



Chapter 5

Toxicological in vitro effects of
heavy metals on gilthead seabream
(Sparus aurata L.) head-kidney

leucocytes



Chapter 5

Abstract

Metals provoke toxicological effects on aquatic animal species, including fish, though
their effects on fish leucocytes and immunotoxicology are still limited. In the present
work the effects of metals (Cd, Hg, Pb or As) on viability, oxidative stress and innate
immune parameters of isolated head—kidney leucocytes from gilthead seabream (S.
aurata) are studied. Cytotoxicity results indicated that short exposures (30 min or 2 h)
to Hg promoted both apoptosis and necrosis cell death of leucocytes whilst Cd, Pb and
As did only by apoptosis, in all cases in a concentration- and time-dependent manner. In
addition, production of free oxygen radicals was induced by Cd, Hg and As metals. Cd
failed to change phagocytosis but Hg and As increased the percentage of phagocytic
cells but decreased the number of ingested particles per cell, whilst Pb increased both
phagocytic parameters. On the other hand, respiratory burst activity was significantly
reduced by incubation with Cd, Hg and As but increased with Pb. Furthermore, the gene
expression profiles partly support the functional finding of this work. This study
provides an in vitro approach for elucidating the metals toxicity, and particularly the

immunotoxicity, in fish leucocytes.

134



Chapter 5

1. Introduction

Contamination of aquatic habitats with metals from various industrial and mineral
mining sources is a serious environmental problem. The current interest in mineral
mining, energy development and use, and dredging will undoubtedly result in further
pollution of aquatic environments by such metals as As, Cd, Pb, Hg, and Zn (

). Metals have been detected in alarming quantities in certain water bodies,
particularly at, or near, industrial environments where effluents are routinely
discharged. Their bioaccumulation in aquatic organisms and particularly in fish is
dangerous not only for their own survival and biology, but also for humans since fish
are known to be the greatest inputs of toxic trace elements for humans (

). Thus, considerations about the effects of toxicant exposure on
fish biological processes are of great importance for the aquaculture industry

management.

Among the adverse effects, metals can produce mortality, alterations in hematological
parameters, metabolism, nutrition, reproduction, development and immunodeficiency
( ).
Toxicological studies conducted in fish preferentially use field/laboratory in vivo
exposure because they are more realistic, or fish cell lines, to assess the toxicity whilst
the effects on the immune response are still not very well understood. The available
results indicated that they largely vary depending on fish (specie, size or tissue),
environment (temperature, salinity or photoperiod) and metal (form, route, dosage and
exposure time). Thus, in vivo studies have usually confirmed that metals decrease the
humoral (antibody levels, lysozyme or complement activity, C-reactive protein, etc.)
and cellular (leucocyte count, cell- mediated cytotoxic activity, phagocytosis or
respiratory burst) immunity of fish, though some other studies have also documented no
effect or even increments ( ). Interestingly, some
studies have documented histological alterations of immune tissues connecting with the
effects in the leucocyte viability, functions and finally disease resistance (

). Unfortunately, many
fewer studies have evaluated the immunotoxicological role of metals in vitro on fish
leucocytes, which could serve as good models for immunotoxicological studies. To our

knowledge, all the information about this respect comes from studies using freshly
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isolated leucocytes and none has used the scarce fish immune- or leucocyte-derived cell
lines for immunotoxicological purposes. For instance, common carp PBLs exposed to
Cr decreased the lymphocyte proliferation, similarly to the HKLs phagocytic functions,
at concentrations that did not affect to cell death ( ). In addition,
common carp PBLs exposed to Cd or Zn showed impaired respiratory burst activity,
which was unaltered by Pb or Cu ( ) whilst Zn and
manganese exposure to carp HKLs induced lymphoproliferation and NK-cell activity
( ). Red drum PBLs exposed to subtoxic doses of Hg increased cell
proliferation whilst toxic doses induced massive calcium flux and activation of tyrosine
kinase activity ( ). Interestingly, European sea bass leucocytes
reduced the phagocyte functions [respiratory burst measured as production of ROS,
phagocytosis or the benefits of macrophage-activating factors (MAF)] by in vitro
exposure to Hg or Cu ( ) whilst Cd-exposure
led to their increment ( ). Similarly, very few papers have dealt with
the toxicological mechanisms caused by metals at gene level. Thus, common carp
macrophages exposed to Cu up- regulated the expression of immune-relevant genes
[interleukin-1p (il1b), il6, tumour necrosis factor-a (tnfa), serum amyloid A (saa) and
trout C-polysaccharide binding protein (tcpbp)] ( ). In European sea
bass PBLs, the transcription of heat-shock protein 70 (hsp70) was also up-regulated by
Cd, but mainly by Cu ( ). Therefore, more studies are needed to
clarify the immunotoxicological effects and mechanisms of metals in fish leucocytes.
Furthermore, this kind of approximation could be helpful in fish immunotoxicology and
should be explored, moreover with the knowledge that in vitro cytotoxicity assays with

fish cell lines are very well correlated to acute lethality tests in vivo ( ).

Taking in consideration all the previous data, the aim of this work was to evaluate the
immunotoxicological effects of four metals (Cd, As, Pb and Hg) on the head—kidney
leucocytes from gilthead seabream (S. aurata), the most important farmed fish species
in the Mediterranean area. Thus, we exposed seabream HKLs for 30 min or 2 h to
ranging concentrations of the cited metals and evaluated the cell death, apoptosis and
necrosis pathways, the oxidative stress and phagocyte functions (phagocytosis and
respiratory burst) as well as the expression of important genes related to such cellular
processes. Results are discussed trying to throw some light in the toxicology of metals

in marine fish.
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2. Material and methods
2.1. Animals

Thirty specimens of 8020 g mean weight of the seawater teleost gilthead seabream (S.
aurata), obtained from a local farm (Murcia, Spain), were kept in seawater aquaria (250
L) in the Marine Fish Facility at the University of Murcia. The water was maintained at
20+2 °C, with a flow rate of 900 L/h, and 28%o salinity. The photoperiod was of 12 h
light: 12 h dark and fish fed with a commercial pellet diet (Skretting) at a rate of 2%
body weight per day. Fish were allowed to acclimatise for 15 days before the start of the
experimental trial. All experimental protocols were approved by the Bioethical

Committee of the University of Murcia.
2.2. Head kidney leucocyte isolation

Fish were anaesthetised with benzocaine (4% in acetone) (Sigma) and bled from the
caudal vein to avoid excessive tissue contamination with erythrocytes. Head-kidney
leucocytes (HKLs) were isolated from each fish under sterile conditions. Briefly, head-
kidney was excised, cut into small fragments and transferred to 7 mL of SRPMI [RPMI-
1640 culture medium (Life Technologies) supplemented with 0.35% sodium chloride,
100 IU/mL penicillin (Life Technologies), 100mg/mL streptomycin (Life Technologies)
and 5% foetal bovine serum (Life Technologies) ( ). Cell suspensions
were obtained by forcing fragments of the organ through a nylon mesh (mesh size 100
um), washed twice (1500 rpm, 10 min), counted and adjusted to 10" cells/mL in SRPMI.

Cell viability was determined by the trypan blue exclusion test.
2.3. Metal exposure

Different salts of the tested metals (Sigma-Aldrich) were used: Cd chloride (CdCly),
trioxide As (As;03), lead (Il) nitrate (Pb(NO3),), MeHg (II) chloride [CH3HgCI
(MeHg)] and mercury (I1) chloride (HgCl,). Each salt was initially dissolved in sterile
purified water (Milli-Q) and dilutions for each concentration were daily prepared. Pryor
to carrying out the assays, the osmolarity of these solutions was measured in an
osmometer (Wescor) to avoid effects due to this parameter. For each fish, 180 pL of
seabream isolated HKLs were dispensed in triplicate wells of flat-bottomed 96-well

plates (Nunc). Then, 20 pL/well of water (controls) or metal solutions, to make final
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concentrations of 0.05-5 mM of Cd, 0.005-0.1 mM Hg forms or 2-10 mM As, were
added and exposed for short time, 30 min or 2 h, at 25 °C. Selected concentrations were
higher and lower than the effective concentration producing the 50% cell death (ECsp)
obtained after seabream HKL exposure to the same metals for 24 h whilst exposure
times were previously tested in fish (

). In all the assays, we used HKLs from 6 independent specimens
(not pooled HKLs) and assayed separately (tested in different days) except in the gene

expression studies that we used 4 independent fish specimens.
2.4. Determination of leucocyte viability

In order to determine the gilthead seabream HKLs' viability, we evaluated the
abundance of leucocytes in apoptosis and necrosis using a flow cytometry technique
based on double-fluorescent labelling ( ). For this, after exposure to
metals, HKLs were washed and incubated with 5 ng/mL FDA (fluorescein diacetate,
green fluorescence; Sigma) and 40 pug/mL Pl (red fluorescence; Sigma) for 30 min at
22°C. Samples were then acquired and analysed in a flow cytometer (Becton Dickinson)
with an argon-ion laser adjusted to 488 nm. Analyses were performed on 5000 cells,
which were acquired at a rate of 300 cells/s. Side scatter (SSC, granularity), forward
scatter (FSC, size), green fluorescence (FL1) and red fluorescence (FL2) parameters
were computerised. With this method apoptotic (FDA—PI-), necrotic (FDA—-PI+) and

viable (FDA+PI-) cells were discriminated and analysed.
2.5. Cellular oxidative stress

The production of ROS, as indicator of the oxidative stress, was determined by
dihydrorhodamine 123 (DHR; Life Technologies) ( ).
DHR 123 is able to diffuse cell membranes and, when oxidized by ROS (mainly by
hydrogen peroxide) becomes green fluorescent rhodamine 123, which is sequestered
into the mitochondria. After exposure to metals, HKLs were washed and resuspended in
200 pL of fresh medium with 5 uM of DHR 123 and incubated for 30 min at 25 °C.
Then, the samples were acquired and analysed in a flow cytometer in order to determine
the ROS production, as indicated by the percentage of green fluorescent cells and the

mean intensity for each treatment.

2.6. Phagocytosis
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The phagocytosis of Saccharomyces cerevisiae (strain S288C) by gilthead seabream
HKLs exposed to metals was also studied by flow cytometry ( ).
Heat-killed and lyophilized yeast cells were labelled with fluorescein isothiocyanate
(FITC; Sigma), washed and adjusted to 5 x 10’ cells/mL of SRPMI. After exposure to
metals, HKLs were washed and 125 uL of labelled-yeast cells were added, mixed,
centrifuged (400 g, 5min, 22 °C), resuspended and incubated (22 °C, 30 min). After
incubation, samples were place on ice to stop phagocytosis and 400 pL ice-cold PBS
was added to each sample. The fluorescence of the extracellular yeast cells was
quenched by adding 40 uL ice-cold trypan blue (0.4% in PBS). Standard samples of
FITC-labelled S. cerevisiae or HKLs were included in each phagocytosis assay. All
samples were analysed in a flow cytometer set to analyse the phagocytic cells, showing
the highest SSC and FSC values. Phagocytic activity was measured by 2 parameters:
phagocytic ability was defined as the percentage of cells with one or more ingested
bacteria (green-FITC fluorescent cells) within the phagocytic cell population whilst the
phagocytic capacity was the mean fluorescence intensity.

2.7. Respiratory burst activity

After exposure of HKLs with metals, the respiratory burst activity of seabream HK
leucocytes was studied by a chemiluminescence method ( ).
Briefly, samples were incubated with 100 mL of Hank's balanced salt solution (HBSS)
containing 1 mg/mL phorbol myristate acetate (PMA, Sigma) and 10™* M luminol
(Sigma). The plate was shaken and luminescence immediately read in a plate reader
(BMG Labtech-Fluostar galaxy) for 1 h at 2 min intervals. The kinetic of the reactions
was analysed and the maximum slope of each curve was calculated. Luminescence

backgrounds were calculated using reagent solutions containing luminol but not PMA.
2.8. Gene expression by real-time PCR

After 2 h of exposure to the minimum and maximum concentration of each metal (0.05
and 5mM for Cd, 2 and 5mM for As, 0.5 and 5mM for Pb and 0.0005 and 0.1mM for
Hg forms) the supernatant was aspirated and TRIzol Reagent (Life Technologies) added
to the wells in order to extract the total RNA as indicated by the manufacturer. It was
then quantified and the purity assessed by spectrophotometry; the 260:280 ratios were
1.8-2.0. The RNA was then treated with DNase | (Promega) to remove genomic DNA
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contamination. Complementary DNA (cDNA) was synthesized from 1 pg of total RNA
using the Super- Script Il reverse transcriptase (Life Technologies) with an oligo-dT18
primer. In the present study, the expression of genes involved in apoptosis (casp3, bax
and bcl2), metal protection (mta), oxidative stress (sod and cat) and immunity (ighm
and tcrb) lymphocyte markers, antiviral response (Myxovirus resistance protein; mx),
pro- inflammatory cytokines (il1b), antimicrobial peptides (beta-defensin; bd) and
involved in the generation of ROS during the respiratory burst activity (NADPH
oxidase subunits Phox22 and Phox40; phox22 and phox40, respectively) has been
evaluated by real-time PCR. Briefly, it was performed with an ABI PRISM 7500
instrument (Applied Biosystems) using SYBR Green PCR Core Reagents (Applied
Biosystems). Reaction mixtures (containing 10 uL of 2 x SYBR Green supermix, 5 pL
of primers (0.6 mM each) and 5 pL of cDNA template) were incubated (10 min, 95 °C),
followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and finally 15 s at 95°C, 1 min at
60°C and 15 s at 95°C. For each mRNA, gene expression was corrected by the
elongation factor lo (efla) RNA content in each sample. Gene names follow the
accepted nomenclature for zebrafish (https://wiki.zfin.org/). The primers used in the
present study are shown in Table 9. In all cases, each PCR was performed with triplicate

samples from four independent and separated specimens.
2.9. Statistical analysis

In all cases the samples were carried out in triplicate wells. Cell death data are
expressed as meanzstandard error mean, SEM (n=6). The rest of data are presented as
fold change to the control samples where values higher than 1 indicates increase and
lower than 1 decrease of each parameter. We used, in separate, six different fish for
cellular oxidative stress, phagocytosis and respiratory burst activities and four for gene
expression studies. Data were statistically analysed by two-way analysis of variance
(ANOVA,; P < 0.05) to determine differences be- tween dose and time followed by post-
hoc Tukey's test.
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Table 9. Primers used for analysis of gene expression by real-time PCR.

Gene name Gene GenBank Acc. Primer sequences (5" —3")
abbreviation  number ! au
Elongation factor lo.  efla AF184170 CTGTCAAGGAAATCCGTCGT
TGACCTGAGCGTTGAAGTTG
B-cell lymphoma 2 bcl2 FM145663 TCAGGAGTGATGTCGAGCTG
CAGCCAGGTGCTGACATAGA
Bcl-2 associated X bax AM963390 CAACAAGATGGCATCACACC
protein TGAACCCGCTCGTATATGAAA
Caspase-3 casp3 EU722334 CTGATCTGGATGGAGGCATT
AGTAGTAGCCTGGGGCTGTG
Metallothionein-A mta X97276 ACAAACTGCTCCTGCACCTC
CAGCTAGTGTCGCACGTCTT
Cu/Zn superoxide sod AJ937872 CCATGGTAAGAATCATGGCGG
dismutase CGTGGATCACCATGGTTCTG
Catalase cat FG264808 TTCCCGTCCTTCATTCACTC
CTCCAGAAGTCCCACACCAT
Immunoglobulin M igmh AM493677 CAGCCTCGAGAAGTGGAAAC
chain GAGGTTGACCAGGTTGGTGT
T cell receptor beta  tcrb AM261210 AAGTGCATTGCCAGCTTCTT
chain TTGGCGGTCTGACTTCTCTT
Myxovirus mx FJ490556, AAGAGGAGGACGAGGAGGAG
resistance proteins FJ490555, TTCAGGTGCAGCATCAACTC
FJ652200
Interleukin 1 beta illb AJ277166 GGGCTGAACAACAGCACTCTC
TTAACACTCTCCACCCTCCA
NADPH oxidase, phox22 FM148169 CATCAAGAATCCCCCTCAGA
subunit Phox22 TGACAGAGATGGGGTTGTCA
NADPH oxidase, phox40 AM749961 GCGGAGTTGAACCTGAAGAG
subunit Phox40 TCACCTTCTGTGTCGCTGTC
Beta-defensin bd FM158209 CCCCAGTCTGAGTGGAGTGT
AATGAGACACGCAGCACAAG

3. Results

Cytotoxicity of HKLs exposed to CdCl,, As203;, Pb(NO3),,CH3HgCl (MeHg) and
HQClI; for 24 h resulted in ECsg 0f 0.134, 2.7, 2.8, 0.012 and 0.026 mM, respectively (un
published data). Thus, we aimed to evaluate the effects of shorter exposure on leucocyte

viability, oxidative stress, immunity and gene expression in order to cast some light into

the metal immunotoxicology and their underlying mechanisms.

3.1. Short exposure to metals induces apoptosis cell death
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After 30 min or 2 h exposure to metals, mortality of seabream HKLs, in the form of
apoptosis or necrosis, increased in a dose- and time- dependent manner compared to the
control or unexposed HKLs (Figure 30). Firstly, Cd, Pb or As exposure for 30 min or 2 h
significantly increased apoptosis, but not necrotic cell death, of seabream HKLs.
Interestingly, seabream HKLs exposed to MeHg showed a very fast cell apoptosis after
30min of incubation, but not after 2 h, followed by an increment of necrotic cells after 2
h whilst HgCl, failed to induce apoptosis at any exposure time but induced necrosis
after 2 h (Figure 30). Therefore, the ECso provoking apoptosis plus necrosis was not
reached by Cd, As, Pb or MeHg whilst it was of 0.09 mM for Hg. Therefore, the 2 h
toxicity was in the following order: Hg> MeHg > Cd >As > Pb.
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Figure 30. Percentage of cell death via apoptosis (bars) or necrosis (lines) of gilthead seabream
head-kidney leucocytes after exposure to different metals for 30 min or 2 h. Apoptosis after 30
min and 2 h is represented by white and black bars, respectively. Necrosis after 30 min and 2 h is
represented by discontinuous and dotted lines, respectively. Data represent mean = SEM (n = 6).

Statistically significant differences (P<0.0S) between control and metal-exposed (apoptosis, *;

necrosis, ) or between different times (#) were denoted.
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3.2. Cd, Hg and As induce oxidative stress

The cellular oxidative stress, measured as production of ROS by the DHR 123 reagent,
of seabream HKLs exposed to Cd, As or Hg was significantly increased whilst the
exposure to Pb failed to change it (Figure 3I). In the HKLs exposed to Cd or Hg, the
ROS production followed a dose- and time-dependent induction resulting very similar
for MeHg and HgCl,. Regarding As, 30 min of exposure failed to affect the oxidative
stress but 2 h of exposure produced a significant induction in the ROS production to all

the As dosages (Figure 31).

| cdcl o | A0 1o | PDONO),
8 § oF ®7 o 8
ﬂg-‘, 6 . 6 1 6
© 4 * E) * 4 4
5 1 ?
, T
% S ‘ aw S I S
L 0 0 0
c 0.05 05 2 5 2 5 1 10 03 2 3 5
o
=]
(&)
=
B 12
= | CHsHECI . HgCl,
N ¥ %
£

. 0
8 % 8
*
6 6
*
4 { 1
2 2
0.1

0.0005 0.003 0.05 0.0005 0.005 0.05 0.1

Concentration (mM)

Figure 31. Cellular oxidative stress, measured as the production of ROS, of gilthead seabream
head-kidney leucocytes after exposure to different metals for 30 min (white bars) or 2 h (grey
bars). Results are expressed as fold change with respect to the control (unexposed leucocytes).

Bars represent the mean + SEM (n = 6). Statistically significant differences (P<0.05) between

control and metal-exposed (*) or between different times (#) were denoted.

3.3. Metals alter the expression of genes related to cellular protection, death and

oxidative stress

The expression of genes related to metal protection (mta), apoptosis (casp3, bax and
bcl2) and oxidative stress (sod and cat) (Figure 32) was evaluated. First, Cd and HgCl,

exposure up-regulated mta transcription but MeHg and As down-regulated it to a
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significant extent. The casp3 transcription was altered with respect to control samples
but never reached significance. However, bax/bcl2 ratio was significantly reduced in
seabream HKLs exposed to either MeHg or HgCl,, suggesting an anti-apoptotic state
and no induction of apoptosis, in sharp contrast to the cell death data described above.
Pb, by contrast, increased bax/bcl2 ratio, which is concomitant with the apoptosis
observed. In addition, after demonstration of ROS production in HKLs after metal
exposure, the expression of sod and cat genes, involved in ROS metabolism were
determined. Cd, As and Hg metals up-regulated the transcription of cat whilst only
MeHg did also for sod (Figure 32).
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Figure 32. Expression of genes related to cellular metal protection (mta), apoptosis (bax/ bcl2
ratio and casp3) and oxidative stress (sod and car) in gilthead seabream head-kidney leucocytes
exposed to the lowest (white bars) and highest (grey bars) metal dosages for 2 h. Data are
expressed as gene expression ratio between bax and bcl2, while the rest are as fold change with
respect to the control leucocytes. Bars represent the mean = SEM (n = 4). Statistically significant

differences (P<0.0S) between control and metal-exposed (*) were denoted.
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3.4. Phagocytosis of HKLs is differently affected by Hg, Pb and As

Cd- and As-exposure failed to produce any significant change in the seabream HKLs
phagocytic ability though significant differences were observed between HKLs exposed
with As for 30 and 2 h (Figure 33). In the case of Hg, the two forms show similar pattern
and only high dosages produced a significant increment (Figure 33). Similarly, Pb
exposure induced the phagocytic ability in a dose-dependent manner. By contrast, Cd
failed to affect the phagocytic capacity of seabream HKLs and As and Hg forms
reduced it to a significant level. Moreover, Pb was able, at the lower dosages and

exposure times, to increase this phagocytic capacity (Figure 33).
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Figure 33. Phagocytic ability and capacity of gilthead seabream head-kidney leucocytes exposed
to metals for 30 min (white bars) or 2 h (grey bars). Results are expressed as fold change with
respect to the control samples. Bars represent the mean *+ SEM (n = 6). Statistically significant

differences (P<<0.0S) between control and metal-exposed groups (*) or between different

exposure times (#) were denoted.
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3.5. Cd, As and Hg exposure impairs the respiratory burst of seabream leucocytes

The PMA-induced ROS production, the so named respiratory burst activity, of
seabream head—kidney leucocytes was significantly impaired to a significant extent after
exposure to Cd, As or Hg (Figure 34). Strikingly, Cd and Hg did it in a dose-dependent
manner though all the As concentrations produced a very similar effect. However, the
respiratory burst was generally increased in seabream leucocytes exposed to Pb though

only the highest concentration (5mM) produced a significant increase (Figure 34).
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Figure 34. Respiratory burst activity of gilthead seabream head-kidney leucocytes exposed to
metals for 30 min (white bars) or 2 h (grey bars). Results are expressed as fold change respect to
the control samples. Bars represent the mean *+ SEM (n = 6). Asterisks denote statistically

significant differences (P<0.05) between control and metal-exposed samples.

3.6. Expression of immune-related genes is altered by Cd, Hg and As

We have evaluated the expression of selected genes related to the innate and adaptive
immunity by real-time PCR (Figure 35). Cd exposure indicated an increase in the B
lymphocyte marker whilst treatment with HgCl, reduced both lymphocyte markers and
MeHg only did for the marker of T lymphocytes. The expression of the antiviral mx
gene was significantly up-regulated only by HgCl, whilst the antimicrobial peptide bd
did similarly by the two Hg form test (Figure 35). Regarding the il1b transcription, it was
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significantly up-regulated by the lowest As dosage but similarly down-regulated by the
highest dosage of mercurials. Finally, phox genes were up-regulated in HKLs exposed
to Cd but down-regulated in those exposed to Hg forms. Pb exposure did not alter the

expression of any of the tested genes in seabream HKLSs.
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Figure 35. Expression of immune-related genes in gilthead seabream head-kidney leucocytes
exposed to the lowest (white bars) and highest (grey bars) metal dosages for 2 h. Data are
expressed as gene expression fold change with respect to the control leucocytes. Bars represent the
mean £ SEM (n = 4). Statistically significant differences (P<<0.05) between control and metal-

exposed (*) were denoted.

4. Discussion

We have evaluated the effects of metals on viability, oxidative stress and immunity of
gilthead seabream HKLs in vitro due to the lack of immunotoxicological studies in vitro
in fish and the interest might have in the field of Toxicology. We have chosen a very
short time for leucocyte exposure to metals (30 min and 2 h) since it is known that fish
primary cultures of leucocytes show their viability rapidly reduced, mainly in the case
of lymphocytes, which in turn are more affected than phagocytes by metals (

). Thus, previous assays done in fish leucocytes exposed to metals

ranged from 10 min to 6 days of exposure (
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). This short time was already
enough to show some immunotoxicological signs in fish leucocytes and in our system,
the seabream leucocytes. Firstly, we found that cell death, by the sum of apoptosis and
necrosis, after 2 h was highest with HgCl,, followed by MeHg, Cd, Pb and As. At 24 h
exposure, the toxicity in seabream HKLs was MeHg > HgCI2 > Cd > As > Pb (data not
shown) whilst in the seabream SAF-1 cell line was MeHg >As >Cd > HgCl, > Pb
( ). In addition, our data demonstrate that apoptosis is the main cell
death mechanism induced by all the metals tested as previously documented in fish
leucocytes ( ) and cell lines ( ) as well as in
mammals ( ). Moreover, MeHg induced a rapid apoptosis after 30 min of
exposure and after 2 h the cell death detected was only necrosis whilst HgCl, failed to
induce any apoptosis but did the necrosis. This could probably be due to the higher
permeability of MeHg provoking therefore a fast and drastic cell death, after only 2 h
the cells resulted permeable to the PI labelling and might represent late apoptotic cells
more than cells directly killed by a necrosis process. In a similar way, some reports have
also documented the induction of apoptosis and necroptosis in fish and mammals (

). A
potential explanation of this could be due to the fact that Hg also initiates lipid
peroxidation ( ), which can produce alter- ations in cell membrane, and
finally, necrosis. We have also evaluated the expression of genes related to the apoptotic
pathway: pro-apoptotic bax, anti-apoptotic bcl2 and the executioner casp3. Strikingly,
we failed to find significant relation of their transcription with the apoptosis measured
in the exposed seabream HKLs. Only in the case of Pb we could correlate an increase in
the bax/bcl2 ratio with the observed apoptosis. However, we failed to find a significant
up-regulation in the casp3 transcription in seabream HKLs, as demonstrated in the
literature in mammals ( ). This could be due to the low apoptosis induced in
the seabream leucocytes after only 2 h of exposure. However, we have found that the
seabream SAF-1 cell line exposed to Cd, Hg forms and Pb for 24 h showed an increased
bax/bcl2 ratio concomitant with the apoptosis cell death ( ) as well
as an increased casp3 and casp9 transcription in seabream tissues after waterborne
exposure to As ( ). This controversy could be due to the implication
of other regulators of apoptosis apart from bcl2 and bax genes or to different protein

balances or localization.
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One of the factors induced by metals leading to cell apoptosis is the overproduction of
ROS by the mitochondria. In agreement with the literature, our data demonstrate that
seabream HKLs exposed to Hg, Cd and As overproduce ROS and this could also be
related to apoptosis cell death ( ). Moreover, As induced the
greatest ROS levels in seabream HKLs as also occurred in the seabream SAF-1
( ) and in PLHC-1 cell lines ( ). This ROS
production has been connected with increased caspase 3 activity and cytochrome C
release from the mitochondria, factors that mediate apoptosis though we failed to find
such relation in the seabream HKLs, at least in terms of casp3 transcription and
bax/bcl2 ratios ( ). In addition, and surprisingly, we failed to detect any ROS
overproduction induced by Pb although it provoked high apoptosis and increments in
the bax/ bcl2 ratio. This suggests that ROS-induced by Pb in seabream HKLs are not
responsible for producing cell death. demonstrated that Pb produced
apoptosis by opening the mitochondrial permeability transition pore (PTP), which didn't
open due to oxidative stress. Furthermore, in rats, Pb-induced apoptosis results in an

increased bax/bcl2 ratio ( ), which also agrees with our study.

Regarding the expression of genes related to the antioxidant system, we found that all
the metals up-regulated the expression of cat, one of the main ROS scavenging
enzymes. These data indicate that seabream leucocytes are activated to eliminate and
compensate the ROS produced in an effort to balance their levels. These data are, in
general, in line with the literature, which show that the antioxidant enzymes, at either
gene or protein levels, are good biomarkers of toxicity ( ).
Moreover, another important antioxidant enzyme in the protection against metals is the
MT ( ). In our study, mta
transcription was up-regulated by Cd and HgCl, but down- regulated by MeHg and As.
Interestingly, MT, at either gene or protein level, has been found to be increased in fish
specimens after metal exposure in vivo (
). In vitro, the seabream SAF-1 cells showed up-regulated mta
transcription when exposed for 24 h to Cd, Hg or Pb, but not to As (
) and to Cu, Zn and Cd ( ). However, no other study has
evaluated the mta expression in fish leucocytes after exposure to metals. Our data
suggest that mta gene expression is not regulated in the very early protection, except

after Cd exposure, of fish leucocytes in vitro though its functional activity in protection
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or antioxidant potential at short exposure times cannot be discarded. Although we did
not measure the particular enzyme activities, the gene expression profiles of sod, cat
and mta partly support the functional data about the ROS production.

Present results about the effects of metals on fish leucocyte immunity in vitro show that
seabream HKLs exposed to metals showed differential immune activities: in general,
increased phagocytic ability and reduced phagocytic capacity and respiratory burst
activities, except Pb that increased all the phagocyte parameters. Cd failed to change the
phagocytosis in vitro but this activity was increased in gilthead seabream specimens
exposed in vivo to waterborne As, Cd ( ) or MeHg (

). Phagocytic activity was unaffected in European sea bass head—kidney
macrophages exposed to HgCl, ( ) and in rainbow trout
(Oncorhynchus mykiss) leucocytes, from blood or head—kidney, exposed to MeHg or
HgCl,, except at those concentration provoking leucocyte death ( ).
By contrast, phagocytosis activity was decreased by in vitro exposure to Cd, Pb, As and
Hg in murine macrophages (

). Unfortunately, the factors leading to
such great differences in the effects observed between fish and murine phagocytosis are
unknown. A potential explanation could be that seabream phagocytic cells consist
mainly of acidophilic granulocytes and they could be modulated in a different way than
macrophages. In addition, the increased phagocytic ability of seabream HKLs exposed
to Pb, Hg and As could be due to the increase of apoptotic bodies in the samples, which
are ingested by phagocytes ( ). Likely, some seabream
phagocytes are killed by metals whilst others are greatly activated to exert their
biological function but these needs to be verified. However, though more phagocytes
are activated, they are able to ingest fewer particles, except those exposed to lead. This
could be attributed to alteration in the cell-surface receptors mediating the phagocytosis
process but other kind of studies should confirm if this is happening.

With the exception of Pb, the rest of metals tested reduced the respiratory burst activity
of seabream HKLs, which could suggest that the general immune activity carried out
per phagocyte is reduced. In the respiratory burst activity, the production of ROS by
granulocytes and macrophages was measured after PMA-activation of the NADH
oxidase, radicals that are employed in the phagocytic activity of these cells to kill the
pathogens ( ). Respiratory burst is a misnomer because it is unrelated to
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mitochondrial respiration. In fact, oxidative stress, or the mitochondrial ROS production
Is not detected by the chemiluminescence technique whilst the PMA-induced ROS
production is greatly detected, indicating that this respiratory burst produces much more
ROS than the mitochondrial respiration. In vivo studies, water- borne exposure to As,
Cd or MeHg produced an increase, reduction or no alteration, respectively, in the
seabream HKLs respiratory burst ( ). Our data are in line with
most of those obtained in vitro in which the PMA-stimulated production of ROS was
decreased in fish leucocytes exposed to Cr, Cu, Zn or Cd (

) or in

mammalian macrophages exposed to Cd or As ( ).

In order to cast some light on the immune mechanisms leading to the
immunotoxicology of metals, we evaluated the expression of some immune-related
genes. Surprisingly, Pb exposure failed to significantly alter any of the studied genes.
We firstly evaluated the expression of markers of B and T lymphocytes, ighm and tcrb
genes, respectively because some works have reported that fish lymphocytes are more
affected than phagocytes by metals ( ). Our data show
increased lymphocyte markers (ighm) by Cd suggesting a stimulation of cell
proliferation, whilst available data showed that toxic concentrations of Zn, Mn, Hg
forms or Cr reduced the proliferation of fish lymphocytes in vitro (

). However, in the case of Hg forms, our data
show a down-regulation in the gene expression of B and T cell markers in agreement
with the reduced lymphoproliferation of fish leucocytes (

). We also evaluated the transcription of antiviral and antibacterial
effector molecules, Mx and beta-defensin, respectively. Only the bd gene was up-
regulated by both mercurials and the mx only by HgCl,, which suggests that phagocytes
are not greatly impaired in their immune functions. Interestingly, we evaluated the
expression of pro-inflammatory il1b gene, which showed that seabream HKLs were not
under an inflammatory process except those exposed to As. This cytokine, among
others, was up-regulated by Cu exposure in rainbow trout head-kidney macrophages
( ). Moreover, we also found up-regulation of seabream HKLs
transcription of phox22 and/or phox40 by Cd and down-regulation by Hg forms even
considering that the respiratory burst was decreased by Cd, Hg forms and As but

increased by Pb. The NADPH system is one of the most powerful systems producing

151



Chapter 5

ROS during the respiratory burst. Despite the inhibitory effects of metals in the
respiratory burst in fish leucocytes, an increase of phox transcription after Cu exposure
in rainbow trout macrophages was also evidenced ( ). Curiously, in
mammalian cells, exposure to As or Pb induces the nuclear factor kappa B (NF-xB)
activity whilst mercury reduces it ( ). This factor is
responsible for the activation of cytokine production and many leucocyte functions.
Thus, this could partly explain why seabream HKLs exposed to As had increased
phagocytic ability and illb transcription. Similarly, seabream HKLs exposed to Pb also
resulted in increased phagocyte functions, but not gene expression, pointing also to the
activation of the NF-xB. Our data about the gene expression of immune-related genes
and phagocyte functions studies failed to show a clear correlation and points to the need

for further analysis.
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Abstract

The knowledge about the direct effects of metals on fish leucocytes is still limited. We
investigate the in vitro effects of metals (Cd, Hg, Pb or As) on oxidative stress, viability
and innate immune parameters of head-kidney leucocytes (HKLs) from European sea
bass (D. labrax). Production of free oxygen radicals was induced by Cd, Hg and As,
mainly after 30 min of exposure. Cd and Hg promoted both apoptosis and necrosis cell
death while Pb and As did only apoptosis, in all cases in a concentration-dependent
manner. Moreover, expression of genes related to oxidative stress and apoptosis was
significantly induced by Hg and Pb but down-regulated by As. In addition, the
expression of the mta gene was up-regulated by Cd and Pb exposure though this
transcript, as well as the hsp70, was down-regulated by Hg. Cd, MeHg and As reduced
the phagocytic ability, whereas HgCl, and Pb increased it. Interestingly, all the metals
decreased the phagocytic capacity (the number of ingested particles per cell). Leucocyte
respiratory burst changed depending on the metal exposure, usually in a time- and dose-
manner. Interestingly, the expression of immune-related genes was slightly affected by
Cd, MeHg, As or Pb being HgCl, the form producing the greatest alterations, which
included down-regulation of immunoglobulin M and hepcidin, as well as the up-
regulation of interleukin-1 beta mMRNA levels. This study provides an in vitro approach
for elucidating the metals toxicity, and particularly the immunotoxicity, in fish

leucocytes.
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1. Introduction

Contamination by metals such as As, Cd, Pb, Hg or Zinc in the marine environment is a
severe problem since these pollutants are very persistent. Among the adverse effects,
metals can produce mortality, alterations in hematological parameters, metabolism,
reproduction, development and immunodeficiency in fish (

). Regarding this last aspect, increasing attention has been paid to the
immune system of fish as an indicator of exposure to environmental pollutants (

). Most immunological research involving fish species has been concerned
with either their phylogenetic or economic importance; thus, such groups as agnathans,
elasmobranchs, and chondrosteans have been studied in attempts to elucidate the
evolution of the vertebrate immune system. Also, species such as salmonids
(Oncorhynchus spp. and Salmo spp.), carp (Cyprinus spp.) and catfish (Ictalurus spp.)
have received interest mainly due to their use in aquaculture industries and human
consume. Unfortunately, to our days very little is known about the metal effects on fish

immunotoxicology and the mechanisms involved.

Traditionally, in vivo toxicology tests are followed by mechanistic in vitro and/or ex
vivo tests. However, in recent years in vitro tests are gaining traction as alternatives to in
vivo tests because they are more cost and time effective and have fewer ethical issues
( ). Therefore, toxicological studies conducted in fish
preferentially uses field/laboratory in vivo exposure because they are more realistic
( ) or fish cell lines ( ) to
assess the toxicity while the effects on the immune response are still not very well
understood. Thus, in vivo exposure to certain metals has been shown to alter innate and
acquired immune functions, such as respiratory burst activity, phagocytosis, lymphocyte
proliferation or antibody levels as well as interfering with host resistance against
infectious pathogens ( ). Many fewer studies
have evaluated the immunotoxicological effects of the toxicants in vitro because there
are very few available immune-related fish cell lines and the use of freshly isolated
leucocytes has attracted little interest among researchers. Strikingly, it has been quite
well correlated the cytotoxicity assays in fish cell lines with acute lethality test in fish

( ) and it would be interesting to evaluate whether this relation between
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the effects of toxicants on isolated leucocytes responses and immunotoxicology in vivo

could be established in fish.

Focusing on the immunotoxicological effects, it has been demonstrated that in vitro
exposure of catfish (Ictalurus melas) nonspecific cytotoxic cells (NCCs) to different
concentrations of soluble Cd inhibited their ability to kill human tumor cells (

). Interestingly, European sea bass (D. labrax) leucocytes reduced their
phagocytosis by in vitro exposure to Hg or Cu (

). Similarly, few papers have dealt with their toxicological mechanisms. The toxic
effects of pollutants, therefore, often depend on their capacity to produce an oxidative
stress response by the increment of mitochondrial levels of ROS in fish (

) which in turn can then induce the apoptosis cell death
( ). Among the cellular
mechanisms to protect from the toxic-induced damage, cells use SOD, CAT, GPx,
HSPs and MT, which have also been described in fish. For example, in European sea
bass peripheral blood leucocytes (PBLs), hsp70 transcription was up-regulated at a
concentration 10 M by Cd and mainly by Cu ( ). Similarly, arsenate
proved to be the most potent inducer of hsp70, hsp90 and mta transcription in heart cells
of common carp ( ). Therefore, more studies are needed to evaluate the
in vitro immunotoxicological effects of metals, and their mechanisms, in fish

leucocytes.

Thus, the present study aimed to throw some light in the toxicology of metals in marine
fish leucocytes. We evaluated the immunotoxicological effects of Cd, Hg, Pb and As
after 30 min or 2 h exposure, to ranging concentrations of the cited metals. Effects on
oxidative stress, cell death (apoptosis and necrosis pathways), as well as phagocyte
functions (phagocytosis and respiratory burst) and expression of immune-related genes
were studied on the head-kidney leucocytes (HKLs) of European sea bass (D. labrax),

one of the most important Mediterranean cultured fish species.
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2. Material and methods
2.1. Animals

Thirty specimens of 80-100 g body weight of the seawater European sea bass (D.
labrax), obtained from Culmarex (Murcia, Spain), were kept in seawater aquaria (250
L) in the Marine Fish Facility at the University of Murcia. The water was maintained at
20 £ 2°C, with a flow rate of 900 L/h, and 28%o salinity. The photoperiod was of 12 h
light: 12 h dark and fish fed with a commercial pellet diet (Skretting) at a rate of 2%
body weight/day. Fish were allowed to acclimatise for 15 days before the start of the
experimental trial. All experimental protocols were approved by the Bioethical

Committee of the University of Murcia.
2.2. HKLs isolation

Fish were anaesthetised with benzocaine (4% in acetone) (Sigma) and bled from the
caudal vein. HKLs were isolated from each fish under sterile conditions. Briefly, head-
kidney was excised, cut into small fragments and transferred to 7 mL of SRPMI [RPMI-
1640 culture medium (Life Technologies) supplemented with 0.35% sodium chloride,
100 IU/mL penicillin (Life Technologies), 100 mg/mL streptomycin (Life
Technologies) and 5% foetal bovine serum (Life Technologies) ( ).
Cell suspensions were obtained by forcing fragments of the organ through a nylon mesh
(mesh size 100 um), washed twice (400 g, 10 min), counted and adjusted to 10’
cells/mL in sSRPMI.

2.3. Metals exposure

Different salts of the tested metals (Sigma) were used: Cd chloride (CdCl,), MeHg (II)
chloride [CH3HQCI (MeHg)], mercury (I1) chloride (HgCly), lead (I1) nitrate (Pb(NO3)>)
and trioxide As (AsyO3). Each salt was initially dissolved in sterile purified water
(Milli-Q) and dilutions for each concentration were daily prepared. Prior to carrying out
the assays, the osmolarity of these solutions was measured in an osmometer (\Wescor) to
avoid effects due to osmolarity. For HKL treatments, 180 pL of freshly isolated
European sea bass HKLs from 6 specimens were dispensed in separate wells of flat-
bottomed 96-well plates (Nunc). Then, 20 uL/well of water (controls) or metal
solutions, to make final concentrations of 0.05-5 mM for Cd, 0.005-0.1 mM for Hg, 0.5-
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5 mM for Pb or 2-10 mM for As, were added. All the samples were carried out in
triplicate wells. Selected concentrations were higher and lower than the effective
concentrations producing the 50% cell death (ECs) obtained after European sea bass
HKL exposure to the metals for 24 h of incubation. Cells were exposed for 30 min or 2

h at 25°C as in previous studies (

).
2.4 Oxidative stress

The production of ROS, as indicator of the oxidative stress, was determined by
dihydrorhodamine 123 (DHR 123; Life Technologies) ( ).
DHR 123 is able to diffuse cell membranes and, when oxidized by ROS (mainly by
hydrogen peroxide) becomes to the green fluorescent rhodamine 123, which is
sequestered into the mitochondria. After exposure to metals, HKLs were washed and
resuspended in 200 pL of fresh medium with 5 pM of DHR 123 and incubated for 30
min at 25°C. Samples were then acquired and analysed in a flow cytometer (Becton
Dickinson) with an argon-ion laser adjusted to 488 nm. Analyses were performed on
10,000 cells, which were acquired at a rate of 300 cells/s. Side scatter (SSC,
granularity), forward scatter (FSC, size), green fluorescence (FL1) and red fluorescence
(FL2) parameters were computerised. The HKLs production of ROS was indicated by
the percentage of green fluorescent leucocytes and the mean intensity for each

treatment.
2.5. Leucocyte viability

In order to determine the European sea bass HKLs viability, we evaluated the
abundance of leucocytes in apoptosis and necrosis using a flow cytometry technique
based on double-fluorescent labelling ( ). For this, after exposure to
metals, samples were washed and incubated with 5 ng/mL FDA (fluorescein diacetate,
green fluorescence; Sigma) and 40 pg/mL PI (red fluorescence; Sigma) for 30 min at
22°C. Samples were then acquired and analysed in a flow cytometer. With this method
apoptotic (FDA™PI), necrotic (FDA PI") and viable (FDA" PI") cells were discriminated
and analysed.
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2.6. Phagocytosis

The phagocytosis of Saccharomyces cerevisiae (strain S288C) by European sea bass
HKLs exposed to metals was also studied by flow cytometry ( ).
Heat-killed and lyophilized yeast cells were labelled with fluorescein isothiocyanate
(FITC; Sigma), washed and adjusted to 5 x 10’ cells/mL of SRPMI. After exposure to
metals, HKLs were washed and 125 pL of labelled-yeast cells added, mixed,
centrifuged (400 x g, 5 min, 22°C), resuspended and incubated at 22°C for 30 min. At
the end of the incubation time, samples were placed on ice to stop phagocytosis and 400
pL ice-cold phosphate buffered saline (PBS) was added to each sample. The
fluorescence of the extracellular yeast cells was quenched by adding 40 uL ice-cold
trypan blue (0.4% in PBS). Standard samples of FITC-labelled S. cerevisiae or HKLS
were included in each phagocytosis assay. All samples were analyzed in a flow
cytometer set to analyze the phagocytic cells, showing highest SSC and FSC values.
Phagocytic ability was defined as the percentage of cells with one or more ingested
bacteria (green-FITC fluorescent cells) within the phagocytic cell population whilst the

phagocytic capacity was the mean fluorescence intensity.
2.7. Respiratory burst activity

After metal exposure, the respiratory burst activity of European sea bass HK leucocytes
was studied by a chemiluminescence method ( ). Briefly, samples
were incubated with 100 mL of Hank’s balanced salt solution (HBSS) containing 1
mg/mL phorbol myristate acetate (PMA, Sigma) and 10 M luminol (Sigma). The plate
was shaken and luminescence immediately read in a plate reader (BMG Labtech-
Fluostar galaxy) for 1 h at 2 min intervals. The kinetic of the reactions was analysed and
the maximum slope of each curve was calculated. Luminescence backgrounds were

calculated using reagent solutions containing luminol but not PMA.
2.8. Expression of genes by real-time PCR (RT-PCR)

After 2 h of HKL exposure to the minimum and maximum concentration of each metal
(0.05 and 5 mM for Cd, 0.0005 and 0.1 mM for Hg, 0.5 and 5 mM for Pb or 2 and 5
mM for As) the supernatant was aspirated and TRIzol Reagent (Life Technologies)
added to the wells in order to extract the total RNA as indicated by the manufacturer. It

was then quantified and the purity assessed by spectrophotometry; the 260:280 ratios
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were 1.8-2.0. The RNA was then treated with DNase | (Promega) to remove genomic
DNA contamination. Complementary DNA (cDNA) was synthesized from 1 mg of total
RNA using the SuperScript 111 reverse transcriptase (Life Technologies) with an oligo-
dT18 primer. The expression of the selected genes was analysed by real-time PCR (RT-
PCR), which was performed with an ABI PRISM 7500 instrument (Applied
Biosystems) using SYBR Green PCR Core Reagents (Applied Biosystems). Reaction
mixtures (containing 10 pL of 2 x SYBR Green supermix, 5 pL of primers (0.6 mM
each) and 5 pL of cDNA template) were incubated for 10 min at 95°C, followed by 40
cycles of 15 s at 95°C, 1 min at 60°C, and finally 15 s at 95°C, 1 min at 60°C and 15 s at
95°C. For each mRNA, gene expression was corrected by the elongation factor la
(efla) RNA content in each sample. Gene names follow the accepted nomenclature for
zebrafish ( ). The primers used in the present study are shown in
Table 10. In all cases, each PCR was performed with triplicate samples from four

specimens.
2.9. Statistical analysis

Data of the cell death are expressed as mean + standard error mean, SEM (n = 6). The
rest of data are presented as fold change to the control samples where values higher than
1 indicates increase and lower than 1 decrease of each parameter. All data were analysed
by two-way ANOVA and a Tukey’s post-hoc test to determine differences between
groups (P<0.05). Normality of the data was previously assessed using a Shapiro—Wilk
test and homogeneity of variance was also verified using the Levene test. A
nonparametric Kruskal-Wallis test was used when data did not meet parametric

assumptions. Statistical analyses were conducted using SPPS 20.0 software (SPSS).
3. Results

Cytotoxicity of HKLs exposed to Cd, MeHg, Hg, Pb and As for 24 h resulted in ECsg of
1.5, 0.3, 0.675, 3.2 and 3.4 mM, respectively (unpublished data). Thus, we aimed to
evaluate the effects of shorter exposure on leucocyte viability, oxidative stress,
immunity and gene expression in order to throw some light into the metal
immunotoxicology and their mechanisms. The results of the control or unexposed head-
kidney leucocytes regarding the cell activities and relative gene expression are shown as

supplementary data (Tables SI and S2).
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Table SI. Values of the controls of each activity measured in European sea bass head-kidney

leucocytes. Data are expressed ad mean + SEM (n=0). a.u,, arbitrary units.

Activity Units Mean+SEM
Cellular oxidative stress (ROS) | Mean fluorescence intensity (a.u.) 277 £27.8
Phagocytic ability Percentage % 35.7 £5.27
Phagocytic capacity Mean fluorescence intensity (a.u.) 21 +2.01
Respiratory burst Maximum slope per minute (a.u.) 60.59 + 8.22

Table S2. Values of the controls of each gene expression measured in European sea bass head-

kidney leucocytes. Data are expressed ad mean + SEM (n=4).

Relative gene expression

Gene
(gene / efla)

Catalase (cat) 0.02 £ 0.005
Cu/Zn superoxide dismutase (sod) 0.03 £ 0.004
Caspase 3 (casp3) 0.006 + 0.0006
Bcl-2 associated X protein (bax) 0.05 £ 0.004
Heat shock protein 70 (hsp70) 2.36 + 0.57
Metallothionein A (mta) 0.15+0.05
Heavy chain of immunoglobulin M (ighm) 0.019 + 0.006
T-cell receptor beta chain (tcrb) 0.02 £ 0.006
Interferon-induced GTP-binding protein Mx (mx) 0.0008 + 0.0001
Interleukin-1beta (il1b) 0.19+0.08
NADPH oxidase subunit p40phox (phox40) 0.013 +0.003
Hepcidin (hepc) 0.0009 + 0.0003
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Table 10. Primers used for analysis of gene expression by real-time PCR in European sea bass.

Gene Acc.
Gene name - Sequence (5°-3)
abbreviation number
CGTTGGCTTCAACATCAAGA
Elongation factor 1-alpha efla AJB66727
GAAGTTGTCTGCTCCCTTGG
GAGGTTTGCCTGATGGCTAC
Catalase cat FJ860003
TGCAGTAGAAACGCTCACA
Cu/Zn superoxide dismutase TGTTGGAGACCTGGGAGATG
sod FJ860004
ATTGGGCCTGTGAGAGTGAG
AATTCACCAGGCTTCAATGC
Caspase 3 casp3 DQ345773
CTACGGCAGAGACGACATA
TGTCGACTCGTCATCAAAGC
Bcl-2 associated X protein bax FM011848
CACATGTTCCCGGAGGTAGT
. CTGCTAAGAATGGCCTGGAG
Heat shock protein 70 hsp70 AY423555
CTCGTTGCACTTGTCCAGAA
GCACCACCTGCAAGAAGACT
Metallothionein A mta AF199014
AGCTGGTGTCGCACGTCT
. . ) . AGGACAGGACTGCTGCTGTT
Heavy chain of immunoglobulin M ighm FN908858
CACCTGCTGTCTGCTGTTGT
GACGGACGAAGCTGCCCA
T-cell receptor beta chain terb FN687461
TGGCAGCCTGTGTGATCTTCA
Interferon-induced GTP-binding GTCTGGAGATCGCCTCT
. mx AM228977
protein Mx TCTCCGTGGATCCTGATGGAGA
CAGGACTCCGGTTTGAACAT
Interleukin-1beta illb AJ269472
GTCCATTCAAAAGGGGACAA
. ) GCGGAGTTGAACCTGAAGAG
NADPH oxidase subunit p40phox phox40 AM490068
TCACCTTCTGTGTCGCTGTC
o CCAGTCACTGAGGTGCAAGA
Hepcidin hepc DQ131605
GCTGTGACGCTTGTGTCTGT

3.1. Cd, Hg and As induce oxidative stress

The cellular oxidative stress, measured as production of ROS, showed that European

sea bass HKLs exposed to Cd or Hg forms were induced to overproduce ROS in a dose-

dependent manner being significant only at the highest dosages (Figure 36 and

Supplementary data 3.SIA). In sharp contrast, As provoked and increase in the HKLs

ROS that was highest with the lowest dosage after 30 min of exposure and the effect

was decreasing with the concentration and time (Figure 36 and 3.SIA). However,

exposure of sea bass HKLs to Pb did no significantly alter the ROS production.
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Interestingly, in the case of Hg forms and As, the highest ROS production was

provoked in the HKLs exposed for 30 min and at longer times the effect was abolished.

ROS production. Fold change
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Figure 36. Cellular oxidative stress, measured as the production of ROS, of European sea bass

head-kidney leucocytes after exposure to different metals for 30 min (white bars) or 2 h (grey

bars). Results are expressed as fold change respect to the control (unexposed leucocytes). Bars

represent the mean T SEM (n = 6). Statistically significant differences (P<0.05) between control

and metal-exposed (*) or between different times (#) were denoted.

3.2. Short exposure to all metals induces apoptosis cell death

After 30 min or 2 h exposure to metals, mortality of European sea bass HKLs, in the

form of apoptosis and/or necrosis, was increased in a dose- or time-dependent manner

compared to the controls (Figure 37 and 3.SIB). Firstly, Pb or As exposure for 30 min or

2 h significantly increased apoptosis, but no necrosis, cell death of European sea bass

HKLs. Interestingly, sea bass HKLs exposed to Cd or Hg forms significantly induced

cell apoptosis after 30 min of incubation, but not after 2 h, followed by a significant

increment of necrotic cells after 2 h, higher in the case of Hg (Figure 37 and 3.SIB).
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Figure 37. Percentage of cell death via apoptosis (bars) or necrosis (lines) of European sea bass
head-kidney leucocytes after exposure to different metals for 30 min or 2 h. Apoptosis after 30
min and 2 h is represented by white and black bars, respectively. Necrosis after 30 min and 2 h is
represented by discontinuous and dotted lines, respectively. Data represent mean = SEM (n = 06).

Statistically significant differences (P<0.0S) between control and metal-exposed (apoptosis, *;

necrosis, 1) or between different times (#) were denoted.

3.3. Expression of genes related to cellular oxidative stress, death and protection

Once observed that metals induce ROS production and apoptosis we further evaluated
these cellular processes at gene level (Figure 38 and 3.SIC), evaluating their transcription
after 2 h of exposure to the lowest and highest dose of each metal (Cd, 0.05 and 5 mM;
MeHg, 0.0005 and 0.1 mM; Pb, 0.5 and 2 mM; As, 2 and 10 mM). Firstly, HKL
exposure to Hg forms and Pb significantly up-regulated sod and cat gene expression. By
contrast, Cd did to alter them whilst As decreased the sod and cat transcription, the last
one at significant level. Regarding the leucocyte death by apoptosis we evaluated the
expression of pro-apoptotic Bcl2-associated X gene (bax) and caspase 3 (casp3) (Figure

38 and 6.SIC).
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Figure 38. Expression of genes related to cellular apoptosis (bax and casp3), metal protection
(mta), stress (hsp/0) and oxidative stress (sod and car) in European sea bass head-kidney
leucocytes exposed to metals to the lowest (white bars) and highest (grey bars) metal dosages
used in the present work for 2 h. Data are expressed as fold change respect to the control

leucocytes. Bars represent the mean + SEM (n = 4). Statistically significant differences (P<0.05)

between control and metal-exposed (*) were denoted.

Interestingly, both genes were significantly up-regulated in sea bass HKLs exposed to
Hg forms or Pb while down-regulated to a significant extent after exposure to the
highest dose of As. Finally, Pb and mainly Cd exposure induced a significant up-
regulation of mta gene expression; however, Hg forms down-regulated mta transcription
(Figure 38 and 6.SIC). Moreover, Hg forms induced a strong and significant down-

regulation of hsp70 gene expression but the rest of metals tested failed to regulate its

transcription.
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3.4. Phagocytic parameters of HKLs were differently affected by metals

Phagocytic activity was determined as the percentage of phagocytic cells, the
phagocytic ability (Figure 39 and 6.SID) and the mean fluorescence intensity, the
phagocytic capacity (Fig. 40 and 3.SIE). Exposure to Cd, MeHg and As produced a
general statistically significant reduction of the HKLs phagocytic ability. By contrast,
exposure to HgCl,, and mainly Pb, significantly increased the phagocytic ability of sea
bass HKLs. On the other hand, all the metals produced a significant reduction in the

phagocytic capacity after 30 min or 2 h of exposure.
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Figure 39. Phagocytic ability of European sea bass head-kidney leucocytes exposed to metals for
30 min (white bars) or 2 h (grey bars). Results are expressed as fold change respect to the control
samples. Bars represent the mean = SEM (n = 6). Statistically significant differences (P<0.05)
between control and metal-exposed groups (*) or between different exposure times (#) were

denoted.
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Figure 40. Phagocytic capacity of European sea bass head-kidney leucocytes exposed to metals
for 30 min (white bars) or 2 h (grey bars). Results are expressed as fold change respect to the
control samples. Bars represent the mean £ SEM (n = 6). Statistically significant differences
(P<0.05) between control and metal-exposed groups (*) or between different exposure times (#)

were denoted.

3.5. Respiratory burst of HKLs was greatly impaired by As

The PMA-induced ROS production, named respiratory burst, of sea bass HK leucocytes
was also determined after exposure to metals (Figure 41 and 3.SIF). First, Cd did not
change the respiratory burst of sea bass HKLs while As produced the greatest reduction,
to a significant extent, in a similar level in HKLs exposed to 5-10 mM. However, Hg
forms and Pb produced little changes, some of them significant, which varied from

inhibition to increase of the respiratory burst.
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Figure 41. Respiratory burst activity of European sea bass head-kidney leucocytes exposed to
metals for 30 min (white bars) or 2 h (grey bars). Results are expressed as fold change respect to
the control samples. Bars represent the mean *+ SEM (n = 6). Asterisks denote statistically

significant differences (P<0.05) between control and metal-exposed samples.

3.6. Metals slightly affected to the expression of immune-related genes

Once observed significant changes in the phagocyte-related innate immune functions
caused by metals we tested whether the expression of immune genes was altered. Thus,
chain of immunoglobulin M (ighm), T-cell receptor beta chain (tcrb), interleukin-1 beta
(il1b), antimicrobial peptide (hepc), antiviral (mx) and NADPH oxidase subunit
p40phox (phox40) were analyzed after 2 h exposure of sea bass HKLs to the highest and
lowest dosages of each metal (Figure 42 and 3.SIG). Thus, exposure to Cd significantly
decreased only the mx gene expression while Pb up-regulated the transcription of
phox40. However, As did not affect the expression of any tested gene. Finally, exposure
of sea bass HKLs to MeHg resulted in significant up-regulation of phox40 and hepc
transcription (Figure 42). By contrast, HgCl, up-regulated the illb mRNA levels but also
down-regulated those of ighm and hepc (Figure 3.S1G).
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Figure 42. Expression of immune-related genes in European sea bass head-kidney leucocytes
exposed to metals to the lowest (white bars) and highest (grey bars) metal dosages for 2 h. Data
are expressed as gene expression fold change respect to the control leucocytes. Bars represent the
mean T SEM (n = 6). Statistically significant differences (P<<0.05) between control and metal-

exposed (*) were denoted.

4. Discussion

The use of cell lines to test the toxicity of aquatic pollutants, including metals, is a
valuable alternative to fish bioassays. However, sometimes, fish cell lines might not be
as good models for toxicological studies and then the use of in vitro explants or primary
cultures may lead to a significant advance in our knowledge of the toxicology and its
mechanisms. This is the case in the field of fish immunotoxicology, in which very few
cell lines derived from immune tissues are available and they have never been applied to
this end. Thus, some papers have evaluated the immunotoxicology of metals using fish
leucocytes in vitro (

). With the aim
to bring some light in this field, we evaluated the immunotoxicological effect of metals
using freshly isolated head-kidney leucocytes of European sea bass, considered one of
the most important Mediterranean cultured fish species.
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Figure 3.SI. Effects of HgCl: on European sea bass head-kidney leucocytes oxidative stress,

viability, immunity and gene expression. Legend as in Figs.I to 7. Data in A, B, D, E and F

correspond to 30 min (white bars) and 2 h (grey bars) metal exposure and are presented as mean

*+ SEM (n = 06). Data in C and G correspond to the lowest (white bars) and highest (grey bars)

metal dosages used in the present work for 2 h. Data are expressed as gene expression fold change

respect to the control leucocytes (unexposed). Statistically significant differences (P<0.05)

between control and metal-exposed (*) were denoted.
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Previous studies have already confirmed some immunotoxicological effects of metals in
the European sea bass: in vitro and in vivo effects of Cd and Cu in HK macrophages
( ), in vivo effects of Cu in serum and blood leucocytes (
), as well as in vivo effects of Cd or Hg in the number of HK macrophages (
). Therefore, we have exposed freshly isolated HKLs of European sea
bass to concentrations higher and lower to the ECsy dosages found after 24 h of
incubation but for shorter exposure time, 30 min or 2 h, which have already been used

before and provoked immunotoxicological signs (

).

Firstly, we found that the cytotoxicity provoked by metals usually followed a dose-
dependent curve and apoptosis was the main cell death mechanism induced, which
agrees with the literature, including European sea bass leucocytes (

). We found that toxicity after 2 h exposure to metals was
highest with Hg, followed by MeHg, Cd, As and Pb similarly to that found for gilthead
seabream HKLs (unpublished data obtained in our group). Furthermore, generation of
ROS induced by metals has been shown to be one of the predominant factors triggering
cell death, mainly apoptosis ( ). In this sense, ROS production has been
demonstrated in fish cell lines exposed to metals such as Pb, Hg, As, Cu or Zn (

). Thus,
potential interaction between oxidative stress and cell death was studied herein. Our
data showed that Cd and Hg forms induced a significant ROS production and at the
same time induced apoptosis after 30min and necrosis after 2 h exposure. This could
probably be due to the fast and drastic cell death provoked by these metals, resulting
permeable to Pl after 2 h, and being late apoptotic cells more than necrotic cells. These
results are in agreement with studies in rainbow trout cell lines exposed to Cd
( ) or murine macrophages exposed to Hg (

) that induces apoptosis and necroptosis at the same time. Furthermore, up-
regulation in pro-apoptotic bax and casp3 gene expression after HKLs exposure to Cd
or Hg forms suggests that BAX protein and ROS provoke the translocation of
cytochrome C from the mitochondria to the cytosol and activation of caspase-3, which
Is in concordance with the literature in rainbow trout or mammals (

).

Surprisingly, Pb triggered cell death by apoptosis in a dose-time dependent manner and
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a significant up-regulation in bax and casp3 gene expression without ROS production.
This has been previously documented for Pb, which provoked apoptosis by opening the
mitochondrial permeability transition pore (PTP) that didn’t open due to oxidative stress
( ). With respect to As, ROS production and apoptosis were both induced
but at different concentrations, concomitant to a down-regulation of bax and casp3
genes. In contrast, recent studies have demonstrated that As,O3 induced apoptosis and
necrosis in a fish cell line ( ) through the depletion of intracellular
glutathione ( ). In addition, we evaluated the expression of genes related to
the ROS metabolism. ROS induction and up-regulation of sod and cat gene
transcription was only concomitant in the case of European sea bass HKLs exposed to
Hg forms. However, the increased ROS by Cd and As was not parallel to changes in sod
and cat transcription. Moreover, Hg forms are the most potent ROS inducers in sea bass
HKLs whilst As is in the gilthead seabream HKLs and SAF-1 cell line (unpublished
data obtained in our group). In addition, the direct relation of ROS production and SOD

and CAT, at either gene transcription or enzymatic activity, has not always found.

Other mechanisms have been shown to be important in the cellular protection against
metals such as MTs ( ) and HSP ( ). Regarding
anti-stress proteins, MTs are the first defense mechanism against the toxicity of metals,
but when metal concentrations reaches high levels and produce protein denaturation,
HSPs act to repair the damage ( ). Our results showed a significant
increase of the mta gene expression after Cd and Pb exposure and surprisingly
significant decrease after MeHg exposure in European sea bass HK leucocytes. This
enhanced mta, after Cd and Pb exposure, is parallel to low or mid production of ROS
and suggest the ability of MTA to partially scavenge ROS ( ). In
fact, MeHg exposure of sea bass HKLs produced a significant down-regulation of mta
and hsp70 protective mechanism, which was coincident with the highest ROS
production. In the case of hsp70 gene expression, no differences were found after Cd,
Pb or As exposure in sea bass HKLs, which has been also documented for sea bass
PBLs exposed to Cd ( ). The predicted relationships among fish MT,
HSPs and ROS production, and their role in toxicology, should focus further attention

in.
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Among the potential immunotoxicological effects on fish leucocytes, we investigated
the impact of metals on in vitro European sea bass HKLs phagocytosis and respiratory
burst activity. Thus, our results showed that the phagocytic ability, phagocytic capacity
and the respiratory burst increased or decreased depending on the metal, dosage and
exposure time. Though Cd, As and MeHg significantly decreased the phagocytic ability
and capacity it is worthy to note that Pb and HgCl, produced an increment even with the
knowledge that they suffered oxidative stress and cell death. Strikingly, our data show
that all the metals also induced the respiratory burst activity. However, considering that
different immunomodulatory effects of metals in mammals as well as fish depends on
dose, mode, time and source of metal exposure, punctual contradictory results are not
surprising. It has been reported that in vitro exposure of European sea bass head-kidney
macrophages to HgCl ( ) and rainbow trout leucocytes, from blood
or head-kidney, exposed to MeHg or HgClI; ( ) failed to affect the
phagocytosis unless viability was reduced. By contrast, phagocytosis was decreased by

in vitro exposure to Cd, Pb, As and Hg in murine macrophages (

). Regarding the respiratory burst, our data are in sharp contrast to the literature in
which the PMA-stimulated production of ROS was decreased in fish leucocytes
exposed to Cr, Cu, Zn or Cd (

) and mammalian macrophages (

). Interestingly, in a parallel study using gilthead seabream
HKLs exposed to the same conditions than in this work, we found that Cd, Hg forms
and As increased phagocytic ability and reduced phagocytic capacity and respiratory
burst activities, except Pb that increased all the phagocyte parameters. However, there
are not evidences demonstrating the mechanism by which the metals alter the phagocyte
functions. In addition, the differences found between in vitro and in vivo
immunotoxicological effects might be due to the differentiation state of the
macrophages and the presence of other factors such as the serum levels of
corticosteroids and catecholamines that do not operate in vitro ( ) a

suggestion that is worthy of investigation.

Very little is known about the fish immunotoxicology of metals at gene level. Thus, we
have evaluated some important genes involved in fish immunity after 2 h of exposure.

Surprisingly, only small changes in the expression of immune-related genes were
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provoked in the European sea bass HKLs exposed to metals. These changes included
significant up-regulation of phox40 (Pb) and il1lb (Hg) and down-regulation of mx (Cd),
phox40 and hepc (MeHg) and ighm and hepc (Hg) mRNA levels. Our data suggest that
B and T lymphocytes are not significantly altered, since the expression of their markers
was not affected, except by Hg, but they have been shown to be more sensible to metals
than phagocytes in common carp ( ). In fact, fish
lymphocyte in vitro proliferation is commonly depressed by Zn, Mn, Hg forms or Cr
( ) and this should be
followed by decreased expression of their cellular markers. Rainbow trout macrophages
exposed to Cu up-regulated the gene expression of the pro-inflammatory cytokines illb
and tumor necrosis factor-o (tnfa) ( ), suggesting some phagocyte
activation. In the sea bass HKLs, only the exposure to HgCl, up-regulated the illb
transcription and this metal also induced the phagocytic ability suggesting a connection.
Interestingly, As and Pb exposure induced the activity of the nuclear factor kappa B
(NF-xB) in mammals ( ) and this is responsible for
the activation of cytokine production and many leucocyte functions. Therefore, this
connection merits further evaluation in fish. However, this is not supported by the
finding that the gene expression of the antibacterial hepc is down-regulated by both Hg
forms, which also reduced the phagocytosis. Interestingly, phox40, involved in the
regulation of the respiratory burst, gene expression was significantly induced towards
an increment in the PMA-induced ROS production but the opposite did not occur. Thus,
our data suggest, at least, a positive relation between these two parameters. Regarding
this, though it is generally observed an inhibition of the respiratory burst in fish
leucocytes after metal exposure a unique study has found increased phox transcription
after Cu exposure ( ). Further characterization of the relation among
NADH oxidase components and the respiratory burst is needed in fish leucocytes, at

least under toxicological condition.

174



General discussion






General discussion

From the perspective of ecotoxicants, fish are especially important ( ).
With more than 30,000 different species occupying all aquatic niches, fish are the first
and most diverse group of vertebrates. Thus, understanding the actions of ecotoxicants
on fish helps in the evaluation of the aquatic environment health. On the other hand, the
use of alternative methods has increased in recent years to comply with the strategy of
3Rs (reduction, refinement and replacement) ( ). Thus, cell lines and
primary cell cultures derived from fish represent technically easy to handle and
reproducible test systems that provide very good correlation with acute lethality tests in
vivo ( ). Most of the information focusing on fish toxicology comes from
freshwater species and less is known about marine fish species and their cell lines.
Indeed, very few established cell lines or primary cell cultures have been developed
from marine cultured fishes such as gilthead seabream (S. aurata) or European sea bass

(D. labrax), the most important Mediterranean cultured fish species.

1. Cytotoxicity

1.1. Fish cell lines

We have evaluated the cytotoxicity of metals on two fish cell lines, one generated in this
work from European sea bass brain (DLB-1) and another commercially available from
gilthead seabream fins (SAF-1). Firstly, the DLB-1 cell line has been obtained form
brain explants and after infection with fish retrovirus. Actually, the cell line is cultured
for more than two years and has around 100 passages. Cell morphology is epithelioid,
with some star-like cells that are more abundant until the confluence is achieved. Cells
show a rapid growth and the expression of cellular markers indicated us that they are of
glial origin though further studies are now in progress to confirm this. In the literature,
some other brain-derived cell lines have been described with differences or

controversies in their growth, origin and morphology (

). Strikingly, a long-term culture of European sea bass

brain was described earlier but no information has been added since then (
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). These cells resemble to be neural stem cells and showed slow growth rates.
Unfortunately, very few data exist regarding the toxicological application of such brain-
derived cell lines.

For evaluating the cytotoxicity of metals in vitro on DLB-1 and SAF-1 fish cell lines,
we used some colorimetric methods such as NR, MTT, LDH release or CV. These
methods allowed us to evaluate lysosomal damage, mitochondrial impairment,
membrane integrity and cell attachment/detachment, respectively. Thus, the viability
measured after 24 h exposure to metals showed a dose-dependent reduction of the
number of viable cells in both fish cell lines, whatever detection method used. These
results are in agreement with studies performed with other fish cell lines, in which the
viability decreases after metal exposure (

). These results are not surprising if we are

aware of the toxic nature of them.

If we compare the acute ECs, values (the lethal concentration required to kill 50% of the
population) clearly showed that DLB-1 cell line is more susceptible to metals than SAF-
1, whatever the detection method used (Table 11).

Table I1. Values of ECso (mM) after exposure of SAF-1 and DLB-I cells to metals for 24 h.
NR, neutral red, MTT, yellow soluble tetrazolium salt; CV, crystal violet; LDH, lactate

dehydrogenase.
SAF-1 cell line DLB-1 cell line
Metals NR MTT CcvVv LDH NR MTT
Cd 0.1 0.1 0.160 0.703 0.004 0.015
MeHg 0.015 0.018 0.021 0.018 0.013 0.020
Pb 3.2 34 4.5 4.2 1.6 1.5
As 0.082 0.03 0.367 0.226 0.03 0.018

Differences in cell lines susceptibility could be due to the source of the cell lines (fish

species or tissue). Thereby, SAF-1 cells are fibroblastic cells derived from fin explants
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of seabream ( ), while DLB-1 are glial cells from sea bass brain.
Nervous system cells have a variety of unique structural characteristics that likely make
them more sensitive to toxics than other cells. They require a high aerobic metabolic
rate to provide them high levels of oxygen, glucose, proteins and lipids to maintain ion
gradients to support neuronal transmission. Although glia cell does not directly
participate in synaptic interactions and electrical signalling, their supportive functions
help to define synaptic contacts and maintain the signalling abilities of neurons (

). Indeed, some authors have described impaired human or rat glial cells after
Pb ( ), Al ( ), Ho (

), Cd ( ) or As exposure (

The cytotoxic assays used revealed different profiles between the detection method, NR,
MTT, CV or LDH, but in both cell lines NR was the most sensitive technique used,
following MTT, CV and LDH in the case of SAF-1 cells. Indeed, LDH or CV was only
suitable after exposure to high metal concentrations or long time in SAF-1 cell lines.
This is supported by several authors ( ), who found
that the ECso values are usually higher for LDH leakage assay and protein assays (like
the CV method) than for NR and MTT assays. This demonstrates that organelle
impairment occurs before any permanent cell membrane damage and cell detachment
alteration. For Cd, MeHg and Pb, the NR and MTT curves were almost identical in the
SAF-1 cell line, and gave very similar ECsg values, suggesting that both lysosomes and
mitochondrial organelles are impaired at similar metal concentrations (

); however, except Pb, Cd, MeHg
and As curves were slightly different in DLB-1 cells, suggesting that lysosomes are
altered earlier than mitochondria organelles. Likely, the origin of the cells and their
characteristics may also determine the mechanisms of metal toxicity. Surprisingly, in
both fish cell lines, mitochondria were the most affected organelle after As exposure.
This can be partly explained by the fact than inhibition of mitochondrial respiration is

regarded as a primary mechanism by which As manifests cell injury ( ).

In addition, the ECsq values indicated that MeHg was the most toxic metal for SAF-1 as
shown in other fish cell lines studies ( ) whilst Cd was the
most toxic for DLB-1 cells. Although MeHg is well known to be a potent neurotoxic,
the role of other metals such as Cd in the nervous system is still unclear. Cd is thought
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to act disrupting neurotransmitter uptake ( ). Given that Cd induced
a high ROS level in DLB-1 as we will discuss later, this could partly explain the high
cytotoxicity of Cd in DLB-1 cells. On the other hand, the cytotoxic capacity of Pb was
the lowest compared to other metals for either cell lines, which is confirmed by other

studies with a similar pattern in RTG-2 or BF-2 cell lines (

).
1.2. Primary cell cultures

For evaluating the in vitro cytotoxicity using primary cell cultures, we choose three
primary types of cell cultures: HKLs, PBLs and erythrocytes from marine gilthead
seabream and European sea bass specimens. Thereby, primary cell cultures were
exposed in vitro for 24 h to Cd, MeHg, Pb and As and the cytotoxicity was evaluated.
For this purpose, we used fluorescent dye PI, which with the loss of the membrane
integrity, it is taken-up and complexes with nuclear DNA, which emits red fluorescence
( ). This method is preferred since we use heterogeneous populations
(lymphocytes, monocyte-macrophages and granulocytes) containing different amounts
of mitochondria and lysosomes, which could affect to the MTT and NR assays. For
erythrocytes, apart from this, we also used another technique based on the release of
HbO, after hemolysis of erythrocytes ( ). The cytotoxicity
assays in erythrocytes revealed similar profiles with the two techniques, thus, we

represent only the P1 values.

As we have noted with fish cell lines, the PI cytotoxic method showed a dose-dependent
curve after 24 h exposure to the metals in HKLs, PBLs and erythrocytes from gilthead
seabream and European sea bass. First of all, if we compare the acute ECs, values, we
observed that MeHg was the most toxic metal, followed by Cd, As and Pb after 24 h of
exposure. These results are in agreement with the cytotoxicity values and pattern

obtained on seabream and sea bass HKLs exposed to metals for 2 h (Table 12).

Furthermore, we found that the seabream cells are more sensitive than those from sea
bass when they are exposed to metals. The toxicity order within the same fish species is
erythrocytes> HKLs> PBLs. A potential explanation of this could be due to the fact that
erythrocyte membrane differs from other membranes in its very high anion permeability

and this fact has been related with the more avid uptake of metals by erythrocytes
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( ). We suggest that wide variations are found in the permeability
properties of cells from different tissues. Even the transport of metals may vary
significantly from one cell type to another.

Table 12. Values of ECso (mM) of fish leucocytes and erythrocytes from seabream and sea bass
after exposure to metals for 24 h. HKLs, head-kidney leucocytes; PBLs, peripheral blood

leucocytes.
V . P ) e N
Metal
HKLs PBLs Erythrocytes HKLs PBLs Erythrocytes
Cd 0.110 0.171 0.022 15 2.6 0.080
MeHg 0.005 0.012 0.021 0.3 0.464 0.028
Pb 2.8 2.9 0.523 3.4 4.2 11
As 0.218 0.491 0.134 2.7 3.8 0.190

The great differences among cell sources could be due to the very different cell types
but also to the heterogeneity and abundance of mature and immature stages of the cells.
Thus, HKLs is the most diverse and heterogeneous culture used and composed of
leucocytes at all developmental stages ( ). However, PBLs is the most
concrete population and formed by mature cells. Finally, our results showed that
seabream cells were more sensitive to metals than sea bass cells, in sharp contrast to

what happened with their respective cell lines.

In conclusion, the results show that metal exposure provokes a dose-dependent
reduction in the viability of primary cell cultures, as we observed in the fish cell lines.
Regarding fish cell lines, MeHg produced the highest toxicity in SAF-1 cells while Cd
was the most toxic metal for DLB-1 cells, as well as Pb was the lowest toxic in both cell
lines. In addition, NR was the most sensitive colorimetric method, followed by MTT,
CV and LDH. Upon primary cell cultures, also MeHg produced the highest toxicity in
HKLs, PBLs and erythrocytes from seabream and sea bass. Interestingly, leucocytes
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and erythrocytes from European sea bass are more resistant to metal exposure than
those from gilthead seabream. Similarly, erythrocytes, followed by HKLs, are always

more sensitive than those isolated from blood from the same fish species.

2. Cellular protection and oxidative stress

Oxidative stress is an unavoidable aspect of aerobic life and is the result of an
imbalance between the production of ROS and antioxidant defences in living organisms
( ). Furthermore, metals are important inducers of oxidative stress in fish,
promoting the formation of ROS. Fortunately, cells have developed mechanisms of
antioxidant defences to protect from them. In the present work, ROS production and
expression of selected genes involved in cellular protection and antioxidant defences
was also evaluated in SAF-1 and DLB-1 fish cell lines and HKLs, PBLs and erythrocyte
primary cultures from seabream and sea bass after metal exposure. The results obtained

with the different cell types are summarized in the Table 13, 14.

Table 13. ROS production in fish cell lines and primary cell cultures derived from gilthead
seabream and European sea bass after metal exposure. The arrows indicate a significant increase
(1), decrease (|) or no differences («=) of the parameter studied compared to control. Not

determined parameters (—).

ROS production
Fish cells
cd Hg Ph As
SAF-1 I 11 ] 1
DLB-1 7 — 1 -
P 30°-2h | il = 111
24h — — — -
HELs
30°2h T T — —
24h — — - -

In all the fish cells which measured cellular oxidative stress after metal exposure, we
observed a significant increase in the cellular ROS levels, as indicated by DHR 123

fluorescence. These results are confirmed in fish cell lines and fish primary cell cultures
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exposed to Pb, Hg, As, Cu or Zn (
).
However, depending on the cell type and origin, metal or time-exposure, the cell stress

response is different.

It is widely accepted that these ROS are the main inducers of the cytotoxicity (

). However, our
data are not fully supporting this hypothesis. As alluded to earlier, in the case of SAF-1
cells, MeHg and Pb produced the highest and lowest cytotoxicity which does not agree
with the overproduction or lower level of ROS after As or Cd and Pb exposure,
respectively. Nevertheless, Cd is the most cytotoxic metal and overproduces ROS in
DLB-1 cell line but Pb, which induces high levels of ROS production, is the less
cytotoxic metal. Indeed, it is known that Pb is a potent neurotoxic that induce oxidative

stress ( ).

Regarding HKLs exposure after a short time, we observed that MeHg and Pb produced
the maximum and minimum cytotoxicity which agrees with overproduction and lower
ROS levels by MeHg and Pb, respectively, in seabream and sea bass leucocytes.
Furthermore, As induced an overproduction of ROS in seabream leucocytes as well as
we observed in SAF-1 cells. These results suggest that ROS radicals are not the most
important inducers of the cytotoxicity mediated by metals. We may conclude that all
metals, especially As, provoke the overproduction of ROS in fish cells which agrees
with studies in mammalian ( ) and fish (

). Moreover, it has been shown that the oxidation of As under physiological
conditions results in H,O, formation ( ), what could partly explain the
very high ROS levels in our assays. Interestingly, seabream leucocytes exposed to
metals overproduced more ROS than sea bass leucocytes and this could also explain

why sea bass leucocytes are more resistant to metals.

Likely, the modulation of mMRNA transcription of genes involved in oxidative stress also
affects the stress response. Thus, the generation of hydrogen peroxide is mainly
produced at mitochondrial level by SOD while its elimination may involve CAT, GT
and PRXs ( ). In general, our results show
that ROS production in fish cells exposed to metals is concomitant with the increased

sod gene transcription and the scavengers of cat, gr, prx1 and prx2 (Table 14). However,
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some contradictory results are observed depending on the metal and cell population. For
example, Cd, MeHg and As exposure down-regulated sod, cat and gr transcription in
seabream HKLs, while only sod transcription was down-regulated in sea bass HKLs
after 24 h exposure. Surprisingly, As induced the highest ROS production and the
lowest sod, cat, gr, prx1 and prx2 transcription in SAF-1 cells supporting the idea that
part of the ROS come from the direct As oxidation above mentioned. After short time
exposure, sod and cat transcription was induced by metals in seabream HKLS while As
exposure down-regulated cat gene expression. Furthermore, Cd, MeHg and As reduced
the cat gene expression in seabream PBLs and erythrocytes. Thus, SOD, CAT and
glutathione system have shown different patterns and some controversy in fish exposed
to metals, but still considered good biomarkers of the oxidative stress produced by
metals (

). Furthermore, we demonstrated the role of the PRXs as biomarker, but no studies

have evaluated it in fish exposed to metals.

Table 14. Gene expression in fish cell lines and primary cell cultures derived from gilthead
seabream and European sea bass after metal exposure. The arrows indicate a significant increase
(1), decrease (|) or no differences («=) of the parameter studied compared to control. Not

determined parameters (—).
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Similarly, our results showed a regulation of mta and hsp70 transcription after metal

exposure in all the cell populations in which they were evaluated. It is important to
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consider that these are most important proteins protecting cells against metal toxicity,
especially Cd, Hg, Cu and Zn. In addition, MT has been shown to directly react with
hydroxyl radicals in cell-free in vitro systems ( ) and may,
consequently, act as a donor of reduced thiolate groups, thereby fulfilling a role in
protecting the cell from free radical mediated injury and reducing oxidative stress (

). In general, mta was up-regulated by Cd,
MeHg or to some extent by Pb and As in all cell types, and specially down-regulated
mainly by MeHg or As in all primary cell cultures and SAF-1 cell line. Indeed, Cd and
Hg bind easily to MTs ( ),
but an excess of metals could provoke a MT dysfunction leading to an increase of ROS
levels as we have observed in some cells after metal exposure. Upon heat-shock
proteins, hsp70 gene expression followed a quite parallel pattern demonstrating cell
injury, whilst As or MeHg produced a down-regulation of hsp70 in SAF-1 cells or
seabream and sea bass HKLs exposed for short time. Surprisingly, all blood cells
showed a strong up-regulation of mta and hsp70 transcription. An explanation of this
could be the fact that since metals are absorbed mainly by gills in fish, they are
distributed by blood to the different tissues bound to cysteine residues of MTs. Thus,
not only erythrocytes but also PBLs could contribute to increase the tolerance of fish to
metals, but also decrease metal excretion rates due to sequestration.

To conclude, the present results showed a moderate production of ROS after metal
exposure in a dose- and time-dependent manner in all cell populations. However,
depending on the metal, the induction of ROS levels was highest or lowest. Similarly,
the regulation of genes involved in oxidative stress and cell protection suggested the
activation of mechanisms to equilibrate the imbalance of oxygen radicals after metal
exposure. However, an excess of metal levels in cells could trigger the inactivation of
antioxidant defences. This could be happening with MeHg and As, which are the most
harmful metals in all the cell populations due to the induced high levels of ROS and

impaired most of the enzyme defence mechanisms.
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3. Cell death

It is well-known that a consequence of imbalanced oxidative stress caused by metals is
cell death by apoptosis (Rana, 2008). However, few papers have dealt with this aspect
in fish cell lines or primary cell cultures. Thus, in the present work, we have studied the
cell death mechanisms after metal exposure in fish cells. To carry out this,
morphological changes, abundance of cells in apoptosis and/or necrosis and the
expression of apoptotic regulatory genes were evaluated. Thus, the results are showed in
the Table 15.

Table 15, Cell death via apoptosis (A) or necrosis (N) and expression of genes related to
apoptosis after metal exposure in fish cell lines and primary cell cultures derived from gilthead
seabream and European sea bass. The arrows indicate a significant increase (1), decrease (|) or

no differences (<) of the parameter studied compared to control. Not determined parameters
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Regardless of the technigue used and the origin of the cells, our data demonstrated that
apoptosis is the main cell death mechanism induced by all the metals tested as
previously documented in fish leucocytes (\Vazzana et al., 2014) and cell lines (Selvaraj

et al., 2013), as well as in mammals (Rana, 2008). However, characteristics of necrosis
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cannot be completely excluded. Indeed, SAF-1 cells treated showed abundant blebs in
the membrane resembling those produced in apoptosis cell-death, whilst at the same
time other cells showed holes in the membrane or even lost their membrane, indicating
that they were in very late apoptosis or necrosis. Similarly, DLB-1 cells exposed to
ECso of metals also died by apoptosis as demonstrated by the increase of sub-GO/G1 in
the cell cycle and Annexin staining. Furthermore, seabream and sea bass HKLs exposed
to Cd or MeHg showed a very fast cell apoptosis after 30 min of incubation, but no after
2 h, followed by an increment of necrotic cells after 2 h. Likely, due to the high
permeability, metals may provoke a fast and drastic cell death, and the necrotic cells
represent late apoptotic cells more than cells directly killed by a necrosis process. In a
similar way, some reports have also documented the induction of apoptosis and
necroptosis in fish and mammals (

). Furthermore, lipid peroxidation is perhaps the most
studied consequence of ROS ( ), which can produce alterations in
cell membrane, and finally, necrosis and this could also be happening. Moreover, the
expression of apoptosis regulatory genes confirms these findings. Thus, pro-apoptotic
bax gene was up- regulated, except by As (in SAF-1 cells, seabream and sea bass
HKLs) and by MeHg (in seabream HKLs) and the anti-apoptotic bcl2 down- regulated
(except after MeHg exposure to seabream HKLs) by metals confirming this cell death
pathway. In addition, the up-regulation of the casp3 suggested that BAX protein and
ROS provoke the translocation of cytochrome C from the mitochondria to the cytosol,
activation of caspase 3, and finally apoptosis cell death, which is in concordance with
the literature in rainbow trout or mammalian cells ( ).
Similarly, a significant up-regulation of bax transcription after exposure to Pb and As in
erythrocytes from seabream and sea bass species suggested that these metals induced
apoptosis cell death; however, Cd and MeHg did no alter its mRNA levels. Thus, these
metals could not trigger apoptosis, or alter other genes involved in the regulation of

apoptosis in erythrocytes from both species.

Thus, to conclude, our data demonstrated that metals induce cell death mainly by
apoptosis. These results are supported by the up-regulation of bax and casp3 and down-

regulation of bcl2 gene transcription.
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4. Immunotoxicology

Few studies have evaluated the immunotoxicological effects of the toxicants in vitro
because there are very few available immune-related fish cell lines and the use of
freshly isolated leucocytes has attracted little interest among researchers. Strikingly, it
has been quite well correlated the cytotoxicity assays in fish cell lines with acute
lethality test in fish ( ), and it would be interesting to evaluate whether this
relation between the effects of toxicants on isolated leucocytes responses and
immunotoxicology in vivo could be established in fish as well. Interestingly, European
sea bass leucocytes reduced the phagocyte functions [respiratory burst, phagocytosis or
the benefits of macrophage-activating factors (MAF)] by in vitro exposure to Hg or Cu
( ), whilst Cd exposure led to their increment
( ). However, no studies have been conducted with gilthead
seabream leucocytes in vitro. Similarly, very few papers have dealt with the
toxicological mechanisms caused by metals at gene level. Thus, in the present work, we
evaluated the phagocytosis and the respiratory burst activity (two immune responses) of
head-kidney leucocytes (HKLs) derived from gilthead seabream and European sea bass
after 30 min or 2 h of metal exposure. Furthermore, we performed the analysis of
immune relevant genes in gilthead seabream and European sea bass HKLs and PBLs
after 24 h. The results are summarized in the Table 16 and I7. Thus, our results show
that the phagocytic ability, phagocytic capacity and the respiratory burst increased or
decreased depending on the metal, dosage and exposure time in gilthead seabream and

European sea bass leucocytes (Table 16).

While MeHg increased the phagocytic ability in seabream leucocytes, in sea bass
leucocytes the ability was impaired by Cd, MeHg and As. Surprisingly, Pb increased the
phagocytic ability in both species in a dose-dependent manner. However, all metals
reduced the phagocytic capacity except Pb, which enhanced it at low dosages in
seabream leucocytes. It is worthy to note that Pb and Hg produced an increment even
with the knowledge that they induced oxidative stress and cell death as we described
above. These contradictory results are not surprising if we observe the literature. For
example, Cd increased the phagocytosis in gilthead seabream specimens exposed in vivo
to waterborne As, Cd ( ) or MeHg ( ).
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Table 16. Phagocytosis activity or respiratory burst activity in seabream and sea bass HKLs and
PBLs after metal exposure. The arrows indicate a significant increase (1), decrease (|) or no

differences (<) of the parameter studied compared to control. No determined parameters (—).
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Thus, the presence of factors such as the serum levels of corticosteroids and
catecholamines that do not operate in vitro could explain the differences observed

between in vitro and in vivo ( ).

Phagocytic activity was unaffected in European sea bass head-kidney macrophages
exposed to HgCl; ( ) and in rainbow trout leucocytes, from blood or
head-kidney, exposed to MeHg or HgCl,, except at those concentrations provoking
leucocyte death ( ). By contrast, phagocytosis activity was decreased

by in vitro exposure to Cd, Pb, As and Hg in murine macrophages (

). However, the mechanisms by which metals alter the phagocyte functions are still
poorly understood. A potential explanation could be that seabream phagocytic cells
consist mainly of acidophilic granulocytes and they could be modulated in a different
way than macrophages. In addition, the increased phagocytic ability of leucocytes
exposed to Pb and Hg could be due to the increase of apoptotic bodies in the samples,
which are ingested by phagocytes ( ). Likely, some
seabream and sea bass phagocytes are killed by metals as we expected whilst others are
greatly activated to exert their biological function but these needs to be verified.
However, though more phagocytes are activated, they are able to ingest fewer particles,
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except those exposed to Pb. This could be attributed to alteration in the cell-surface
receptors mediating the phagocytosis process but other kind of studies should confirm if
this is happening.

On the other hand, ROS are produced by macrophages as cytotoxic agents against
pathogens during the respiratory burst, via stimulation of the NADPH oxidase system.
In the respiratory burst activity, the production of ROS by granulocytes and
macrophages was measured after PMA-activation of the NADH oxidase, radicals that
are employed in the phagocytic activity of these cells to kill the pathogens (

). Our results show that except Pb, all the rest of metals impaired PMA-induced
ROS production in seabream and sea bass leucocytes. In vivo studies, waterborne
exposure to As, Cd or MeHg produced an increase, reduction or no alteration,
respectively, in the seabream HKLs respiratory burst ( ).
Our data agree with most of those obtained in vitro in which the PMA-stimulated
production of ROS was decreased in fish leucocytes exposed to Cr, Cu, Zn or Cd
(

), or in mammalian macrophages exposed to Cd or As (

). In addition, in our study, two markers of the NADH
oxidase, phox22 and phox40, were evaluated. Divergent results were observed
depending on the metal. Thus, we found up-regulation in seabream HKLs transcription
of phox22 and/or phox40 by Cd and down-regulation by mercury while Pb induced an
increase of phox40 gene expression and mercury down-regulation in sea bass leucocytes
(Table 17). Despite the inhibitory effects of metals in the respiratory burst in fish
leucocytes, an increase of phox transcription after Cu exposure in rainbow trout
macrophages was also evidenced ( ). The activation of NADH system
triggers the ROS production, named respiratory burst, thus, a correlation between these
two parameters need further analysis.

In order to cast some light on the immune mechanisms leading to the
immunotoxicology of metals we evaluated the expression of some immune-related
genes (Table 17). Our results show that the mRNA transcription was regulated by the
metal exposure and the origin of leucocytes. Surprisingly, only small changes in the
expression of immune-related genes were observed in the European sea bass HKLs

exposed to metals compared to seabream.
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Table I7. Expression of immune-related genes in gilthead seabream and European sea bass HKLs
and PBLs after metal exposure. The arrows indicate a significant increase (1), decrease (|) or no

differences (=) of the parameter studied compared to control. Not determined parameters (—).

Gene expression

Fish cells ighm terb mx bd hepe il1b phox22 Pphoxd0
Cd|Hg|Pb|As|Cd|Hg|Pb|As|Cd|Hg|Pb|As|Cd|Hg|Pb|As|Cd|Hg|Pb|As|Cd|Hg|Pb|As|Cd |Hg | Pb|As|Cd |Hg | Pb | As
10°2h | T [=2 === el lesleales | T el | = | == L [=|T|T|! L I N Rl
F
24h L= b=t =t=1=-1=0=1=0=1=1=0=1=1=1= == e = === =1=1-1-
HELs
30'_:]1 A | | e | | 1 =) — | — | — | — |+ 1l | e | | e | | — l 1 —
> e
24h HEFEF | = = | = | = = | = | === == == | = | = | =] = | = | = | = | = - - -
/PM_-:“vHv________________‘x__________
PELs
b S P PN —l—|=l==1=|=1=|=1=1=1=1l=1=|=|=|= || —I-=-1-1-1-=-1-1-1-

Our data showed increased B lymphocyte marker (ighm) by Cd suggesting a stimulation
of cell proliferation and a decrease in the T and B markers (ighm and tcrb, respectively)
by MeHg exposure in sea bass leucocytes, which agree with the reduced
lymphoproliferation of fish leucocytes after mercury exposure (

) or after Zn, Mn, or Cr exposure (

). Similarly, seabream HKLs and PBLs showed a down-regulation of ighm
transcription after 24 h exposure to Cd, MeHg or As. However, we failed to observe any
change in the ighm and tcrb mRNA levels of sea bass leucocytes. We also evaluated the
transcription of antiviral and antibacterial effector molecules, Mx, beta-defensin and
hepcidin, respectively. While mx and bd genes were up-regulated by MeHg in seabream
leucocytes suggesting that phagocytes are not greatly impaired in their immune
functions, mx and hepc gene expression was reduced by Cd and MeHg exposure
respectively, in sea bass leucocytes. Moreover, the pro-inflammatory cytokine illb gene
expression was up-regulated by As and down-regulated by Cd and mercury. This
cytokine, among others, was up-regulated by Cu exposure in rainbow trout head-kidney
macrophages ( ). Thus, depending on the metal, the seabream
leucocytes were, or not, under an inflammatory response. However, as seen earlier, illb
gene expression was not altered in sea bass leucocytes. Furthermore, after 24 h exposure

to metals, il1b was down regulated in seabream and sea bass HKLs and PBLs. As we
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discussed before, after 24 h of metal exposure, many cells are in apoptotic cell death

process, thus many immune activities might be impaired.

To conclude, the present results show that HKLs from gilthead seabream and European
sea bass exposed to Cd, Hg or As for 30 min or 2 h have impaired phagocytosis and
respiratory burst immune parameters. Furthermore, immune relevant genes also were
altered after metal exposure. These results are not surprising if we take into account that
metals can modulate the immune functions of leucocytes, as we discussed before.
Surprisingly, Pb was able to induce phagocytic ability, capacity and respiratory burst in
both species, however, no alterations in gene expression were observed. Thereby, the
scarce available data using freshly isolated fish leucocytes in vitro suggests that they
could be useful to extrapolate and understand the immunotoxicological impact of
pollutants in vivo and should be further explored. Additional studies are still required to
understand the mechanisms involved for the immunotoxicological effects of different

metals and their implications in fish biology and potential impacts in aquaculture.
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Conclusions

The main conclusions of the present Thesis are:

1. A new European sea bass brain cell line, called DLB-1, which shows glial origin,
rapid cell division and low transfection rate has been generated. More efforts should be
done to develop fish cell lines for Cellular and Molecular studies.

2. Exposure to metals Cd, MeHg, Pb and As resulted in cytotoxicity in a dose-
dependent manner in all the fish cells studied. MeHg produced the highest cytotoxicity,

except for DLB-1 cells, while Pb was the lowest toxic metal.

3. Among the primary cell cultures, erythrocytes show the highest cytotoxicity after
metal exposure followed by head-kidney and blood leucocytes.

4. Regarding fish species, European sea bass exhibit more resistance to metal exposure

than gilthead seabream.

5. Cellular protection and antioxidant defences are induced in fish cells after metal
exposure but they are unable to compensate the ROS overproduction leading to a

marked oxidative stress, which in turns induces the cellular death, mainly by apoptosis.

6. Immune response is impaired in European sea bass and gilthead seabream head-

kidney leucocytes after metal exposure at both gene and functional levels.

7. Both fish cell lines and primary cell cultures represent valuable tools to evaluate the

mechanisms of metal toxicity.

8. Gilthead seabream and European sea bass erythrocytes should be further used as in

vitro models in Toxicological studies.
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1. Introduccidon

En las ultimas décadas, uno de los sectores empresariales con gran auge y proyeccion de
futuro es la acuicultura, la cual tiene por objeto proveer alimento para el consumo
humano a la vez que intentar suplir el descenso de las capturas de individuos silvestres
( ). En toda la region Mediterranea, y concretamente en la region de Murcia,
este sector se centra principalmente en dos especies marinas, la dorada (S. aurata), con
una produccién de 3.730 toneladas (22 % del total de la produccién en Espafa), y la
lubina (D. labrax), encabezada por la Region de Murcia nivel nacional, con una

produccion de 4.987 toneladas (el 34% del total de produccion en Espafia) ( ).

Son numerosos los aspectos fisicos, quimicos y bioldgicos a tener en cuenta en el
cultivo intensivo de estos animales, ademas de las condiciones higiénico-sanitarias que
éstos deben tener para satisfacer el consumo humano. Numerosos estudios han
confirmado que diversas enfermedades y factores de estrés derivados del manejo y
cultivo intensivo de peces provocan graves pérdidas econémicas en el sector acuicola.
Sin embargo, es menos conocido el efecto adverso que la contaminacion acuatica puede
acarrear a la produccion. Pero, ademas, este hecho es fundamental ya que los peces
actian como bioacumuladores de muchos contaminantes ambientales que luego pueden
pasar al hombre siguiendo la cadena tréfica ( ).
Es bien sabido que existen zonas marinas en las que los aportes de las aguas desde
zonas industriales, urbanas o agricolas pueden conllevar a un aumento local
considerable en los niveles de metales, insecticidas, materia organica, etc., pudiendo
afectar a las comunidades de animales que se localizan en ellas (

). Por ello, es necesario conocer si estos niveles pueden afectar
negativamente a los peces, tanto silvestres como cultivados, ya que seran destinados al
consumo humano. Entre los contaminantes en los ecosistemas acuaticos, los metales
(As, Cu, Pb, Hg, Cd etc.) estan recibiendo cada vez més atencion. Entre los efectos
adversos de éstos, se describen casos de mortalidad, alteraciones en el metabolismo,
desarrollo y maduracién sexual, asi como en los parametros hematoldgicos. Ademas, se
sabe que la exposicion a diversos metales afecta negativamente a la respuesta
inmunitaria (

), Y por tanto aumenta la incidencia de enfermedades provocando grandes
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pérdidas econdmicas. Por otra parte, la inmensa mayoria de estudios en peces se han
centrado en especies de agua dulce (salmonidos y ciprinidos mayoritariamente) y son
muchos menos los datos disponibles en especies de agua marina, sobre todo aquellas
destinadas al consumo humano, como es el caso de la dorada y la lubina.

En la presente Tesis Doctoral, hemos trabajado con 4 metales no esenciales: cadmio
(CdCly), mercurio [en forma inorganica (HgCl,) y organica (metilmercurio, CH3HgCI
(MeHg)], plomo (PbNO3) y arsénico (As,O3). El Cd se utiliza cada vez mas en diversas
industrias tales como la produccion de las baterias de niquel-cadmio y, en menor
medida, pigmentos, revestimientos, estabilizadores para plasticos y aleaciones no
ferrosas y dispositivos fotovoltaicos ( ). Los principales efectos
toxicos del Cd en los peces se manifiestan en las branquias y el rifion, desencadenando
alteraciones osmorreguladoras. Por otra parte, el Cd es un modulador del sistema
endocrino e inmunitario, pudiendo afectar a pardmetros hematoldgicos y provocando
anemia, alteraciones histoldgicas y deformidades esqueléticas (

). En el caso del Hg, el uso
histérico de éste metal incluye fungicidas, antisépticos tdpicos, conservantes de
vacunas, desinfectantes, laxantes, diuréticos, aerosoles nasales, pilas, termometros,
cremas para aclarar la piel, cosméticos y otras aplicaciones biomédicas (

). En cuanto a su bioacumulacion, las concentraciones de MeHg se
magnifican en la cadena alimentaria, alcanzando concentraciones en los peces de 10.000
a 100.000 veces mayor que en el agua circundante ( ). Los
tejidos diana primarios para el Hg son el sistema nervioso central y los rifiones
( ). Ademas, produce pérdida de apetito, lesiones cerebrales,
cataratas, coordinacion motora anormal y cambios de comportamiento que conllevan en
el caso de los peces a tener problemas de crecimiento, reproduccién y desarrollo. En
cuanto al Pb, es un contaminante comdn en el medio natural que puede entrar en la
columna de agua a través de la erosion geologica y la accion volcéanica, 0 mediante
diversas practicas antropogénicas incluidas la fusién, la quema de carbédn y su uso en la
gasolina, baterias y pinturas ( ). La contaminacion del agua por medio de
practicas antropogénicas es la principal causa de envenenamiento por Pb en el pescado
( ). Ademas, el Pb puede ser bioconcentrado
a partir del agua, pero no biomagnificarse, y las concentraciones tienden a disminuir con

el aumento de nivel trofico. EI Pb causa cancer, afecta negativamente a la funcion del
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higado vy el tiroides, y disminuye la resistencia a las enfermedades ( ).
Otros efectos incluyen dafio muscular, espinal, degeneracion neuroldgica (

), inhibicién del crecimiento, problemas reproductivos y efectos
hematoldgicos tales como la interrupcion en la sintesis de la hemoglobina debido a que
el Pb inhibe la ALA-deshidratasa, una enzima critica en la incorporacion de hierro en el
grupo hemo de los eritrocitos ( ). Por dltimo, el As es un metaloide
toxico que se produce de forma natural en el medio ambiente y se encuentra en el suelo,
el aire y el agua ( ). Las formas organicas que se
producen en el medio ambiente se consideran generalmente no toxicas, mientras que las
formas inorganicas (As>*y As®") si son téxicas ( ). La acumulacion
de As en el medio ambiente ha incrementado debido a actividades humanas como la
quema de combustibles fdsiles, la fusion de metales, mineria y el uso de
semiconductores ( ). Por otra parte, las
fuentes industriales de compuestos inorganicos de As son insecticidas, herbicidas,
fungicidas, pinturas antiincrustantes y conservantes de la madera. EI As ambiental se
acumula principalmente en la retina, el higado y el rifién de los peces expuestos. Hay
estudios que sugieren que el As induce estrés oxidativo (

), inflamacion del higado ( ), hipertrofia, induccién de proteinas
de estrés, apoptosis de los hepatocitos ( ) y alteraciones del sistema
inmunitario (

).

Por otro lado, el desarrollo de métodos alternativos a la experimentacion animal basados
en el modelo de las 3Rs (reduccién, refinamiento y reemplazo) ha ocasionado una
reduccion en el nimero de animales de laboratorio, cumpliendo asi con una mejora de
las buenas précticas éticas en investigacion animal. En peces, al igual que en mamiferos,
el uso de lineas celulares o cultivos primarios se ha convertido en una herramienta muy
atil en el &mbito de la Toxicologia para evaluar parametros celulares alterados tras la
exposicion a un toxico, como son la viabilidad, cambios morfoldgicos, metabolismo,
cambios en la permeabilidad de la membrana celular, proliferacion o crecimiento (

). De hecho, muchos ensayos citotdxicos con contaminantes han
correlacionado positivamente los valores de las dosis que producen una mortalidad del
50% de la poblacién (DLsg) en experimentos llevados a cabo tanto in vivo como in vitro

en peces, demostrando asi la gran utilidad de los cultivos celulares de peces en
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Toxicologia ( ).
Actualmente, hay alrededor de 300 lineas celulares derivadas de peces entre especies de
agua dulce (BF-2, WSF, GFM, PSP y més recientemente, lineas celulares derivadas del
pez cebra) o marinas, aunque en menor proporcion (SAF-1, SPH, GF-1, CRF-1).
Igualmente, se han desarrollado cultivos primarios de células de peces a partir de
explantes de cerebro, musculo o piel, entre otros (

). Las ventajas que el uso de lineas celulares o cultivos
primarios de peces puede proporcionar son varias: son técnicas faciles de reproducir,
rapidas, con un moderado coste, y como ya hemos comentado anteriormente, sirven
para reducir el uso de animales de experimentacion ( ).
Ademas, en determinados casos, los cultivos celulares primarios representan modelos
mas realistas y apropiados de tejidos in vivo que las lineas celulares ( ).
Por ello, investigaciones sobre los efectos de los metales en especies de peces
cultivados y sus lineas celulares o cultivos celulares primarios deben llevarse a cabo, no
solo desde un punto de vista ambiental, sino también teniendo en cuenta los intereses de

la industria de la acuicultura y de los consumidores.

Una de las caracteristicas de los contaminantes, sobre todo de los metales, es que son
bioacumulados por los organismos y aumentan su concentracion a lo largo de la cadena
trofica. Esto es debido, entre otros factores, a la presencia de proteinas celulares de
defensa como las metalotioneinas (MT) o las proteinas de choque térmico (HSP). Las
metalotioneinas son proteinas ricas en cisteina con una gran afinidad por unir metales
como el Cd, Hg o Cu ( ), por
lo que su implicacion en la desintoxicacién de metales y en el mantenimiento de la
homeostasis de iones metalicos esenciales como el Zn ha sido ampliamente estudiado
( ). En todos los vertebrados, incluyendo los
peces, se han descrito 2 isoformas de metalotioneinas (MT1 y MT2) (
), cuya presencia se ha descrito en diversos tejidos (

). La induccién de MTs no sélo puede aumentar la tolerancia
de los peces a los metales, sino también disminuir las tasas de excrecion de metal
debido a su secuestro, con lo que puede aumentar el potencial de bioconcentracion y
bioacumulacion dentro de un pez y ser transferido a través de una cadena trofica
( ). Con respecto a las HSP o proteinas del estrés, son chaperonas

ampliamente conservadas que ayudan al plegamiento de proteinas recién sintetizadas y

202



Resumen en castellano

a su transporte celular ( ) y cuya funcién
se ha relacionado tanto en mamiferos como en peces con la proteccion celular, la

supervivencia e incluso la respuesta inmunitaria (

).

Centrdndonos mas en los mecanismos toxicologicos que los metales pueden
desencadenar a nivel molecular, existe numerosa informacion en mamiferos que
describe como los metales producen estrés oxidativo, como resultado de una
descompensacion entre la produccion de ROS y los mecanismos antioxidantes de
defensa. Sin embargo, en peces la informacion es mas escasa. Algunos estudios avalan
la respuesta oxidativa en peces después de una exposicion a contaminantes (

), por lo tanto, la evaluacién del dafio oxidativo y las
defensas antioxidantes en los peces puede reflejar la contaminacion por metales del
medio acudtico ( ). El estrés oxidativo es un inevitable aspecto de la
vida aerobica. Entre los ROS, nos encontramos con el anion superdxido (Oy), el
perdxido de hidrogeno (H,0,), el radical hidroxilo (OH), el acido hipoclorito (HOCI) o
el peroxinitrito (ONNO"). El organulo celular donde principalmente se producen estos
radicales es la mitocondria, en la que el O, es el aceptor terminal de electrones en la
cadena de transporte de electrones mitocondrial y el cual se reduce a agua generando
ROS al mismo tiempo que se produce ATP ( ). Estos radicales
de oxigeno también se producen de alguna manera en el reticulo endoplasmatico, donde
se localiza el complejo citocromo P450 ( ); por ciertas
enzimas como las ciclooxigenasas 0 Xxantina oxidasas; en los eritrocitos, como
consecuencia de la oxidacion de la hemoglobina a metahemoglobina (

) y en las células fagociticas (macréfagos y granulocitos
neutréfilos) durante el proceso de explosién respiratoria ( ), siendo en

estas Ultimas un mecanismo vital en la eliminacion de patogenos.

Una vez producidos dichos ROS, estos deben ser eficazmente eliminados por la
maquinaria celular para no resultar toxicos. Entre estos mecanismos antioxidantes se
encuentran las enzimas superoxido dismutasa (SOD), catalasa (CAT), glutation
peroxidasa (GPx) o glutation reductasa (GR), y en menor medida, aunque no menos
importantes, las peroxirredoxinas (PRXSs) ( ).

En estudios llevados a cabo en peces, se ha observado un incremento (
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) 0 un descenso
( ) de estos
sistemas enzimaticos tras la exposicién a metales. Aunque existe una cierta controversia
en la bibliografia, lo cierto es que estas enzimas se consideran buenos biomarcadores
del estrés oxidativo producido por metales en peces ( ).
Ademas, a las MTs también se les ha atribuido una funcion antioxidante al ser capaces
no sélo de sintetizarse tras una situacion de estrés oxidativo, sino que eliminan especies
reactivas de oxigeno ( ) en el llamado ciclo
redox de las MTs ( ).

Las consecuencias del estrés oxidativo son varias. Entre ellas, la peroxidacion lipidica
es quizas la mas estudiada ( ) aungue no es la Unica; proteinas y
ADN también sufren dafios directos tras la exposicion a ROS ( ).
Finalmente, si el balance oxidativo supera a los sistemas antioxidantes, en la célula se
activan los mecanismos que conducen a una muerte celular. Diversos estudios han
demostrado la muerte celular inducida por metales, sin embargo, el mecanismo por el
cudl las células mueren, pudiendo ser por apoptosis 0 por necrosis, es objeto de estudio.
La apoptosis o0 muerte celular programada ocurre bajo condiciones controladas con el
fin de eliminar células dafiadas durante su desarrollo y crecimiento ( ) y esta
desencadenada por 2 vias, la extrinseca y la intrinseca. En la via extrinseca, una sefial
externa o ligando se une a los receptores del factor de necrosis tumoral (TNFR)
desencadenando la activacion de la caspasa 8, y consecuentemente activacion de las
caspasas 3 y 7, las caspasas efectoras ( ). Sin embargo, la via
intrinseca es activada por factores intracelulares como el estrés oxidativo o dafio en el
DNA, con la consiguiente desregulacién entre las proteinas anti-apoptéticas (Bcl2, Bcl-
XL, etc.) y pro-apoptoéticas (Bax, Bad, Bak, etc.), lo que conlleva a la despolarizacion de
la membrana mitocondrial, liberacion del citocromo C que junto con el factor de
activacion apoptotico (Apaf-1) activan la cascada de caspasas 9 y 3. Por otro lado, la
necrosis es una muerte celular patolégica, no regulada, en la que la caracteristica
principal es que se produce una rapida pérdida de los potenciales de membrana como
consecuencia de una deplecion del ATP ( ).
Ademas, la entrada excesiva de Ca®" extracelular o un aumento exacerbado en los
niveles de ROS conlleva a la muerte celular por necrosis ( ). Sin

embargo, en algunos casos se ha descrito un modelo de muerte celular que presenta
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simultaneamente caracteristicas apoptdticas y necroticas (

). Asi, recientemente se ha descrito un nuevo tipo de muerte
celular, llamada necroptosis, y es una forma de muerte celular necrética inducible que
implica ruptura de la membrana celular ( ). A diferencia de
la necrosis, se cree que la necroptosis es una muerte celular programada que depende de

la activacién de TNFR y del receptor de interaccion con proteinas 1 (RIP1) (

).

Por ultimo, como ya hemos mencionado anteriormente, los metales son capaces de
alterar la inmunocompetencia en los peces ( ). De hecho, se presta
cada vez mas atencion al sistema inmunitario de los peces como un indicador de la
exposicion a contaminantes ambientales ( ). Ademas, la acuicultura 'y
el consumo humano han incentivado ain mas el interés sobre el bienestar del pez y
sobre su sistema inmunitario. Sin embargo, actualmente se dispone de poca informacion
sobre como afectan los toxicos a la respuesta inmunitaria de peces. Estudios in vivo han
confirmado que la exposicion a metales causa una disminucion de la respuesta
inmunitaria humoral (niveles de anticuerpos y actividades de lisozima, del
complemento, de proteina C reactiva, etc.) y celular (el recuento de leucocitos, la
actividad citotoxica mediada por células, la fagocitosis y el estallido respiratorio) de
peces, aungue otros estudios han demostrado un aumento o no alteracion de las mismas
( ). Sin embargo, la informacion procedente de
estudios in vitro es escasa. En el presente trabajo, proponemos el uso de leucocitos
como herramienta y modelo para estudios inmunotoxicoldgicos in vitro. Segin nuestro
conocimiento, de entre las escasas lineas celulares de peces que derivan de leucocitos o
células inmunitarias, no se ha empleado ninguna en estudios de Toxicologia, por lo que
los escasos estudios se han realizado usando cultivos primarios de leucocitos, cuya
viabilidad es limitada. Por ejemplo, en los leucocitos de sangre periférica (PBL)
procedentes de la carpa comudn (Cyprinus carpio) expuestos a cromo (Cr) se observd
una disminucion en la proliferacion de linfocitos, asi como un descenso en la fagocitosis
en el caso de leucocitos procedentes del rifién cefalico (HKLs) en concentraciones que
no afectaban a la viabilidad celular ( ). Ademas, los PBLs de
carpa comun expuestos a Cd o Zn mostraron deterioro de la actividad del estallido
respiratorio, la cual no fue modificada por Pb o Cu ( ),

mientras que la exposicion de los HKLs de carpa a Zn y Mn indujo el estallido
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respiratorio y un aumento en la actividad de las células natural killer (NK) (

). Curiosamente, los leucocitos de lubina expuestos a dosis subletales de Hg
redujeron sus funciones fagocitarias ( ),
mientras que la exposicion a Cd desencadend un incremento de la actividad fagocitica
( ). Del mismo modo, muy pocos estudios han contribuido al
conocimiento de los efectos de dichos tdxicos en la respuesta inmunitaria a nivel
molecular. Asi, algunos genes del sistema inmunitario [interleuquina 1B (il1b) e il6, el
factor de necrosis tumoral-alfa (TNFa) o el factor amiloide A sérico (SAA)] sufren una
regulacion positiva tras estar expuestos a Cu ( ). Por lo tanto, se
necesitan mas estudios para aclarar los efectos inmunitarios provocados por los metales

en los leucocitos de peces.

En definitiva, en la presente Tesis Doctoral, el uso de lineas celulares o cultivos
celulares primarios de peces, de gran interés en acuicultura, como modelos alternativos
para estudios toxicoldgicos ha sido abordado con el fin de esclarecer qué mecanismos
estan implicados tras la exposicion a metales. Concretamente, la viabilidad celular, la
produccion de radicales libres, los mecanismos de defensa, la muerte celular o los
efectos sobre el sistema inmunitario de peces, tanto a nivel funcional como génico, tras
la exposicion a metales (Cd, Hg, Pb o As) in vitro son algunos de los aspectos tratados

en el presente trabajo.
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2. Objetivos

La presente Tesis Doctoral pretende utilizar lineas celulares y cultivos celulares
primarios de dorada (S. aurata) y lubina (D. labrax) para evaluar el efecto toxico, y sus
mecanismos, de los metales Cd, Hg, Pb y As mediante estudios in vitro. Concretamente,

los objetivos planteados en el presente trabajo son los siguientes:

1. Generar y caracterizar una nueva linea celular de lubina (DLB-1) ademaés de

evaluar su aplicacion en toxicologia.

2. Estudiar el efecto citotoxico de los metales Cd, Hg, Pb y As sobre lineas
celulares (DLB-1 y SAF-1) asi como sobre cultivos de eritrocitos circulantes y

leucocitos (de sangre y de rifion cefalico) de dorada y de lubina.

3. Estudiar el estrés oxidativo inducido por metales mediante la evaluacién de la

produccién de ROS y la expresidn de genes relacionados con la actividad antioxidante.

4. Evaluar, a nivel génico, algunos de los mecanismos de proteccion celular
frente a metales en peces como la expresion de metalotioneinas y proteinas de choque

térmico.
5. Analizar los tipos de muerte celular tras la exposicion in vitro a metales.

6. Determinar el efecto de dichos metales sobre la respuesta inmunitaria de los

leucocitos de rifidn cefalico de dorada y lubina.
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3. Capitulos experimentales

La presente Tesis Doctoral se distribuye en 2 bloques con un total de 6 capitulos. En el
primer blogue, hemos evaluado los efectos ocasionados tras la exposicion a metales
como Cd, Hg, Pb, As en dos lineas celulares de peces: la linea celular DLB-1, obtenida
y caracterizada para este trabajo, procedente del cerebro de lubina (capitulo 1); y la
linea celular SAF-1, derivada de fibroblastos de aleta de dorada, la cual es comercial
(capitulo 2). En el segundo bloque hemos evaluado los efectos citotdxicos de los
metales tras 24 h de exposicion en cultivos celulares primarios de dorada y lubina. Para
ello, hemos aislado eritrocitos (capitulo 3) o leucocitos procedentes del rifion cefalico
(HKLs) y de sangre (PBLs) (capitulo 4), y hemos estudiado la viabilidad y las
alteraciones a nivel génico (de genes relacionados con el estrés oxidativo, la muerte
celular o el sistema inmunitario) que se producen tras la exposicion a los metales.
Ademaés, hemos estudiado a nivel funcional y génico el efecto de dichos metales en la
respuesta inmunitaria de los leucocitos de rifion cefélico de dorada (capitulo 5) y de

lubina (capitulo 6).

1. En el primer capitulo, hemos generado una linea celular (DLB-1) a partir del

cerebro de lubina (para la cual no existe ninguna linea celular comercial), la hemos
caracterizado y hemos estudiado el efecto de la exposicion a metales como el Cd, Hg,
Pb o As. Nuestros resultados muestran que se trata de células mayoritariamente con
morfologia epitelial, con crecimiento rapido, con baja capacidad de transfeccion y de
origen glial, no neuronal. Los ensayos toxicoldgicos llevados a cabo tras la exposicion
durante 24 h a los metales mostré que el rojo neutro (RN) fue la técnica colorimétrica
mas sensible, y que el Cd fue el metal mas toxico, con una DLsg igual a 0.004 mM,
seguido del Hg, As y Pb. Ademas, la exposicion a Cd o Pb desencadend una gran
produccion de ROS en las células DLB-1. Curiosamente, el analisis del ciclo celular de
las células DLB-1 expuestas a metales mostré que la exposicion a Cd, MeHg o Pb
aumento significativamente el porcentaje de células en la fase GO/G1 mientras que la
exposicion a Pb y As aumentd el porcentaje de células en fase S y casi eliminé las
células en fase G2/M. Por otra parte, todos los metales indujeron muerte celular por

apoptosis como se demuestra mediante las técnicas de analisis del ciclo celular y la
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unién a Anexina. Estos datos se corroboraron a nivel génico con una inhibicion de los
genes relacionados con la actividad antioxidante y anti-apoptoticos. Este es el primer
estudio en el que la citotoxicidad de metales ha sido evaluada en una linea de células
cerebrales de peces y los resultados parecen avalar el uso de las DLB-1 en ensayos

toxicoldgicos.

2 « El segundo capitulo, describe y compara las herramientas para evaluar los efectos

potenciales de contaminacion marina sobre la dorada usando la linea celular SAF-1.
Para ello, se han evaluado los efectos citotdxicos de los metales Cd, Hg, Pb y As sobre
las células SAF-1 tras 24 h de exposicion. Para evaluar la viabilidad, se usaron 4
técnicas colorimétricas: el rojo neutro (RN), que tifie lisosomas; el MTT, que tifie
mitocondrias; la liberacion de la lactato deshidrogenasa (LDH), que indica dafio en la
membrana celular; y el cristal violeta (CV), que tifie a las proteinas y da idea de las
células adheridas y vivas. Los resultados obtenidos mostraron una drastica reduccién de
la viabilidad tras la exposicidn a metales, siendo el RN el método mas sensible, seguido
del MTT, CV y LDH. Ademas, el MeHg fue el metal més toxico, con una DLsg de 0.01
mM, seguido del As, Cd y Pb. Ademas, se observo un incremento en los niveles de
ROS, sobre todo inducidos por el As, y muerte celular por apoptosis en las células de
SAF-1 expuestas a todos los metales. Por otra parte, los correspondientes perfiles de
expresion geénica apuntan a la induccion del sistema de proteccion de la mta, al estrés

oxidativo y a la muerte celular por apoptosis después de la exposicién durante 24 h.

3 « En el tercer capitulo, los eritrocitos de dorada y lubina expuestos durante 24 h a

metales mostraron una reduccion de la viabilidad de forma dosis-dependiente, siendo el
Hg el metal mas tdxico, seguido del Cd, el Asy el Pb en ambas especies. Ademas, los
niveles de expresién de genes como mta, sod, cat, prx1, gr, hsp70 y 90, bax y calpl
fueron alterados dependiendo del metal expuesto y de la especie. En general, se observo
estrés oxidativo, activacion de los mecanismos de proteccion e induccion de la eriptosis
0 muerte celular programada que tiene lugar en los eritrocitos. Por lo tanto, se confirma
el uso de eritrocitos de peces como una herramienta para evaluar el impacto de
contaminantes acuaticos, asi como su utilidad en el esclarecimiento de los mecanismos

toxicolégicos de los metales.
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4. En el cuarto capitulo, leucocitos de rifion cefalico (HKLS) y de sangre (PBLs) de

dorada y lubina fueron expuestos a metales durante 24 h. Los resultados muestran que
se produce una curva dosis-respuesta tras la exposicion a los metales, reduciéndose la
viabilidad a medida que aumenta la concentracion de éstos. De entre todos los metales,
el Hg produjo la mayor toxicidad, seguido del Cd, As y Pb. Interesantemente, los
leucocitos de lubina mostraron una mayor resistencia a la exposicion de los metales que
los de dorada. A su vez, los HKLs fueron més sensibles a los metales mostrando valores
de DLy inferiores a los PBLs dentro de la misma especie y mayores alteraciones en la
expresion génica. Asi, la expresion de genes relacionados con la proteccion celular (mta
y hsp) o el estrés oxidativo (sod, cat, gr) es disminuida en los HKLs de dorada mientras
que aumenta en los PBLs de dorada y en los HKLs y PBLs de lubina. Ademas, los
niveles de expresion de bax y casp3 sugieren una activacion de los mecanismos de
muerte celular por apoptosis. Finalmente, la expresion de genes relacionados con el
sistema inmunitario (il1b e ighm) se redujo por lo que se podria estar produciendo una
inmunosupresion. Este capitulo muestra los beneficios de usar leucocitos como
biomarcadores de una contaminacion por metales, a su vez que aporta luz sobre la

regulacion a nivel génico.

5. En el quinto capitulo, los leucocitos de rifién cefalico (HKLs) de dorada expuestos

a los metales durante 30 min o 2 h sufrieron una reduccion de la viabilidad dosis-
dependiente. Interesantemente, el Hg indujo muerte celular por apoptosis y necrosis
simultdneamente, mientras que el Cd, As o Pb sélo indujeron muerte celular por
apoptosis. Ademas, el Cd, Hg, y sobre todo el As, estimularon la produccion de ROS en
los leucocitos de dorada. Con respecto a las actividades inmunitarias, encontramos
diferentes efectos. EI Hg y As incrementaron el porcentaje de células fagociticas
(habilidad fagocitica) pero disminuyeron el nimero de particulas ingeridas por célula
(capacidad fagocitica), mientras que el Pb aumento significativamente los 2 parametros
fagociticos. De la misma forma, la explosion respiratoria se vid afectada tras la
incubacion de los leucocitos con los metales, sin embargo, el Pb aumentd la explosion
respiratoria. Los resultados en la expresion génica mostraron un aumento del transcrito

sod, cat y mta tras la exposicién a Cd, sin embargo, Hg y As la inhibieron. En general,
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Resumen en castellano

se observa una inmunosupresion de genes relacionados con la respuesta inmunitaria.
Nuestros datos sugieren que los mecanismos toxicoldgicos varian en funcién del tipo de
metal y del tiempo de exposicion, pero en general se observa una inmunosupresion del

sistema inmunitario de dorada, sobre todo tras la exposicion a Hg.

6 « En este ultimo capitulo de la presente Tesis Doctoral, leucocitos de rifion cefélico

de lubina (HKLs) fueron expuestos a metales durante 30 min o 2 h. Los resultados nos
mostraron un aumento en la produccion de ROS después de la incubacion con Cd, Hg y
As, sobre todo tras 30 min de exposicion. Interesantemente, Hg y Cd indujeron muerte
celular por apoptosis o necrosis, mientras que el resto de metales indujeron apoptosis
como tipo de muerte celular, en todos los casos con una respuesta dosis-dependiente.
Ademas, la expresion de genes del estrés oxidativo y de apoptosis fue
significativamente inducida por Hg y Pb, pero inhibida por As. Con respecto a los genes
relacionados con la proteccion celular, Cd y Pb indujeron la expresion de mta y hsp70
mientras que el Hg la inhibi6. En cuanto a las actividades inmunitarias, Cd, Hg y As
redujo la habilidad fagocitica mientras que el Pb la incrementd. Sin embargo, todos los
metales redujeron la capacidad fagocitica. La explosion respiratoria se vio alterada
dependiendo del metal y del tiempo de exposicion. En cuanto a la expresion de genes
relacionados con el sistema inmunitario, el Hg fue el metal que mas alter6 dichos
transcritos. Asi, la expresion de ighm y hepcidina (hepc) fue inhibida mientras que los
niveles de expresion de la illb se incrementaron significativamente. Este estudio pone
de manifiesto nuevamente la aplicacion de los leucocitos en ensayos toxicoldgicos in

vitro.
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4. Conclusiones

1. Hemos generado una linea celular de cerebro de lubina denominada DLB-1 cuyo
origen parece glial. Se necesitan méas esfuerzos por conseguir lineas celulares de peces

para estudios de Biologia Celular y Molecular.

2. La exposicion a los metales Cd, Hg, As y Pb en las lineas celulares y cultivos
celulares primarios de dorada y lubina produjo una reduccion en la viabilidad dosis-
tiempo dependientes. EI MeHg resultd ser el metal méas toxico, excepto para la linea
DLB-1, mientras que el Pb fue el menos citotoxico.

3. Entre los cultivos celulares primarios, los eritrocitos fueron las células mas sensibles
a la exposicion de metales, seguidos de los leucocitos de rifidén cefalico y los leucocitos

de sangre.

4. Comparando las dos especies estudiadas, las células de lubina son mas resistentes a la

exposicion por metales que las de dorada.

5. La exposicion a metales induce los sistemas de proteccion celular y antioxidantes, los
cudles son incapaces de compensar la sobreproduccion de ROS, desencadenando el

estrés oxidativo, el cual conlleva a la muerte celular, principalmente por apoptosis.

6. La respuesta inmunitaria de los leucocitos de rifion cefélico de dorada y lubina se vio

disminuida tras la exposicion a metales tanto a nivel génico como funcional.

7. Ambas lineas celulares y los cultivos celulares primarios de peces empleados son
herramientas valiosas para estudiar los mecanismos de la toxicidad producida por

metales.

8. Los eritrocitos de dorada y lubina deberian ser incluidos como modelo in vitro en

estudios de Toxicologia.
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