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In this study, we examined the seasonal association between Polycyclic Aromatic Hydrocarbon (PAH) concen-
trations and mRNA expression profiles of some antioxidant genes (i.e. CAT, GST and SOD), as well as lipid
peroxidation (LPO), in muscle of sexually inactive females of red mullet (Mullus barbatus). Fish were captured in
a fishery area of the Northern Adriatic Sea during both winter and summer. We found significantly (p < 0.05)
higher >"HMW-PAHSs concentrations in muscle of specimens caught during winter than summer. On the basis of
sampling season, red mullets exhibited different gene expression profiles of antioxidant enzymes showing lower
levels of both CAT and GST in winter than in summer. Accordingly, CAT was found to be negatively associated

with Y PAH concentrations, especially > LMW-PAH, in individuals collected during winter. Seasonal-related
downregulation of some oxidative stress biomarker expression is suggestive of greater susceptibility of red

mullets to PAHs during winter.

1. Introduction

Aquatic environment is contaminated by several classes of pollutants
among which Polycyclic Aromatic Hydrocarbons (PAHs) are considered
one of the most important categories due to their high persistence and
the ability to induce cell damage, mutagenesis, teratogenesis and
carcinogenesis in humans and wildlife JARC, 2018; Martins et al., 2013;
Qin et al., 2020). Based on their toxic features, the United States Envi-
ronmental Protection Agency (US EPA) and the World Health Organi-
sation (WHO) have identified sixteen priority PAHs which should be
thoroughly assessed in order to determine the quality of the aquatic
environment (Cousin and Cachot, 2014; Gago et al., 2014; Kammann
et al., 2017). In this last regard, the Northern Adriatic Sea, a shallow
basin [< 100 m water depth, Artegiani et al. (1997)] located in the
northern part of the Mediterranean Sea, can be considered a

PAH-sensitive marine area mainly due to the high shipping traffic and
the strong inputs from Italian rivers which flow down along the western
coast and cross one of the most industrialized areas in Europe, the Po
Valley (Campanelli et al., 2004, 2011; Combi et al., 2020; Langone et al.,
20165 Marini et al., 2008; Sagratini et al., 2008). Several studies have
previously demonstrated that PAHs are the prevalent contaminants in
surface marine sediments from this area of the Adriatic Sea
(193-533 ng g1, Combi et al., 2020; 24-501 ng g}, Magi et al., 2002;
30-600 ng g’l, Notar et al., 2001).

In marine environments, fish can be exposed to PAHs present in
surface water and sediments due to atmospheric pollution, industrial
and domestic sewages or oil spills. The most common sources contrib-
uting to environmental input of PAHs are anthropogenic, mainly coming
from the incomplete combustion of fossil fuels, wood, oil spills and
discharge from ships (Lawal, 2017; Magi et al., 2002; Rovere et al.,
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Fig. 1. Studied area in the Northern Adriatic Sea: fishing area (hatched) and position of the stations SG04 and SGO7 (red stars) used for water analysis.

2020). PAHs could have different physicochemical properties and
characteristic patterns that could vary the toxicity of these compounds,
as well as their uptake, distribution patterns, metabolism and elimina-
tion (Arienzo et al., 2017; Sverdrup et al., 2002; Zhang et al., 2016).

After exposure, PAHs can be quickly metabolized by fish but
nevertheless a fraction, particularly low-molecular-weight (LMW)
PAHs, can also be stored in lipid-containing tissues such as the muscle
tissue. In addition, the xenobiotic biotransformation process is also a
major determinant of PAH toxicity, distribution and excretion (Santana
etal., 2018; Tuvikene, 1995). During biotransformation processes, PAHs
have the potential to produce reactive oxygen species (ROS), that are
responsible for oxidative stress, loss of macromolecules membrane
integrity, and DNA damage (Martins et al., 2013; Oliva et al., 2010;
Pampanin et al., 2016; Santana et al., 2018). Potential damage of ROS is
generally neutralised by enzymatic (and non-enzymatic) antioxidant
defense mechanisms which include superoxide dismutase (SOD), cata-
lase (CAT) and glutathione-S-transferase (GST) activities (Abele et al.,
2017; Santana et al., 2018; van der Oost et al., 2003). Antioxidant en-
zymes have been routinely used as biomarkers for assessing the impact
of PAH-induced stress in marine organisms (Bhagat et al., 2016; Cocci
et al., 2019), including fish (Pampanin et al., 2016; Sanni et al., 2017).
Beyond assessing the enzymatic activities, evaluation of gene expression
profiles of antioxidant enzymes could serve as early-warning signal of
pollutant-related oxidative stress. In this regard, it has been suggested
that molecular biomarkers might be more sensitive than enzymatic
biomarkers, especially for monitoring exposure to environmental
chemicals (Giuliani et al., 2013; Regoli and Giuliani, 2014). However,
their response to environmental pollutants, including PAHs, appears to
fluctuate during the year, depending on seasonal changes in water
temperatures, oxygen availability and reproductive status (Pavlovic
et al., 2004, 2008).

Red mullet (M. barbatus) is considered one of the most important
fishery resource in the Mediterranean area due to its high economic and
nutritional value (Di Lena et al., 2016; Durmus et al., 2018; FAO, 2020;
Kokokiris et al., 2014). The species is a demersal fish living in close
association with sandy and muddy bottoms and has therefore been used
as a sensitive indicator species of PAH pollution in different monitoring
studies (Della Torre et al., 2010; Regoli et al., 2002). While PAH-induced
oxidative effects have been previously demonstrated in this species at
both transcriptional and enzymatic levels (Corsi et al., 2002; Regoli
et al., 2002), no data are currently available on the modulation of
stress-related genes according to seasonality and using muscle tissue as
target.

Thus, the present study aimed to investigate the seasonal relation-
ship between PAH levels, mRNA expression profiles of some oxidative
stress-related genes (i.e., SOD, CAT and GST) and lipid peroxidation in
muscle tissues of sexually inactive females of red mullet captured in a
fishery area of the Northern Adriatic Sea during both winter and sum-
mer. In addition, the residues of PAHs in edible tissues of this species
could also provide important information on the potential human health
impact associated with consumption.

2. Materials and methods
2.1. Study area

The study was carried out in an important fishery area in the North
Adriatic Sea coming from Rimini to Ancona at a depth of 70 m (Fig. 1).
Inside of the sampling area, two sites SGO4 (50 m depth) and SGO7
(70 m depth) were selected to control water parameters during the
period of study. In particular, temperature and dissolved oxygen were
collected at the bottom during the winter (January—March) and summer
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Table 1
Recoveries (% RDS), LOD, LOQ and coefficient of determination (r?) of the
proposed QUEChERS method.

PAHs LOD LOQ Recovery Coefficient of
(ng/g)  (ng/g) (% RDS) determination (%)

Naphthalene 0.013 0.040 73 (11.3) 0.9992
Acenaphthene and 0.004 0.012 79 (9.5) 0.9935

Fluorene*
Phenanthrene 0.011 0.032 96 (6.3) 0.9994
Anthracene 0.005 0.015 95 (8.8) 0.9998
Fluoranthene 0.008 0.026 81 (5.9) 0.9991
Pyrene 0.002 0.006 85 (8.0) 0.9996
Benzo[a]anthracene 0.002 0.007 98 (4.5) 0.9997

and Chrysene*”
Benzo[b]fluoranthene 0.001 0.004 95 (6.3) 0.9999

and Benzo[k]

fluoranthene*
Benzo[a]pyrene 0.001 0.003 97 (5.6) 0.9998
Dibenz[a,h]anthracene 0.002 0.007 86 (5.8) 0.9999
Benzo[g,h,i]perylene 0.003 0.008 87 (5.6) 0.9999

and Indeno[1,2,3-c,

d]pyrene*
Total PAHs (= PAHs) 0.052 0.160 86 (7.0) 0.9991

* (co-eluted PAHs).

(July-September) 2019. These two sites are located along Senigallia-
Susak transect, that is one of the research sites belonging to the Italian
Long Term Ecological Research Network (LTER-Italy; https://deims.
org/be8971c2-c¢708-4d6e-a4c7-f49fcf1623c1) where physical and
chemical parameters have been recorded since 1988. The existence of
this historical data set has allowed us to detect changes and trends of
important water parameters that could affect biomarker activity.

2.2. Fish collection

A total of 36 sexually mature but inactive red mullet females (Follesa
and Carbonara, 2019) were caught by bottom trawl net during the
winter and summer 2019. Specifically, fish were sampled immediately
before (i.e.,, February) and after (i.e.,, July) the spawning period. Each
individual was measured (TL = total length), weighted (TW = total
weight) and sexed. Then in the laboratory, muscle tissue of each fish was
rapidly dissected and stored at —18 °C until use.

2.3. Determination of PAHs

Sixteen EPA priority PAHs (naphthalene, NA; acenaphthylene, AC;
acenaphthene, ACE; fluorene, FL; phenanthrene, PHE; anthracene, AN;
fluoranthene, FA; pyrene, PY; benzo[a]anthracene, BaA; chrysene, CHR;
benzo[b]fluoranthene, BbF; benzo[k]fluoranthene, BKF; benzo[a]pyr-
ene, BaP; dibenz[a,h]anthracene, DhA; indeno[1,2,3-c,d]pyrene, IcP
and benzo[g,h,ilperylene, BgP) were extracted from muscle tissues with
the QuEChERS (Quick Easy Cheap Effective Rugged and Safe) technique,
flowing the general procedure of our previously studies (Caroselli et al.,
2020; Frapiccini et al., 2018, 2020). In the first step of extraction, the
homogenized muscle tissue (5 g) was put into 50 mL extraction tubes
with 10 mL acetonitrile and a salt partitioning packet containing 4 g
MgSO4 and 1 g NaCl. The tube was shaken in a vortex for 3 min and it
was immediately centrifuged at 3400 rpm for other 3 min at the tem-
perature of 4 °C. The supernatant was recovered for the second step of
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clean-up by a QUEChERS 15 mL dispersive SPE tube containing 900 mg
MgS0O4, 300 mg PSA sorbent and 150 mg C;g sorbent. The d-SPE tube
was shaken and centrifuged at 3400 rpm for 1 min at the temperature of
4 °C. After this clean-up step, the extract was transferred to a new vial,
concentrated and recovered with acetonitrile at a final volume of
0.4 mL, finally, stored at —18 °C until UHPLC-FLD (Ultimate 3000 -
RF2000, Thermo Scientific, Waltham, MA, USA) analysis. A Hypersil
Green PAH column (2.1 x 150 mm, 1.8 pm, 120 i\) in a reversed-phase
LC with a mobile phase (1:1, water: acetonitrile, v/v) gradient elution
was used. The flow rate was 0.3 mL min ' at the temperature of 40 °C.
The analyte peaks were identified in the samples by comparing the
retention times with a standard chromatogram under the same condi-
tions. Acenaphthylene was not observed in the FLD chromatogram
because it had no appreciable fluorescence under the conditions used
and, therefore, it was not considered in this study. The method of
extraction was evaluated for its linearity, repeatability, recovery, limit
of detection (LOD) and quantification (LOQ). The external standard
multipoint calibration technique (from 1:400 to 1:3200, v/v) was used
to determine the linear response interval of the detector. Three aliquots
without fish tissue samples were extracted and analysed as laboratory
blanks. This procedural blank was carried out to ensure that no PAH
contamination could happen in the laboratory and no amount of the
target PAHs was found in blank samples. LODs and LOQs were calcu-
lated for each analyte according to ICH Q2B (ICH, 2005). The recovery
and standard deviation of the extraction method were estimated based
on the average of 5 replicates of one fortification level in fish tissue
matrix samples at a 1:400 v/v of the standard solution EPA 610 PAHMIX
(Supelco, Bellafonte, PA, USA). LOQ and LOD, the recovery rate ob-
tained from spiked fish tissue samples and the coefficients of determi-
nation of all analytes are given in Table 1.

2.4. Quantitative realtime PCR (q-PCR) analysis

Isolation and purification of total RNA from muscle were carried out
using Trizol™ LS reagent (Invitrogen) procedures. Total RNA (2 pg) was
reverse transcribed with the 5X All-In-One RT MasterMix with AccuRT
(abm®) according to manufacturer’s instructions (Applied Biological
Materials Inc.). For molecular analyses, a SYBR Green ABI 7300 Real-
Time PCR assay was performed with specific primers for SOD, CAT,
GST target genes and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as housekeeping gene (Table 2). Given that target gene se-
quences for Mullus barbatus were not available in GeneBank, PCR
amplification was performed using primer pairs designed against the
known Sparus aurata respective sequences. The optimized reaction
mixture contained: 12.5 pL BrightGreen 2X qPCR MasterMix (abm®),
1 pL each of forward and reverse primers (both 10 mmol L_l), 2 uL
cDNA template, and sterile distilled water. Thermo-cycling for CAT,
SOD, GST, GAPDH reactions was for 10 min at 95 °C, followed by 40
cycle of 20 sat 95 ° C and 60 s at 60 °C. Specificity of primers pairs were
verified using the melting curve analysis produced by the ABI 7300
software. The efficiency of qPCR primer sets was reported in Table 2.
Individual ¢cDNA amplifications were run in triplicate. Results were
calculated using the relative method implemented with the Pfaffl
equation by accounting for different primer reaction efficiencies (Pfaffl,
2001).

Table 2

List of primers used in this study.
Gene Primer sequence sense Primer sequence antisense Efficiency GeneBank
CAT TGCGTCCTCCAAGATGTGAT TTAGTGCGTTTGCTCTTACACA 95.2 JQ308823.1
SOD TGTGTGTGCTGAAAGGAGCC GTCACAGGTGCTGACTCACT 94.8 JQ308832.1
GST GTCTGAAGGACAGACCCAGC AGCATGTCTTGACCCTGTGG 95.8 AY362762.1
GAPDH TGTTTTCCACGAGAGGGACC GGCCTTCTCAATGGTGGTGA 97.5 DQ641630.1
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Table 3

Values of bottom temperature and dissolved oxygen coming from the survey
performed in 2019 at the stations SG04 and SG07 (belonged to Senigallia-Susak
transect) and from the climatology produced in the deeper North Adriatic Sea
from Zavatarelli et al. (1998) and Lipizer et al. (2014).

Season Parameter at station at station from from
SG04 SG07 Zavatarelli Lipizer
(2019) (2019) etal (1998)  etal.
(2014)
(chr;‘pemmre 11.7 12.1 11-12 11-12
Winter Oxygen (ml/
b 5.8 5.7 56-5.8 53-5.6
(Tcecn;peramre 14.4 12,9 13-14 13-14
Summer Oxygen (ml/
b 5.2 5.2 5.5-5.6 5256

2.5. Lipid peroxidation (LPO)

Muscle tissue was removed, weighed, and homogenized in an Ultra
Turrax T-50 Homogenizer using 0.1 M chilled sodium phosphate buffer
containing 1.17 % KCl (pH 7.4) (Beg et al., 2015). The homogenates
were centrifuged at 13,000 g at 4 °C for 30 min. The supernatant was
separated and total protein concentration was determined by the
Bradford reagent containing Brilliant Blue G in phosphoric acid and
methanol by comparison to a standard curve (Bradford, 1976). The
determination of thiobarbituric acid reactive substances (TBARs) was
performed through the reaction of an aliquot sample with a solution
containing trichloroacetic acid (TCA), thiobarbituric acid (TBA), and
butylated hydroxytoluene in a heat bath (60 min at 60 °C) (Beg et al.,
2015). Subsequently, samples were centrifuged at 10,000 g for 15 min.
The supernatant has been collected and absorbance was read in a
spectrophotometer (535 nm; JASCO V- 550). A standard curve was ar-
ranged with 1,1,3,3-Tetraethoxypropane (Sigma-Aldrich). Results are
expressed as pmol of malondialdehyde (MDA) per mg of total protein
content using extinction coefficient 1.56 x 10° M~ ecm™! (pmol min-
~1 mg~! protein).

2.6. Statistical analyses

Data analysis was performed using the R packages Hmisc (Harrell,
2017) and corrplot (Wei and Simko, 2017). The Spearman’s correlation
coefficients were calculated between biomarkers of oxidative stress and
PAH accumulation levels in muscle replacing PAH concentration values
below the LOD with LOD divided by the square root of 2. All PAH
congeners that were detected in 90 % of the samples were included in
the data analysis. Results with p < 0.05 were considered significant.

3. Results and discussion
3.1. Analysis of water parameters

Physico-chemical parameters of the bottom water collected in two
sites inside the fish sampling area (SG04 and SG07) were shown in
Table 3. They were compared to previous climatological seasonal
studies performed in the deeper region of the Northern Adriatic (Lipizer
et al., 2014; Zavatarelli et al., 1998) in order to evaluate any seasonal
anomalies with respect to annual trends that could be an element of
stress for wild fish populations. The temperature and dissolved oxygen
on the bottom (Table 3) showed values in line with the climatological
data of the Northern Adriatic obtained on a seasonal basis by Zavatarelli
et al. (1998) and Lipizer et al. (2014).
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Fig. 2. Fish biometrics (total length, cm and total weight, g) of Mullus barbatus
females grouped according to seasonal sampling (winter and summer). The
histogram represents mean values; error bars show 95 % confidence intervals.
*p < 0.05 indicates statistical significance between groups.

3.2. Muscle PAH accumulation and source identification

Morphometric measurements of the red mullet specimens collected
during winter and summer are reported in Fig. 2. Fish collected in the
first sampling (i.e., winter) were significantly different in weight but not
in size than the ones captured during the second sampling (i.e., summer).

Range (min and max) and mean values of the total and individual
PAH compounds recorded in any specimens, are shown in Table 4. The
BaP compound, the most important marker for the occurrence and the
effects of carcinogenic PAHs in seafood (EFSA, 2008; Chiang et al.,
2021), was below the quantification limit in all fish, as well as DhA
congener. Similarly, the PAH 4 (XPAH4, sum of BaA, CHR, BbF and
BaP), required by EU regulation as marker for carcinogenic character-
istics in food [Commission Regulation (EU) 836/2011, Amendment
Regulation (EC) No 1881/2006], was found below the maximum
allowed limit for PAHs in foodstuffs (EU, 2011) in each sample.

The most common PAH congeners found in muscle tissues were NA,
ACE and FL (these last were co-eluted), which accounted for 35 % and
54 % of the total PAHs, in the fish caught during the winter. Besides, in
the fish collected in summer, they are accounting for 30 % and 57 %,
respectively. Frequently, the BbF, BKF, BaP, DhA, BgP and IcP values
were below the quantification limits (Table 1). Total LMW-PAHSs rep-
resented 94 % and 93 % of the total PAHs measured in fish caught during
winter and summer, respectively. This LMW-PAH predominance was in
agreement with previous investigations showing that LMW-PAH con-
centrations in aquatic organisms were generally higher than HMW-PAHs
(Barhoumi et al., 2016; Moraleda-Cibrian et al., 2015; Soltani et al.,
2019), due to they are more soluble and less metabolized compared to
heavier PAHs (Caroselli et al., 2020; Cocci et al., 2019; Frapiccini et al.,
2020; Romero et al., 2018).

PAH levels in muscle tissues of M. Barbatus averaged 209 and
198 ng g’1 (w.w.) in winter and summer, respectively (Table 4). These
results are slightly higher than that found in a study carried out on the
same specie by Della Torre et al. (2010) (< LOQ - 124 ng g~ w.w.), but
in agreement with Perugini et al. (2007) (1-7 ng g "' w.w., 1-15ng g~
w.w., 0.05 - 0.7 ng g~! w.w. and 2.4-5 ng g~ ! w.w for FL, PHE, AN and
FL, respectively) and in line with values measured in other demersal fish
sampled in the same study area of the Adriatic Sea (100-210 ng g~ * w.
w.; Storelli et al., 2013). Overall, we found no significant (p > 0.05)
difference neither in total PAH concentrations nor in total LMW-PAH
levels between the two sampling periods. In contrast, the HMW-PAHs
showed significant (p < 0.05) higher values in winter than in summer,
as observed in our previous studies (Frapiccini et al., 2020). This could
be due to several reasons: firstly, because during winter, several events
such as the movement waves and currents, the formation of dense water
that promotes a mobilization of sediments and the resuspension of the
heaviest and recalcitrant pollutants (e.g, HMW-PAHs) occur in the
Adriatic Sea. Another explanation could be related to a connection
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Table 4

Environmental Toxicology and Pharmacology 88 (2021) 103752

Minimum (min), maximum (max), mean and error standard (SD) of the individual, total PAH concentrations (£,¢PAHs), total low molecular weight (LMW, sum of NA,
ACE, FL, PHE and AN) and total high molecular weight (HMW, sum of FL, PY, BaA, CHR, BbF BKF, BaP, DhA, BgP and IcP) concentrations (ng g’l. w.w.) in females of

M. barbatus, grouped according to season caught (winter and summer).

Winter (n = 17)

Summer (n = 19)

PAH
Min Max Mean SD Min Max Mean SD
Naphthalene 9.995 295.670 92.650 22.989 0.040 276.924 93.852 22.879
Acenaphthene and Fluorene* 32.809 223.626 102.018 14.999 19.937 199.008 92.594 15.024
Phenanthrene 4.943 9.595 6.410 0.271 0.585 7.981 4.966 0.329
Anthracene 0.015 1.542 0.765 0.109 0.015 1.250 0.732 0.088
Fluoranthene 1.516 3.539 2.119 0.126 0.505 2.633 1.793 0.118
Pyrene 3.349 8.033 4.450 0.302 1.143 4.709 3.464 0.195
Benzo[a]anthracene and Chrysene* 0.007 0.718 0.534 0.038 0.007 0.717 0.428 0.049
Benzo[b]fluoranthene 0.004 0.239 0.058 0.017 0.004 0.160 0.043 0.012
and Benzo[k]fluoranthene*
Benzo[a]pyrene 0.003 0.003 0.003 n.a. 0.003 0.003 0.003 n.a.
Dibenz[a,h]anthracene 0.007 0.007 0.007 n.a. 0.007 0.007 0.007 n.a.
Benzol[g,h,i]perylene and Indeno[1,2,3-c,d]pyrene* 0.008 0.053 0.011 0.003 0.008 0.008 0.008 n.a.
Total PAHs (X PAHs) 66.097 535.348 209.003 37.633 22.382 491.414 197.865 38.067
Total LMW (low molecular weight) 54.975 527.242 201.842 37.685 20.521 485.030 192.140 38.007
Total HMW (high molecular weight) 5.289 11.465 7.161 0.415 1.861 7.658 5.724 0.306
n.a., not available.
%except AC.
" co-eluted PAHSs.
§ p < 0.05 (vs winter).
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Fig. 3. Relative levels of superoxide dismutase (SOD), catalase (CAT), glutathione-S-transferase (GST) mRNAs and lipid peroxidation (LPO) in muscle tissues of red
mullet, Mullus barbatus. Results were normalized to the average of the winter group (adjusted average control value is 1) and are shown as means + SD. *p < 0.05

indicates statistical significance between groups.

between seasonal variability and the amount of PAH emissions in the
atmosphere, that increases during the winter (e.g., domestic heating)
and, consequently, could enhance PAH accumulation, including
HMW-PAHs, in aquatic environments. Overall, our results suggest a
complex interplay among trends of PAH bioaccumulation, organic
matter increase, food availability and resistance to pollutants. It is
widely known that HMW-PAHs have an elevated affinity with organic
matter in water and sediment due to high K, values (Shih et al., 2016;
Frapiccini and Marini, 2015; Raber and Kogel-Knabner, 2008). In the

Northern Adriatic Sea, the concentration of suspended particulate
matter and the related downward fluxes show high seasonal variations
with significant increase during winter. These findings point to
increased HMW-PAHs with increased organic matter, which in turn can
also be related to increased nutrients that consequently enhance food
availability. From these observations we might argue that the Adriatic
stock of red mullets is more susceptibleto accumulate HMW-PAHs dur-
ing winter and that however at the range of concentrations found, these
PAHs do not exert negative impacts on growth probably due to the great
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availability of energy reserves for detoxification mechanisms.

3.3. PAH effects on the mRNA levels of related antioxidant enzymes and
lipid peroxidation

On the basis of sampling season, red mullets showed a substantial
difference in gene expression profiles of antioxidant enzymes. Our re-
sults showed that muscle expression levels of both CAT and GST were
significantly lower in winter in comparison to summer (Fig. 3). In
contrast, SOD transcripts were found not differentially expressed be-
tween the two sampling periods (Fig. 3). The fish were also examined for
tissue oxidative stress measured as LPO, a marker of damage by free
radicals. Data indicate that LPO in the muscle tissue of red mullets
collected during winter, was very high when compared to values found
in summer (Fig. 3).

The obtained results about the mRNA expression profiles of antiox-
idant defense and biotransformation enzymes confirm previous obser-
vations suggesting the presence of seasonal patterns of tissue antioxidant
defense activities in fish, including M. barbatus. In this regard, Pavlovic
et al. (2010) reported that seasonal variations of antioxidant defense
system activities in red mullets from the Southern Adriatic Sea were
closely related to fish’s metabolic requirements which in turn are
affected by environmental conditions (i.e., temperature and dissolved
oxygen). The trend observed in the study from Pavlovic et al. (2010)
revealed a significant decrease in the activity profiles of CAT in muscle
tissue during winter when compared to summer. In addition, the authors
reported no seasonal-related changes in SOD activity and otherwise high
levels of GST in muscle tissues of animals collected in winter with
respect to fish sampled in spring. Thus, our findings about seasonal
fluctuation of CAT and GST but not SOD mRNA levels seem to correlate
with the activity patterns of these enzymes found by Pavlovic et al.
(2010) in muscle tissue of the same target species. Overall, our results
are consistent with a substantial reduction in the antioxidative defense
system during winter. This effect may be related to low water
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Fig. 4. Heatmap of the Spearman correlation coefficients (p)
between PAH concentrations and oxidative stress biomarker
levels in muscle tissues of red mullet, Mullus barbatus. Color

= indicates whether the correlation is positive (blue) or negative
"3' 1 (red) while size and darkness of the circles indicate the
.:EB strength of the correlations, with stronger correlations being
- larger and darker than weaker ones. (NA) naphthalene; (ACE
0.8 andFL) acenaphthene and fluorene; (PHE) phenanthrene; (AN)
anthracene; (FA) fluoranthene; (PY) pyrene; (BaA and CHR)
benzo[a]anthracene and chrysene; (LPO) lipid peroxidation;
0.8 (CAT) catalase; (SOD) superoxide dismutase; (GST) glutathione
S-transferase. (*P < 0.05).
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temperatures that can affect behavior, biochemical parameters and slow
down the metabolism in marine organisms as already observed in fish
and mollusks (Viarengo et al., 1991; Yakota and Oishi, 1992). Low
temperatures are also known to cause polyunsaturation of mitochon-
drial membranes in fish muscle by enhancing the production of reactive
oxygen species and favor LPO of these membranes (Grim et al., 2010).
This could explain the high LPO level observed in red mullets sampled
during winter.

Our data suggest that non-spawning fish collected from the same
area at different seasons provide a differential response in the antioxi-
dant enzymes thus possibly resulting more or less reactive to organic
pollutants. In particular, the low levels of CAT and GST mRNAs
measured in muscle tissues of red mullets collected during winter indi-
cate that animals can be subjected to more pronounced effects of organic
pollutants due to the interaction between cold-stress and pollution
burden. In order to understand these interactive effects, the relationship
between PAH accumulation patterns and mRNA expression profiles of
oxidative stress biomarkers and lipid peroxidation were investigated
according to the different sampling periods (Fig. 4).

Among all the assessed gene biomarkers, only CAT showed a signi-
ficant negative correlation with total PAH concentrations, especially
total LMW-PAH, in individuals collected during winter. On the contrary,
any of the studied parameters were found to be associated with PAH
bioaccumulation in animals sampled during summer. More specifically,
we observed a negative correlation between gene expression of CAT and
tissue accumulation of some specific PAH congeners (i.e., NA, and ACE
and FL). In contrast, both GST and SOD did not show any significant
correlation with PAH levels. Our results confirm what was previously
reported about the capacity of PAHs to induce oxidative stress in aquatic
organisms (Douben, 2003) and provide new insights on the
seasonal-related susceptibility to PAHs in the red mullet. In the present
study, the lowest expressions of CAT were detected in fish showing high
accumulation of PAHs during winter but not in summer. This demon-
strates a PAH-induced ROS generation rate that seems faster with
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Fig. 5. Biplot illustrating the main results of the principal component analysis (PCA).

respect to the rate and the magnitude of oxidant elimination thus
causing oxidative damage to the organism. It is highly probable that
under the stress of PAH accumulation, the antioxidant defense system
might not be sufficient to effectively eliminate oxidative damage as
assessed by both the high level of toxic aldehydes produced from lipid
peroxide and the downregulation of CAT and GST gene expression.
Interestingly, this is evident during winter but not in summer. Re-
ductions in mRNA levels of metabolization and detoxification genes
have also been reported in fish (Curtis et al., 2017) and mussels exposed
to nitro-PAHs (Chatel et al., 2014). In addition, pyrene significantly
downregulated the gene expression of antioxidant enzymes in human
liver HepG2 cells (Ma et al., 2019). The present study also highlights the
oxidative damage potential of LMW-PAHs, particularly NA that is widely
abundant in the coastal area of the central Adriatic Sea (Cocci et al.,
2017). NA has been found to induce the conformational changes of CAT
resulting in protein misfolding (Jing et al., 2020). In fish, several studies
have reported a reduction in the activity of this enzyme after exposure to
small concentrations of NA (Souza et al., 2019; Zhang et al., 2004a, b;).
Fluctuation in GST and CAT levels suggests that NA accumulation is
directly involved in enhancing oxidative damage in fish due to an
overproduction of free radicals (Palanikumar et al., 2013). Thus, it can
be deduced that, increased intracellular ROS activities result in a
reduction of the cellular antioxidant defense (i.e., SOD) causing the fall
in CAT level as a chain reaction (Livingstone, 1998; Vijayavel et al.,
2004). The same mechanism can be responsible for the significant
decrease in the activity of both CAT and GST, observed following fish
exposure to PHE, a further LMW-PAH (Sun et al., 2006).

To integrate all the parameters analyzed in the muscle tissue of red
mullets, PCA was performed (Fig. 5). Five components with eigenvalues
> 1.0 - explaining 84.3 % of the total variance in the data set - were
evident out of which two components (i.e., PC1 and PC2) together
explained 58.8 % variability. The plot of PC1 and PC2 shows a clear
separation of the two sampling periods indicating a marked difference
between seasons. The first component is strongly associated with total
PAHs, particularly LMW-PAHs, and to a lower extent with CAT. This also
indicates that CAT mRNA expression is strongly negatively correlated
with total LMW-PAHSs. On the contrary, the second component is asso-
ciated with HMW-PAHs and among biomarkers, with LPO and GST
which mainly contribute to differentiate the sampling periods.

In conclusion, from the overall achieved results in the present study,
it is clear that seasonal-related downregulation of some oxidative stress
biomarker expression is suggestive of greater susceptibility of red mul-
lets to environmental pollutants, including PAHs, during winter. Among
oxidative stress parameters, the expression patterns of CAT serve as
effective early warning biomarkers of LMW PAH-induced oxidative
stress in muscle tissues of wild red mullets. The data enhanced our un-
derstanding about the relationship among physiological status of red
mullets, seasonal fluctuations of environmental factors and PAH accu-
mulation, and may contribute to define which biomarker response
should be targeted and thus used in effective biomonitoring studies in
order to interpret correctly the effects of organic pollutants to feral
populations of red mullet. However, further research works are still
needed for an exhaustive evaluation of the impact of organic contami-
nant mixtures on red mullet health during seasonal related decreases in
antioxidant defense enzymes.
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