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• European glass eelswere lab-exposed to
future warming and acidification condi-
tions.

• Selected biomarkers were used to study
physiological responses of glass eels.

• The antioxidant enzymatic machinery
was impaired in the muscle and viscera.

• Heat shock response was different be-
tween tissues, increasing with tempera-
ture.

• The results emphasize the higher vul-
nerability of eels under climate change.
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The European eel (Anguilla anguilla) has attracted scientific inquiry for centuries due to its singular biological traits.
Within the European Union, glass eel fisheries have declined sharply since 1980, from up to 2000 t (t) to 62.2 t in
2018, placing wild populations under higher risk of extinction. Among the major causes of glass eels collapse, cli-
mate change has become a growing worldwide issue, specifically ocean warming and acidification, but, to our
knowledge, data on physiological and biochemical responses of glass eels to these stressors is limited. Within this
context, we selected some representative biomarkers [e.g. glutathione peroxidase (GPx), catalase (CAT), total anti-
oxidant capacity (TAC), heat shock proteins (HSP70), ubiquitin (Ub) and DNA damage] to study physiological re-
sponses of the European glass eel under distinct laboratory-climate change scenarios, such as increased water
temperature (+ 4 °C) and pH reduction (− 0.4 units), for 12 weeks. Overall, the antioxidant enzymatic machinery
was impaired, both in the muscle and viscera, manifested by significant changes in CAT, GPx and TAC. Heat shock
response varied differently between tissues, increasing with temperature in the muscle, but not in the viscera,
and decreasing in both tissues under acidification. The inability of HSP tomaintain functional protein conformation
was responsible for boosting the production of Ub, particularly under warming and acidification, as sole stressors.
The overproduction of reactive oxygen species (ROS), either elicited by warming - due to increased metabolic de-
mand - or acidification - through H+ interaction with O2

−, generating H2O2 - overwhelmed defense mechanisms,
causing oxidative stress and consequently leading to protein and DNA damage. Our results emphasize the vulner-
ability of eels' early life stages to climate change, with potential cascading consequences to adult stocks.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Wild populations of the European eel (Anguilla anguilla) are facing a
serious risk of extinction and have been classified as ‘critically endan-
gered’ by the International Union for the Conservation of Nature
(IUCN) for more than a decade. Recruitment of European glass eels
(i.e. the postlarval phase corresponding to the freshwater colonizing
stage arriving from the southwestern part of the Sargasso Sea, where
reproduction takes place, to continental waters) collapsed dramatically
from the early 1980's onwards, from up to 2000 t (t) to 62.2 t in 2018
(ICES, 2019). The declining trend in juvenile eel recruitment has
sparked significant scientific inquiry and it is consensual that anthropo-
genic pressure is greatly contributing for this collapse. In fact, Drouineau
et al. (2018) summarized five main drivers for eels decline:
i) overexploitation at all their stages; ii) fragmentation and habitat
loss; iii) increased contamination load; iv) alien parasitoid species
(e.g. Anguillicola crassus); and v) global warming and oceanic physical
modifications.

Some studies have reported the adverse effects of climate change
not only on hatching and subsequent survival of eel larvae (strongly
correlated with food availability) (Bonhommeau et al., 2008a;
Bonhommeau et al., 2008b), but also on recognition of olfactory cues af-
fecting their homing ability and habitat selection (Borges et al., 2019).
The spawning migration of silver eels showed to be affected by alter-
ations in river discharges and precipitation regimes (Drouineau et al.,
2017, 2018; Durif et al., 2003).

At glass eel stage, recent research revealed that ocean warming
(OW) decreased survival and increased migratory activity, while
ocean acidification (OA) appears to hinder migratory response, reduc-
ing the preference for riverine cues (Borges et al., 2019). However, in
the light of rapid environmental changes and from a biochemical per-
spective, several issues remain unsolved. It is well known that exposure
to OW and OA can be quite challenging to fish physiology and ecology,
especially for early life stages that are suspected to be more vulnerable
to future ocean conditions (Pankhurst andMunday, 2011). For example,
while fish embryos generally tolerate a narrow temperature range and
commonly exhibit increased mortality, growth and developmental
rates under OW (Rombough, 1997), responses of fish early life stages
may be more variable and interspecific when subjected to OA.

Thermal stress and acidification could exert the formation of reactive
oxygen species (ROS) during several cellular pathways of aerobic me-
tabolism that can lead to protein damage, nucleic acids' structure abnor-
malities and lipid peroxidation (Lesser, 2006). The most common ROS
are the singlet oxygen (1O2), the superoxide anion (O2

−), the hydrogen
peroxide (H2O2) and the hydroxyl radical (HO•), that can rapidly react
and generate other toxic compounds, such as the peroxynitrite
(HOONO), hypochloric acid (HOCl), peroxyl radicals (ROO•) and alkoxyl
radicals (RO•) (Regoli and Giuliani, 2014). The mitigation of adverse ef-
fects caused by excess of ROS in cells requires the activation of a wide
array of low molecular weight scavengers and antioxidant enzymes,
such as superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx), whose functions prevent organisms from oxidative
stress (Regoli and Giuliani, 2014). Besides the antioxidant defense sys-
tem, tissue-specific heat shock proteins (HSPs), usually correlated
with thermal stress (Cardoso et al., 2017; Grilo et al., 2018; Sampaio
et al., 2018), jointly with ubiquitin (Ub) (Lopes et al., 2019), help to re-
pair, refold and eliminate damaged or denatured proteins, as well as
protect and control ROS formation (Sokolova et al., 2011).

Despite significant knowledge advances on survival and riverward
migration of glass eels under a climate change scenario and salinity gra-
dients, the biochemical and physiological responses facing these stressors
remain poorly understood. Scarce information exists on the characteriza-
tion of the physiological health status of glass eels (i.e. through determi-
nation of biochemical markers), being mostly restricted to pollution by
mercury (Bolliet et al., 2017; Castro et al., 2018; Claveau et al., 2015),
metals and polycyclic aromatic hydrocarbons (PAHs) (Gravato et al.,
2

2010), hypoxia and cadmium (Pierron et al., 2007), and lanthanum
(Figueiredo et al., 2018, 2020). To the best of our knowledge, no studies
have yet evaluated the physiological health status of glass eels in a
long-term exposure to increased temperature and acidification.
Therefore, in order to fill this gap, the present study adds new insights
to previous evidence of Borges et al. (2019), aiming to unveil the physio-
logical health status of endangered glass eels after a long-term exposure
(i.e. 12 weeks) to single and combined OW (+ 4 °C) and OA (− 0.4 pH
units), by using a battery of biomarkers [e.g. glutathione peroxidase
(GPx), catalase (CAT) total antioxidant capacity (TAC), HSP70, Ub and
DNA damage] that will provide a holistic perspective over biochemical
pathways occurring in European glass eels, under laboratory-simulated
climate change scenarios.

2. Material and methods

2.1. Sampling site and laboratory maintenance

European glass eels were captured at the mouth of the Minho River
Estuary (41°53′ 26.33″N 8°49′ 30.98″W, Portugal), in January 2017,
with collaboration of local fishermen, by using hand-held dip and
stownets. Physicochemical parameters registered at the time of capture
were: salinity=35; temperature=13.7 °C andwater pH=8.02. After-
wards, organisms were transported to Laboratório Marítimo da Guia
aquaculture facilities (Cascais, Portugal) in temperature-controlled
tanks filled with continuously aerated seawater from the collection
site. Upon arrival to the aquaculture facilities, glass eels were
laboratory-acclimated for two weeks under seawater conditions mim-
icking those at the collection site.

2.2. Experimental design

Glass eels were randomly allocated to one of the following experi-
mental treatments, as described in supplementary information of
Borges et al. (2019), aiming to reflect present-day conditions at the col-
lection site and predicted OW and OA scenarios by 2100 (IPCC, 2014):
i) control (C; 14 °C, pH 8.0); ii) acidification (A; 14 °C, pH 7.6); iii)
warming (W; 18 °C, pH 8.0); iv) warming and acidification (WA;
18 °C, pH7.6). In order to accomplish experimental conditions reflecting
future climate change scenarios to which organisms would be exposed
for 12weeks, temperature andwater pHwere gradually adjusted over a
week, at a rate of 0.5 °C and 0.05 pH units per day, respectively. Individ-
uals were distributed into four replicate tanks, each with a volume of
15 L-aerated water, per treatment, for 12 weeks, at salinity 35, and a
fixed photoperiod of 12 h: 12 h (light/dark). Animals were fed cod roe
ad libitum every two days.

Water temperature was regulated using chillers (FRIMAR, Fernando
Ribeiro Lda., Portugal) and submergible water heaters (Eheim,
Germany). Water acidification set-up followed standard acidification
experimental design guidelines (Cornwall and Hurd, 2016). Any pH vari-
ation was permanently monitored in each replicate using a pH probe
(GHL, Germany) connected to an automated controller (Profilux 3.1,
GHL, Germany) - calibrated with TRIS-HCI (TRIS) and 2-
AminopyridineHCl (AMP) seawater buffers – which adjusted pH values
every two seconds. The pH water balance in each replicate was achieved
by downregulation, with injection of a certified CO2 gas mixture (Air
Liquide, Portugal), via solenoid valves (Etopi, Portugal), and pH upregula-
tionwas ensured by injection of atmospheric air. Measurements of water
temperature (TFX 430, WTW GmbH, Germany) and pH (SevenGo pro
SG8,Mettler Toledo)wereperformedonadaily basis. Seawater carbonate
system speciation (Table S1) was calculated weekly from total alkalinity
(TA; λ = 595 nm) (Sarazin et al., 1999) and other parameter measure-
ments. Total dissolved inorganic carbon (CT), pCO2, bicarbonate concen-
tration and aragonite saturation levels were calculated using the
CO2SYS software (Lewis and Wallace, 1998). A flow-through system
ensured continuous low-flux seawater renewal to each replicate,
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maintaining overall water quality and the maintenance of TA and ade-
quate CT speciation. Water quality was further ensured using protein
skimmers (Macroaqua, China), wet-dry filters, and 30-W UV-sterilizers
(TMC, Chorleywood, UK). Ammonia, nitrite and nitrate levels were mon-
itored regularly by means of colorimetric tests (Profi Test, Salifert, Hol-
land) and kept below detection levels. The rearing tanks were inspected
daily, and mortality checked (please see Borges et al., 2019). Salinity
was regularly monitored using a refractometer (TMC Iberia, Portugal).
Survival was daily inspected along the 12-week exposure period and de-
creased significantly with warming regardless pH conditions (for further
details on survival see Borges et al., 2019).
2.3. Biomarker analyses

2.3.1. Preparation of tissue extracts
Following procedures described in Borges et al. (2019)we randomly

collected 16 individuals per treatment (n=4per replicate) from a total
of 400 individuals for all the treatments (25 individuals per replicate× 4
replicates per treatment × 4 treatments) at the beginning of the expo-
sure experiment. Afterwards they were sacrificed and immediately fro-
zen at−80 °C for subsequent biomarkers analyses. We only focused on
glass eels' enzymatic machinery responses exclusively in saltwater,
reflecting the period during which they arrive and remain in coastal
areas and estuaries, before settling in rivers and lakes.

Frozen samples were divided into two body parts: viscera (contain-
ing the internal organs) and muscle. Subsequently, they were homoge-
nized using an Ultra-Turrax (Staufen, Germany), in 2 mL of phosphate
buffered saline solution (PBS: 0.14 M NaCl, 2.7 mM KCl, 8.1 mM
Na2HPO4 and 1.47 mM KH2PO4, pH 7.4) and the crude homogenates
were centrifuged at 10,000 ×g for 15 min at 4 °C, according to Lopes
et al. (2019). The supernatants were immediately frozen and kept at
−80 °C until further analyses. Each samplewas run in triplicate (techni-
cal replicates), and the results were normalized to total protein content,
as described by Bradford (1976).

2.3.2. Enzymatic activities and total antioxidant capacity (TAC)
Antioxidant enzymes, such as catalase (CAT), glutathioneperoxidase

(GPx) and total antioxidant capacity (TAC) were measured in the cyto-
solic fractions from muscle and viscera tissues, according to our previ-
ous studies (Lopes et al., 2019; Lopes et al., 2018; Lopes et al., 2013;
Sampaio et al., 2018).

Specifically, to determine CAT activity, 20 μL of each sample, as well
as 100 μL of potassium phosphate (100 mM) and 30 μL of methanol
were added to a 96-well microplate, that was incubated and shaken
for 20 min. Subsequently, 30 μL of 10 M potassium hydroxide and
30 μL of 34.2 mM Purpald (in 0.5 M HCl) were added to each well, and
plates shaken and incubated for another 10min. Finally, a last 5-min in-
cubationwas performed,with 10 μL of 65.2mMPotassiumperiodate (in
0.5 M KOH) and the absorbance read at 540 nm (Synergy HTX Milti-
Mode Microplate Reader, BioTek Instruments, USA). A Formaldehyde
calibration curve (0–75 μM) was used to quantify samples formalde-
hyde concentration, followed by the calculation of CAT activity in each
sample.

To calculate GPx (EC 1.11.1.9) activity, 20 μL of each sample, 50 mM
Phosphate buffer (pH 7.6), co-substrate mixture (0.8 Mm β-NADPH,
4 mM Glutathione, 4 U/mL Glutathione reductase, and 4 mM Sodium
azide) and 15 mM Cumene hydroperoxide (C9H12O2) were added to
each well, and the absorbance was read each minute, for a total of
6 min, at 340 nm (Synergy HTX Milti-Mode Microplate Reader, BioTek
Instruments, USA).

A Trolox calibration curve (0–0.3 mM) was used to calculate TAC.
Specifically, each sample (10 μL) was added to each well in a 96-well
microplate, followed by 10 μL of 90 μM Myoglobin, 150 μL of 600 μM
2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) and 40 μL of
500 μM Hydrogen peroxide. Microplates were then incubated for
3

5 min and the absorbance was read at 410 nm (Synergy HTX Milti-
Mode Microplate Reader, BioTek Instruments, USA).

2.3.3. Heat shock protein and ubiquitin levels
Heat Shock Protein 70 (HSP) levels were determined through an

ELISA according to Njemini et al. (2005). Briefly, 10 μL of each sample
was diluted in 980 μL Phosphate-buffered saline (PBS). Subsequently,
100 μL of each diluted sample was added to 96-well microplates
(Microlon 600, Greiner Bio-One, Austria) and allowed to incubate over-
night at 4 °C. On the subsequent day, microplates were washed (3×)
using PBS containing 0.05% TWEEN-20. Afterwards, 100 μL of blocking
solution [1% Bovine serum albumin (BSA)] was added to each well,
and microplates were incubated for 90 min at 37 °C. Afterwards, 50 μL
of primary antibody (5 μg mL−1 in 1% BSA: anti-HSP70/HSC70, Acris,
USA) was added to each well. After another incubation period
(overnight at 4 °C), microplates were washed (3×) to remove non-
linked antibodies and a second antibody [alkaline phosphatase-
conjugated anti-mouse IgG (Fab specific, Sigma-Aldrich, USA)] was
added (50 μL of 1 μgmL−1) to each well, andmicroplates allowed to in-
cubate at 37 °C for 90 min. After an additional washing procedure,
100 μL of substrate (SIGMA FAST™ p-Nitrophenyl Phosphate Tablets,
Sigma-Aldrich, USA) was added to each well and incubated for 30 min
at room temperature. Afterwards, 50 μL of stop solution (3 M NaOH)
was added to each well and the absorbances read at 405 nm (Synergy
HTXMilti-ModeMicroplate Reader, BioTek Instruments, USA). HSP con-
tent was calculated from the calibration curve, based on serial dilutions
of purified HSP70 active protein (0–2000 μg mL−1, Acris, USA) and re-
sults normalized to sample protein (μg/ mg total protein).

Ubiquitin (Ub) content was assessed through a direct ELISA, accord-
ing to Lopes et al. (2018). Each sample (100 μL) was added to 96-well
microplates (Microlon 600, Greiner Bio-One, Austria) and incubated
overnight at 4 °C. On the next day microplates were washed (3×)
with PBS-TWEEN. Afterwards, 100 μL of blocking solution [1% Bovine
serum albumin (BSA)] was added to each well and microplates were
allowed to incubate for 90 min at 37 °C. Subsequently, 50 μL of primary
antibody (P4D1, sc-8017, HRP conjugate, Santa Cruz, USA)was added to
each well, and after another incubation period (overnight at 4 °C), mi-
croplates were washed (3×) to remove non-linked antibodies. After-
wards, 100 μL of TMB/E substrate (Temecula California, Merck
Millipore) was added to each well and incubated for 30 min at room
temperature. Finally, 100 μL of stop solution (1 M HCL) was added to
each well and the absorbances were read at 415 nm, using a microplate
reader (Synergy HTX Milti-Mode Microplate Reader, BioTek Instru-
ments, USA). The Ub content was assessed based on a serial dilution of
purified ubiquitin (0–1.0 μg mL−1, UbBio, E-1100, USA) and results
expressed according to total sample protein (μg/mg total protein).

2.3.4. Acid nucleic damage
DNA damage was measured as previously described by Maclouf et al.

(1987) and Shen et al. (2007) through an ELISAmethod, via the quantifi-
cation of 8-hydroxy-2′-deoxyguanosine (8-OHdG). Each sample (100 μL)
was added to each well in a 96-well microplate and allowed to incubate
overnight at 4 °C. On the subsequent day, plates were washed (3×) with
PBS-TWEEN 20 and 200 μL of the blocking solution (BSA) was added to
each well and allowed to incubate for 90 min at room temperature.
After another washing procedure, microplates were incubated overnight
with primary antibody (anti-OHdG, clone 15 A3, Sigma-Aldrich,
Germany). Subsequently, microplates were washed to remove non-
linked antibody and allowed to incubate for 90min at 37 °Cwith the sec-
ondary antibody (alkaline phosphatase-conjugated anti-mouse IgG, Fab
specific, Sigma-Aldrich, USA). After a final washing procedure, plates
were incubated at room temperature for 30 min after adding 100 μL of
substrate (SIGMA FAST™ p-Nitrophenyl Phosphate Tablets, Sigma-
Aldrich, USA) to each well, and the reaction stopped by adding 100 μL
of 3 M NaOH. The absorbance was read at 405 nm using a microplate
reader (Synergy HTXMilti-ModeMicroplate Reader, BioTek Instruments,
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USA), and results expressed according to the total protein in sample (abs
mg−1 total protein).

2.4. Statistical analysis

Generalized linear mixed models (GLMMs) analyses were used to
infer significant differences between replicate tanks within each treat-
ment, for each tissue (i.e. muscle and viscera) and dependent variable
(i.e. GPx, CAT, TAC,HSP, Ub, and8-OHdG).Whenever no significant differ-
ences were found between replicate tanks, the random effect of the tank
was removed from themodels. Datawas fitted using Gaussian family and
model residuals checked for homogeneity of variances and normality, as
well as independence and leverage of residuals to performmodel valida-
tion. Whenever the assumptions were not fulfilled, we changed to
Gamma family models, and model validation was evaluated using the
abovementioned procedure. All statistical analyses were performed
using the “lme4” and “nlme” packages on R studio (R Core Team, 2018).

3. Results

With respect to the antioxidant enzymatic machinery, GPx activity
(Fig. 1a) exhibited significant differences within themuscle, registering
lower levels when exposed to acidification alone (A; p < 0.001, GLMM
analysis in Table SII) and in combination with warming (WA;
p < 0.001, GLMM analysis in Table SII). Within the viscera GPx activity
decreased with warming (W; p < 0.05, GLMM analysis in Table SII),
acidification (A; p < 0.001, GLMM analysis in Table SII) and with both
stressors combined (WA; p < 0.001, GLMM analysis in Table SII).

A similar scenario occurred with CAT activity (Fig. 1b) within the
muscle, which declined under exposure to warming (W; p < 0.001,
GLMM analysis in Table SIII), acidification (A; p < 0.05, GLMM analysis
Fig. 1. Impact of ocean warming and acidification on: a) GPx activity (nmol/min/mg total pro
protein) in European glass eelmuscle and viscera after 12-week exposure (n=16per treatmen
(C) and each treatment conditions [warming (W), acidification (A), warming and acidification

4

in Table SIII), andwarming and acidification (WA; p<0.05, GLMManal-
ysis in Table SII). For the viscera, only warming (W; p < 0.001, GLMM
analysis in Table SIII) and acidification (A; p < 0.05, GLMM analysis in
Table SIII), as sole stressors, caused an inhibition of CAT activity.

Regarding TAC (Fig. 1c) the levels diminished with warming (W;
p < 0.001, GLMM analysis in Table SIV), acidification (A; p < 0.001,
GLMM analysis in Table SIV) and the combined treatment (WA;
p<0.001, GLMManalysis in Table SIV),within themuscle, while no sig-
nificant alterations were found in the viscera (p > 0.05 for all treat-
ments, GLMM analysis in Table SIV).

The heat shock response (HSP; Fig. 2a) increasedwith warming (W;
p < 0.05, GLMM analysis in Table SV) within the muscle and declined
with acidification (A; p < 0.05, GLMM analysis in Table SV). For the vis-
cera, alterations in heat shock response were only observed under acid-
ification, causing a significant reduction (A; p<0.001, GLMManalysis in
Table SV).

The overall decrease in the antioxidant enzymatic machinery and
HSP levels translated into oxidative damage.More specifically, warming
and acidification as sole stressors rose Ub levels (p < 0.001 for both W
andA, GLMManalysis in Table SVI) - an indirect protein damagemarker
- in the muscle. Nonetheless, Ub levels diminished with warming and
acidification (WA; p < 0.05, GLMM analysis in Table SVI) within the
same tissue. In the viscera, warming (W; p < 0.001, GLMM analysis in
Table SVI) and acidification (A; p < 0.05, GLMM analysis in Table SVI)
stimulated production of Ub.

Evidence of DNA damage was present in the muscle under warming
(W; p < 0.001, GLMM analysis in Table SVII) while the viscera revealed
higher levels of 8-OHdG (as a proxy of DNA damage) under exposure to
warming (W; p < 0.001, GLMM analysis in Table SVII), acidification (A;
p < 0.05, GLMM analysis in Table SVII), both individually, and as com-
bined stressors (WA; p < 0.05, GLMM analysis in Table SVII).
tein); b) CAT activity (nmol/min/mg total protein) and TAC levels (mM Trolox/mg total
t). Values representmean±SD. Asterisks represent significant differences between control
(WA)], within each tissue.



Fig. 2. Impact of oceanwarming and acidification on: a) HSP (μg/mg total protein); b) Ub (μg/mg total protein) and c) 8-OHdG (abs/mg total protein) levels in European glass eel muscle
and viscera after 12-week exposure (n= 16 per treatment). Values represent mean ± SD. Asterisks represent significant differences between control (C) and each treatment conditions
[warming (W), acidification (A), warming and acidification (WA)], within each tissue.
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4. Discussion

In a context of global changes, a previous study from our research
team (Borges et al., 2019) demonstrated that temperature was the
main driver affecting glass eel's survival. An increase of 4 °C in water
temperature resulted in higher glass eel mortality, while OA played a
minor role on eels survival (see Borges et al., 2019). In fact, the bulk of
knowledge gathered on fish physiology (i.e. growth, development and
mortality) states highly variable results among fish species to OA-
related conditions. On the other hand, the body of research on the neg-
ative effects of OA on fish behavior seems more coherent (Heuer and
Grosell, 2014). Taking that into consideration, it was expected that OA
would also affect the eel'smigratory response. Borges et al. (2019) dem-
onstrated that OA dampened the effects of OW (i.e. increasedmigratory
response in OW-acclimated organisms), lowering the number of mi-
grating individuals.

Notwithstanding, most studies conducted on the effects of climate
change on glass eels have only focused on two levels, i.e. ecophysiology
and behavior, while the cellular level has been overlooked. Herein we
observed an overall decrease in the antioxidant machinery (i.e. GPx,
CAT and TAC) in all treatments, for both tissues. This could suggest
one of two hypotheses: i) the exceptional tolerance of the European
glass eel towards extreme conditions would be reflected on its antioxi-
dant response, decreasing the enzymatic response without causing ox-
idative damage; ii) OW and OA would cause an imbalance between
oxidants and antioxidants, in favor of the former, impairing A. anguilla
antioxidant response. In fact, our study revealed that the overproduc-
tion of ROS seems to exceed the capacity of detoxification by the antiox-
idant machinery, causing protein and DNA damage on our specimens,
after 12 weeks exposure to predicted climate change conditions by
the end of the century.

Differential heat shock response (HSR) was observed between tis-
sues depending on the climate change stressor. HSR increased with
5

temperature in the muscle, but not in the viscera, and decreased in
both tissues with acidification. HSP are specific molecular chaperones
responsible for “house-keeping” functions in the cell, such as:
i) protein repair and refold mechanisms; ii) protein aggregation and
unfolding evasion, and iii) denatured proteins removal. It has been
proven that HSP are highly dependent on temperature, increasing
their levels with warming (Grilo et al., 2018; Sampaio et al., 2018),
while decreases in seawater pH usually play a minor role in HSR
(Lopes et al., 2019; Lopes et al., 2018). However, when in combination
with temperature, OA seems to dampen the effects observed with
warming as a sole stressor (Sampaio et al., 2018). This process may be
explained by the fact that H+ ions, produced during the CO2 dissolution
in the seawater, while reactingwith free radicals produced bywarming,
such as OH•, will naturally be converted intowater andoxygen, decreas-
ing the amount of ROS within tissues, and therefore oxidative stress
levels, and in this case restoring HSP values to control levels (Dean,
2010; Heuer and Grosell, 2014).

Despite higher HSP levels with temperature, the decrease in the an-
tioxidant machinery with warming translated into protein and DNA
damage. Moreover, the overall inactivation of protein repair and refold
mechanisms (i.e. HSP) and decreased ROS detoxification processes
with acidification, also culminated into increased oxidative damage.
Since these processes occur as a chain reaction, we argue that the over-
production of ROS, either elicited by: i) warming – due to increased
metabolic demand, that require O2 to produce ATP (Lushchak, 2011;
Pamplona and Constantini, 2011) – or ii) acidification – due to the par-
allel increase in H+ ions, and the reaction of CO2 with reactive nitrogen
species (Tiedke et al., 2013; Sampaio et al., 2018) – impaired glass eel
defensemechanisms. Furthermore, HSP'swere unable tomaintain func-
tional protein conformation, either under the warming or acidification
treatments, being responsible for the outset of the ubiquitination pro-
cess, causing an increase in protein damage under those same treat-
ments (Bond et al., 1988; Hanna et al., 2007; Sørensen et al., 2003).
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Additionally, under the combined treatment (WA), the “buffer” effect
explained above was responsible to restore HSP levels to control levels,
decreasing the protein damage under this scenario. Additionally, it was
not surprising that increasing ROS levels caused by OW, OA or the com-
bination of both, would also have a negative impact in eels DNA. In fact,
we argue that predicted climate change conditions for 2100 could have
compromised glass eel's DNA: i) directly through ROS interaction with
DNA chain, causing base oxidation, base-pair disparities or single-
strand breaks, eventually triggering mutations, or ii) indirectly via pro-
tein damage, since the damage on an organism's proteome is inherently
related with genome repair mechanisms (Gueranger et al., 2014; Krisko
and Radman, 2013).

In conclusion, the results from the present study suggest that end-
century climate change projections are expected to cause oxidative
stress, consequently leading to protein and DNA damage at A. anguilla
juvenile stage. Adding this knowledge to the impacts on survival and
behavior reported in Borges et al. (2019) and the fact that early life
stages are at greater risk, we argue that not only climate change might
reduce the amount of fully migratory individuals, but could also impair
species oxidative status and population survival. Furthermore, taking
into consideration that species with long lifespans, such as eels, are al-
ready classified as endangered due to anthropogenic pressures, they
are probably at higher risk, as the rate of global changes could far exceed
their ability to naturally adapt.
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