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ABSTRACT

The concentrations of 19 brominated flame retasdgiFRs) (8 polybrominated
diphenyl ethers (PBDES), 8 methoxylated PBDEs (MREDES) and 3 emerging flame
retardants) were determined in 10 species of fisth shellfish widely consumed in
Tarragona County (Catalonia, Spain), by pressurigdd extraction followed by gas
chromatography coupled to tandem mass spectronfetnygher occurrence of PBDEs
was found in all the analyzed samples, while Me@EB were only detected in a few
ones and the levels of emerging pollutants weratively low. In contrast,
hexabromobenzene was found in almost all samplesratentrations ranging between
non detected and 0.2 ng gret weight (w.w.). Salmon, sole, hake, cod and tsimowed
the highest concentrations BPBDEs (>0.8 ng § w.w.), while mussel was the species
with the highest level of MeO-PBDEs (1.5 ng @.w.). The dietary exposure of BFRs
through consumption of these 10 species of fish simgllfish by the population of
Tarragona County was estimated for different subfains, classified according to
age and gender. Furthermore, calculations wereopeeld in upper-, middle- and
lower-bound risk scenarios. According to our d#te, current concentrations of BFRs

in fish and shellfish suggest no significant heailtks for the consumers.
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1. Introduction

Consumption of fish and shellfish is an essentiat pf a healthy and well balanced
diet (Domingo et al., 2007). However, this food @gromay also contain potentially
high/moderate levels of a number of environmentaitaminants, whose consumption
can pose a risk to human health (Domingo, 200422@D16). Brominated flame
retardants (BFRs) are mixtures of man-made chemtbak are intentionally added to a
wide variety of commercial products, such as ptastiextiles, and electronic/electrical
equipment (Mackintosh et al., 2015; Fromme et 2016.). Due to their lipophilic,
bioaccumulative and persistent nature, as well hasr tubiquitous distribution and
toxicity, the use of certain BFRs, such as hexalymlododecane (HBCD) or some
polybrominated diphenyl ethers (PBDES), has beeantty banned or restricted in the
European Union and/or North America (EFSA, 2011aiviet al., 2016). However,
there is still some concern on the potential risthese substances for the public health.
BFR-treated products, either in use or as wastg,relaase small amounts of chemicals
to the environment, being able to contaminate sail, and water (Cruz et al., 2015).
These pollutants may also reach humans through thets, mostly via intake of
foodstuffs of animal origin (Domingo et al., 2008).

PBDEs, which form one of the most traditional fagslof BFRs, have been used in
large amounts for many years. However, as we hardioned before, penta- and octa-
BDEs mixtures are already banned in the EU andJ&eFurthermore, the production
and use of deca-BDE has dramatically decreasedcent years (Sutton et al., 2015).
PBDEs are ubiquitously present in the environméeing detected in air and dust
(Fulara et al, 2012), sludge (Bar6n et al., 201drga et al., 2013; Law et al., 2014),
sediments (Bardn et al., 2014; Law et al., 20148tew (Law et al., 2014), and biota
(Bardn et al.,, 2014; Law et al.,, 2014; Munschy ket 2011). PBDEs can reach the
human body through different exposure pathways £FE®11). However, diet has
been estimated to be the main route of PBDE endtdmeing fish and shellfish one of
the foodstuffs with higher PBDEs content (Domin@012; Linares et al., 2015). In
recent years, an increasing amount of informatiaa heen generated regarding the
toxicity of PBDEs (Blanco et al., 2012; Herediaatt, 2012; Reverte et al., 2014).
Toxicological studies have highlighted liver asaaget organ for PBDEs (Fromme et
al.,, 2016), and neurobehavioral and endocrine pisrg effects are also reported
(Linares et al., 2015; Messer, 2010).
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In biota, some PBDEs can be biotransformed to nxgthted PBDEs (MeO-
PBDEs) through metabolic pathways (Wang et al.,4200/eijs et al., 2009), or
transformed by methylation (Losada et al., 2010prédver, some MeO-PBDEs have
been suggested to occur naturally in marine ecesys{Rotander et al., 2012; Weijs et
al., 2009), being this the reason why increasitgnéibn has been paid to the presence
of MeO-PBDEs in wildlife (Jaspers et al., 2013; BDmén et al., 2016). Although
toxicological information on these compounds ifl Btnited, their structural similarity
to PBDEs suggests that MeO-PBDEs may be also foxiwildlife and humans (Ben
Hassine et al., 2015).

In parallel to the restriction and ban of PBDE<s tisage of alternative BFRs,
called emerging flame retardants, has been prop&deslA, 2012). Hexabromobenzene
(HBB) is one of these compounds, with applicationshe manufacture of paper and
textiles. This chemical has been extensively usediapan, while their production has
not been reported in European countries. HBB iseggad through the thermal
degradation of deca-BDEs and other PBDEs. Receatlpumber of studies have
reported the wide occurrence of HBB in the envirenm(Munschy et al., 2011;
Salamova et al., 2011; Gorga et al., 2013; Bard.e2014; Cruz et al., 2015). As for
other emerging flame retardants, few data on thedmutoxicity of HBB are currently
available, although a high exposure to HBB havenbawked to liver effects (Feng et
al., 2013). In any case, the production and ug¢BB has not been regulated yet, while
there is a lack of knowledge about the presendiisfchemical in foodstuffs, and the
potential role of the dietary intake as exposuré¢hway. In addition to HBB,
decabromodiphenyl ethane (DBDPE) and pentabrombb#nzene (PBEB) have been
identified as other emerging BFRs of potential @nc(EFSA, 2012). They were
commercially introduced to replace PBDEs (Kierkedazt al., 2004b; Liu et al., 2016),
being currently detected in a wide range of envitental matrices (Barén et al., 2014,
Egeback et al., 2012; Gorga et al., 2013; Santéh ,e2013). Despite the limited amount
of human toxicity studies on emerging flame retatdgNakari et al., 2010; Stieger et
al., 2014), DBDPE is not expected to present atheask for humans, at least
considering data on ecotoxicological studies agskss aquatic and sediment species
(Hardy et al., 20LZruz et al., 2015).

The present study was aimed at determining theepoesof 8 PBDEs, 8 MeO-
PBDEs, as well as 3 emerging flame retardants, (H8B, DBDPE and PBEB) in
samples from 10 species of fish and shellfish widginsumed by the population of
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Tarragona County (Spain). The concentrations weezl uo evaluate the exposure to
those compounds through the intake of fish andfgdielas well as to characterize the
human health risks.

2. Materialsand methods

2.1. Reagents and materials

The concentrations of 8 different BDE congenersewdstermined in each sample.
A standard stock solution with a mixture of 2,4rddromodiphenyl ether (BDE28),
2,2'4,4'-tetrabromodiphenyl ether (BDE47), 2,2'.8;pentabromodiphenyl ether
(BDE99), 2,2',4,4',6-pentabromodiphenyl ether (BD®1L 2,2'4,4'55'-
hexabromodiphenyl ether (BDE153), 2,2',4,4',5,&dbeomodiphenyl ether (BDE154),
2,2'3,4,4'5' 6-heptabromodiphenyl ether (BDE18&8)a concentration of 1 pug mL
and decabromodiphenyl ether (BDE209) at 10 pg-nih. nonane, was purchased from
LGC Standards SLU (Barcelona, Spain). Similarlyr fpuantification by isotope
dilution, a standard stock solution biC-labelled PBDEs *{C-BDE28, **C-BDE47,
13%c-BDE99, **C-BDE100,'*C-BDE154, *C-BDE153,*C-BDE183 and"*C-BDE209)
at 1 pg mr*, and BDE209 at 10 pg il in nonane, was also purchased from LGC
Standards S.L.U (Barcelona, Spain). For analysidMeO-PBDEs, a standard stock
solution of native compounds containing 8 congendBmethoxy-2,2'4,4'-
tetrabromodiphenyl ether (5-MBDEA47), 6-methoxy-2,2"-tetrabromodiphenyl ether
(6-MBDEA47), 2,2',4' 5-tetrabromo-4-methoxydipheetther (4-MBDE49), 2'-methoxy-
2,3',4,5'-tetrabromodiphenyl  ether (2'-MBDE®68), -ntgthoxy- 2,2'4,4'5-
pentabromodiphenyl ether (5-MBDE99), 5-methoxy-2,2',6-pentabromodiphenyl
ether (5-MBDE100), 4-methoxy-2,2',4",5,5'-pentabodiphenyl ether (4-MBDE101),
and 2,2',4',5,6'-pentabromo-4-methoxydiphenyl ethevIBDE103)), at a concentration
of 5 ug mL! in nonane/toluene, was obtained from Wellingtorbdratories Inc.
(Guelph, ON, Canada). In addition, a standard stmdlation with hexabromobenzene
(HBB), decobromodiphenylethane (DBDPE) and pentaloethylbenzene (PBEB) at
levels of 50, 25 and 50 pg niL respectively, in toluene was also provided by
Wellington Laboratories Inc.

Hexane, dichloromethane, toluene and sulfuric aaldpf them from J.T.Baker

(Deventer, The Netherlands), were >99.9% gradetypubiatomaceous earth was
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supplied by Thermo Scientific (Barcelona) and fdtdor the PLE cell came from
Dionex Corporation (Sunnyvale, CA, USA). Ultrapwrater was obtained by using a
purification system from Veolia Water (Sant Cugat Wallés, Barcelona), while the
purity of helium gas (Carburos Metalicos, TarragoBpain) for the chromatographic

analysis was 99.999%.

2.2. Sample preparation

Ten species of fish and shellfish were selectedrgntbe most consumed species
by the Catalan population (ENCAT, 2003): sololéa solea), hake Merluccius
merluccius), sardine $ardina pilchardus), tuna Thunnus thynnus), codfish Gadus
morhua), shrimp Aristeus antennatus), salmon $almo salar), mackerel $comber
scombrus), squid [oligo vulgaris), and musselMytilus galloprovincialis). Samples of
each species were purchased at various establishifseipermarkets, local markets and
fish stores) from Tarragona County (Catalonia, Sp&ahfter collection, samples were
immediately preserved in a refrigerator box. Ontehie laboratory, they were kept at
-20°C until their pre-treatment. Thus, lateraletid were dissected from the fish, while
the shells of mussels and shrimps were taken afbbs&juently, samples were
homogenized, lyophilized by means of a freeze-dr@pstem (Labconco, Kansas City,
MO, USA), and finally grinded. In addition, musselsre also sieved through a 125 um
mesh screen to homogenize the diameter of theclgatiEach analyzed sample was, in
fact, a composite sample prepared by mixing equmbumts from each species
purchased from the three commercial establishments.

2.3. Analytical method

A mixture solution in toluene containing all tHé&C-labelled PBDEs and*C-
BDE209 at levels of 0.2 and &y mL*, respectively, was prepared. A set of seven
calibration standard solutions, containing a migtof all congeners at concentrations
ranging from 1 to 600 ng mifor PBDESs, from 10 to 6000 ng riflfor BDE209, from
1 to 750 ng mL* for MeO-PBDEs, HBB and PBEB, and from 3 to 2250mig* for
DBDPE, was prepared by dilution of the correspogdstandard stock solutions in

toluene. In addition, an appropriate amount of gate mixture solution was added to



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

the calibration standard solutions to obtain a eatration of 100 ng mt of each**C-
labelled PBDES, exceptingC-BDE209, whose concentration was 1000 ng'mL

A more detailed description of the method for esticm and clean-up has been
previously given (Bardn et al., 2014). Briefly, Ig%of lyophilized sample was fortified
at 2 pg g with a surrogate mixture standarf@-PBDES), being kept in the fridge
overnight to equilibrate. Then, a pressurized tgextraction (PLE) (ASE 200, Dionex,
Sunnyvale, CA, USA) with hexane/dichloromethand (Y:v), followed by gravimetric
determination of the lipid content, was done. Tégidue was dissolved again with 10
mL of hexane and subjected to solid phase extra¢8&E) with Al-N cartridges (5 Q)
(Symta, Madrid, Spain). The final extract was evafed to dryness, re-dissolved with
40 uL of toluene, and analyzed by gas chromatographgetan mass spectrometry (GC-
MS/MS).

The chromatographic analysis was performed by uaifMgarian ion trap GC-MS
system (Varian, Walnut Creek, CA, USA), following adaptation of a previously
developed method (Bardn et al.,, 2014). The systeas gquipped with a 3800 gas
chromatograph, a 4000 ion trap mass detector, afermabiPal autosampler (CTC,
Analytics, Zwigen, Switzerland) equipped with a|1D syringe of 23 gauge and point
style 5 (Hamilton, Bonaduz, Switzerland). The mggsctrometer was operated in the
electron ionization (EI) mode (70 eV), being theokehsystem controlled by means of
the Varian MS Workstation v.6.9 software. The chatmgraphic separation was carried
out on a ZB-5 analytical column (5% phenyl 95% dimyolysiloxane, 15m x 0.25
mm i.d.; 0.1 um film thickness) from Micron Phenarag (Torrance, California, USA).
The injected volume wasiL, using splitless injection mode for 1 min at 280 The
oven initial temperature was 140°C, being held Zomin, and then raised again at
10°C/min until 310°C, which was kept for 10 min.liden was used as a carrier gas, at a
constant flow rate of 1 mL mih The whole time for the separation of the target
compounds was 21 min. Transfer line, manifold, &ag temperatures were Z&0)
50°C and 200C, respectively. Tandem mass spectrometry (MS/M&Jenwas applied
for the quantitative analysis. The retention time ¢ghe optimal MS parameters for each

compound are summarized in Table 1.

2.4. Quality assurance and quality control



168
169
170
171
172

173
174
175
176
177
178
179

180

181
182
183
184
185
186
187

188

189
190
191
192
193
194
195
196
197
198
199

Quality control criteria used to ensure the correlgntification of the target
compounds consisted in the following: (1) the retentime should match that of the
standard compound within £ 1s, (2) the signal-tes@aatio (S/N) should be 3, and
(3) the deviation of the two monitored ions intéiesi ratio should be within 15% of that

of the standard compound.

Quantification of the target compounds was carreed by internal standard
procedure with°C-labelled BFRs. As mentioned before, multi-levalitiration curves
were performed for the quantification and good diiity was achieved @R> 0.998).
The instrumental limits of detection (LODs) caldelhas three times the signal-to-noise
ratio, ranged from 0.3 to 16jfg L™ for the analyzed compounds. The instrumental
limits of quantification (LOQs) were defined as tbevest calibration point and ranged
from 10 to 50ug L . Intra-day and inter-day repeatability expressedrelative

standard deviation (RSD) (n=5uty mL™"), were lower than 21% for all compounds.

2.5. Exposure assessment and risk characterization

The dietary intake of the 19 BFRs by the populatodnTarragona County was
estimated by using a deterministic method, whichml@ioes consumption and

concentration data. Human exposure was assessqgaplyyng the following equation:
E; = Y0 CGXey Eg. 1

WhereE; is the dietary exposure to the BERng kg bw' day?), C: is the mean
consumption of the individual species of fish oeliffsh f by the population (g kg b
day?), andX.; is the concentration of the BRRn the fish or shellfish specié¢ng g).
The mean consumption of each age/gender populatidygroup was previously
normalized by dividing the dietary intake by theamdody weight. Data on BFR levels
in fish and shellfish were based on fresh weight.

Calculations, for those not detected or presentexr@centrations lower than their
limit of quantification, were conducted under 3felient scenarios (upper-, middle- and
lower-bound; UB, MB, LB, respectively), according their limit of quantification
(LOQ) and limit of detection (LOD) (IPCS, 2009). 8B scenario was estimated by
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assuming the respective concentrations of LOD oQL@n the MB scenario, the
concentrations were assumed to be one-half of @& ar LOQ, and in the LB scenario
a concentration of zero for non-detected BFRs atwhaentration equal to the LOD for
analytes with their levels below the LOQ were assdiniThe intake of BFRs under
these 3 scenarios was estimated for adolescentks ahd seniors (aged 10-19, 20-65
and >65, respectively) of both genders.

Currently, there is no international scientific sensus on the best system to
estimate the risk assessment through food consompbeing several approaches
commonly applied (COC, 2012; EFSA, 2005; Lachenmeial., 2012). In the present
study, the health risks due to the intake of BFR®ugh fish and shellfish were
calculated by using the MOE (Margin of Exposure)prapch, according to the

following equation:

BMDL;

t

WhereMOE; is the margin of exposure for the dietary exposarthe BFR, E; is
the dietary intake of the BFR (ng kg bw' day'), and BMDL (Benchmark dose
confidence limit) is the point on the dose-respoosese corresponding to a specific
change due to the adverse response by the effeBERft (ng kg bw' day'). The
BMDL estimates the dose that causes a low, but unabke response, typically chosen
in the range of 1-10% incidence above the con&BISA, 2011; USEPA, 1995).

2.6. Study population and data collection

Consumption data were collected from a nutriticwaley conducted in Catalonia,
Spain, between 2002 and 2003 (ENCAT, 2003). A fiteduency questionnaire (FFQ)
was carried out with 2160 individuals (54% fematel &6% males) aged between 10
and 80, covering 83 towns representing the wholpufaion in Catalonia. Of the
selected individuals invited to participate in tteidy, 66% agreed to take part of it.
Twenty-six trained interviewers visited cases aodtiwls at home seven days per week
to check the answers to the FFQ, and they clardied helped participants to answer
guestions. Thus, the consumption data were provimedneans of a 3-day dietary

record, a 24 h record, and a food frequency quasdioe. Usual dietary intake was
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estimated from food frequencies and quantities ntedoby participants for the 15
months prior to the interview. Interviewers alsdambed information via a structured
interview on participants’ medical history, lifetarsmoking history, chronic disease
history, nutritional supplement intake, healthyedfyles, and social status, among
others. Moreover, an anthropometric study was agesl in order to control different
human parameters. The seafood species were sebaotuy those most consumed of
the population. The consumption rates of the gérmopulation to each one of the
analyzed species (hake, cod, sole, squid, shrinysseh, tuna, mackerel, salmon and

sardine) are summarized in Table 2.

3. Results and discussion

3.1. Occurrence of BFRs in commercial samples of fish and shellfish

The average concentrations of BFRs in each spetiesh and shellfish, expressed
in wet weight (w.w.), are shown in Table 3. For gbonot detected or present at
concentration lower than their limit of quantifizat, specific values <LOD or <LOQ
have been indicated, respectively. Moreover, vakt@sesponding to one-half of the
LOD or LOQ have been assumed to calculate totaluamof each BFR’s group.
Among the 3 groups of analyzed BFRs, PBDEs showedhighest concentrations.
Quantifiable amounts of PBDEs were found in mostas, being BDE28 and BDE47
determined in all the analyzed species. BDE47 viaas dongener with the highest
contribution to the total level of PBDESKBDES). In contrast, BDE100, BDE183 and
BDE209 were not detected in any sample, while BDEW&s identified only in
mackerel at a concentration below its LOQ. The égglevel of total PBDESPBDES)
was found in salmon (1.3 ng'gw.w.)), which is the species with the highesidip
content (25%). In addition, sole, tuna, cod andehalso presented relatively high
concentrations aEPBDEs (1.2, 0.8, 0.8 and 0.9 ng (v.w.)). On the other hand, squid
and shrimp, two species with low lipid content, wbd the lowest values GiPBDEs
(Table 3).

The levels of MeO-PBDEs were comparatively loweanthhose corresponding to
PBDEs. Some MeO-PBDEs, such as 5-MBDE47, 4-MBDE49yIBDE103, 5-
MBDE99 and 4-MBDE101 were not detected in any &f shmples. Mussels and tuna
showed the highest concentration of total MeO-PB@EdeO-PBDES), with mean

10
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values of 1.5 and 1.0 ng*gw.w.), respectively. In contrast, hake, cod aqdid had
values below the LOD/LOQ for all MeO-PBDEs.

Regarding emerging BFRs, neither traces of PBEBDRIDPE were found in any
of the analyzed samples, which is in agreement wattent data from the scientific
literature (Baron et al., 2014; Papachlimitzoulet2012). HBB was the only emerging
pollutant with concentrations above its LOD. Th@ampound was identified in most
samples, showing concentrations of up to 0.2 h¢wgw.), in 5 different species (Table
3). Only hake, cod, sole, mussel and shrimp, whrehspecies with a low content of fat,
showed the maximum level of HBB (0.20 ng ¢w.w.), also in accordance with
previous results (Munschy et al., 2011).

The predominance of PBDEs in fish and shellfisthwespect to other BFRs has
been previously reported. Losada et al. (2010) mlentified sole as the species with
the highest concentration &PBDEs (22.3 ng ¢ (l.w.)), and BDE47 as the main
congener. In fact, the high contribution of BDE4Y the total concentration of PBDES
in fish and shellfish has been found in a numbermgéstigations. When analyzing
BFRs in fish, Bardn et al. (2014) observed that BD&as the most abundant congener
among 19 brominated compounds. Similarly, in an estigation in which
concentrations of BFRs in European farmed salmame ieaind to be higher than those
from North and South America, Lyche et al. (2018parted that BDE47 was the
predominant compound in salmon. Although in regardrs the occurrence of PBDEsS
has been investigated in a large number of aqsagcies, mussels and salmon have
been the most frequently studied, especially itadyeintake surveys (Cruz et al., 2015).

With respect to MeO-PBDEs, the concentrations im@as of fish and shellfish
from Tarragona County are similar to those repoirteitie literature (Kierkegaard et al.,
2004a; Losada et al., 2010). Furthermore, the sdmamical profile has been observed,
being 2-MBDE68 and 6-MBDE47 the predominant commsunFor comparison
purposes, Losada et al. (2010) found that the $ew€l6-MBE47 and 2-MBDEG68 in
samples of salmon from the Mediterranean Sea wesB &nd 2.15 ng 4 (I.w.)),
respectively. However, in contrast to our resuits MeO-PBDESs could be quantified in

mussels.

3.2. Dietary intake of BFRs and risk assessment

11
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The total dietary exposure of BFRs through constonpof fish and shellfish by
the population of Tarragona, as well as the dieexposure oftPBDEs, XMeO-
PBDEs, PBEB, HBB and DBDPE, are depicted in Fig.Human exposure was
assessed for 6 population subgroups, based onnaiggemder, and under 3 scenarios:
upper-, middle- and lower-bound intake. For allreg@s and subpopulations, the
highest contribution to the intake of BFRs corresfed to ZPBDEs (48%-68%),
followed by>~MeO-PBDEs, in the upper- and middle-bound scenaaond HBB in the
lower-bound scenario. In the upper- and middle-ldoscenarios, senior men presented
the highest exposure to BFRs (1.38 and 1.08 ngvkg day"), while adult women
showed the highest exposure in the lower-boundasite{0.83 ng kg bt day?).
Estimations were performed for the general adupubation of Tarragona County.
Among them, high fish consumers would be obviotisé/group with the highest intake
of BFRs. However, as no current consumption dateeve®ailable for this particular
subpopulation group, no calculations were conduftiethem.

In recent years, there has been an increasing goraaong scientists for the
analysis of BFRs, mainly PBDEs, in fish and shefifias well as in other foodstuffs.
Furthermore, these data have been frequently usedler to assess the dietary intake
of these chemicals by the general population. Betnd results of some of these
investigations are summarized in Table 4. It meshighlighted that the comparability
between studies is difficult, and data interpretatmust be performed with special
caution. This is basically due to the potentiallghh number of different factors
involved in a total diet study (e.g., analytical thwd, consumption data, exposure
assessment model, food groups covered, congen&isideced, etc.). In addition,
concentration values refer to raw fish, disregagdihe potential effect of cooking
(Perello et al., 2009; Domingo, 2016) and/or theabailability of these compounds (Yu
et al., 2011).

Since 2000, our laboratory has been periodicalijop@ing a surveillance program
to evaluate the dietary intake of chemical polltdaby the population living in
Catalonia (Spain). In a first survey, total dietaposure oEPBDEs was estimated in
97.3 ng day, in a middle-bound scenario, and 81.9 ng{jaly a lower-bound scenario
(Bocio et al., 2003). Fish and shellfish were thed group with the highest contribution
(30% of the total), being the intake BPBDESs through the consumption of 3 marine
species (hake, sardine, and mussels) 30.7 ng (y0.44 ng kg bw day?). In the

present study, the intake BPBDESs through the consumption of 10 marine spegas
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found to be 0.45 ng kKgbw day* (or 31.2 ng day), a value very close to that firstly
reported (Bocio et al., 2003). A more extensivalgtwas subsequently performed. The
occurrence of PBDEs was investigated in a more nsikte number of species
(Domingo et al., 2006). The dietary intake XBDEs through the ingestion of 14
edible marine species widely consumed by the Gaadgulation was calculated to be
20.8 ng day, with tuna and salmon being the highest contritsu{@®omingo et al.,
2006). In the last survey of the serid®e intake of£PBDEs through food decreased
23% with respect to the first study, being the Itatiztary exposure 75.4 ng day
(Domingo et al., 2008). Considering only the gradifish and shellfish, the total intake
was reduced to 26.5 ng dagDomingo et al., 2008).

Also in Spain, Pardo et al. (2014) analyzed the BRDntent in fish and shellfish
marketed in the Region of Valencia over the pe2@®7-2012, estimating a daily
intake of 0.137 ng kg bwday* (9.59 ng day) for the adult population. More recently,
Aznar-Alemany et al. (submitted) analyzed the Isvef PBDEs, those of some
emerging brominated flame retardants (PBEB, HBB BXBDPE), as well as MeO-
PBDEs in commercial seafood samples from Europeantoes. The dietary intake of
some specific BDE congeners was of the same ofdeagnitude as that calculated for
the inhabitants of Tarragona County. In fact, samgxposure levels have been also
found in other European countries: 19.3 ng dmySweden (Tornkvist et al., 2011) and
20.3 ng day in Italy (Martellini et al., 2016). Data corresgbng to a number of Asian
countries are also similar (Yu et al., 2011; Sunggyal., 2013; Gong et al., 2015), with
mean exposure levels of 41 ng dafrough fish consumption, and 15 ng dakrough
shellfish ingestion.

With respect to MeO-PBDEs, information on theirtdrg intakes is extremely
limited. In one of the very few studies, Wang et(2D11) studied the dietary exposure
of MeO-PBDEs of Hong Kong residents through fisimstamption, finding values in
the range 0.5-4.3 ng kg Bwday’, well above the intake estimated for the poputatb
Tarragona County (0.22 ng kg Bwday’). Covaci et al. (2007) investigated the
occurrence of MeO-PBDEs in fish oil dietary suppdst They calculated an intake of
these chemicals of 10 ng dayhrough the ingestion of these supplements, btiag
median intake of MeO-PBDEs between 3 and 6 timgkdrithan the median intake of
PBDEs.

Most studies regarding the dietary exposure of gmgr BFRs have been
conducted in China. Labunska et al. (2015) repovtddes of HBB in fish (0.05 ng kg

13
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bw day’), as well as PBEB and DBDPE in shrimp (0.03 argD g kg bW day”,
respectively). On the other hand, Peng et al. (R8h6wed a dietary intake of PBEB
(0.3 pg kg bw day"), HBB (53 pg kg bW day'), and DBDPE (640 pg kg bivday?)

through consumption of fish and shellfish in a @& production area of BFRs.

3.3. Risk assessment

Data on the human toxicity of BFRs is still quitmited. Moreover, most of the
information refers to PBDES, while there is a veogable lack of toxicological data on
the potential hazard of other BFRs. Because ofthastations, in the current study the
risk could be only assessed for a few BDE congenégastuies of BMDL of 309000,
12000, 83000 and 1700000 ng“képw were used for the risk characterization of
BDE47, BDE99, BDE153 and BDE209, respectively (EFS®11). Due to the
NOAEL (no observed adverse effect level) limitadpmescribed be Filipsson et al.
(2003), BMDL has been pointed out as a viable mdtive (EFSA, 2011). The MOEs to
each one of these 4 congeners, for every populatibgroup are shown in Table 5. No
health risks were associated to the intake of BRR®ugh fish and shellfish

consumption, in any of the 3 exposure scenarios.

4. Conclusions

Nineteen BFRs, including MeO-PBDEs and 3 emergommounds, were analyzed
in samples of 10 fish and shellfish species widebypsumed in Tarragona County
(Catalonia, Spain). BDE28 and BDE47 were the BDEgemers with the highest
concentration. Salmon, sole and hake showed thategptelevels oEPBDES, while
mussels and tuna presented the highest value3 MéO-PBDEs. Moreover, 2-
MBDEG68, 6-MBDE47 and 5-MBDE100 were the most pred@nt congeners.
Regarding the emerging compounds, HBB was idedtiflemost samples, while PBEB
and DBDPE were not detected in any sample. Thg dddke of BFRs via ingestion of
the 10 species of fish and shellfish was estimateder 3 different exposure scenarios.
No health risks were associated to the intake dR8through the consumption of fish
and shellfish. Furthermore, the current levels xgosure for the population living in
Tarragona County are similar to those reportechendcientific literature for a number

of European and Asian countries.
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Tablel
Retention times and MS conditions in the chromatphic analysis of BFRs in fish and shellfish.

Compound Retention time (min) Parention Productions® CID Amplitude (V) CID Storagelevel (m/z) m/zrange Scantime
PBDEs  BDE28 iy sop 248,246, 409 04 7o locate  oat
BDE47 9.1¢ 4ge 326,328,484 0.8 214. 204496 0.5¢
BDE100° 10.6: a0e 405,323,282 1.3 178.¢ 18¢-41€  0.27
BDE99® 11.0¢ a0e  A05403,371 0.2 178.¢ 18¢-41€  0.27
BDE154° 12.21 6aq 483,643,347 0.8 283.] 294654 0.3
BDE153° 12.7; 644 643,536,516 0.1 283.7 204654 0.3
BDE18: 14.3¢ 721 48,631,418 0. 317.¢ 326731 0.5
BDE20¢ 20.2( 79¢ 616,461,776 0.1 351. 35,806 0.5
MeO-  2-MBDE68® 10.01 51¢  °15517,420 0.1 297 237526 0.5
6-MBDEA47 10.3: 51¢ 326,513,424 0.2 297 237526 0.5
5-MBDEA7® 10.77 51¢ 398,479,432 1.1 297 237526  0.27
4-MBDE49° 10.8¢ 51¢ 396,358,500 0.2 227.: 237-52€  0.27
5-MBDE100' 11.7¢ s9¢ 497,419,587 0.1 262.¢ 277-606 0.5/
4-MBDE103' 11.9( 59 435,595,435 0.6 262.¢ 277-606 0.5/
5-MBDE99® 12.4 s9¢ 208,381,419 0.2 262.¢ 27606 0.3
A-MBDE101° 12.5: s9¢ 29 2717,463 0.7 262.¢ 27606 0.3
Emerging  PBEB® 7.51 501 499,420,486 0.4 220.] 231511 03¢
HBB ° 8.57 551 49,415,538 0.6 242 255561  0.5¢
DBDPE® 8.7t 117 115,116, 91 0.4 51.F 62-127 0.5¢

& Quantification ions (m/z) in bold.
b-9 Compounds were separated using the Multiple Readtionitoring mode.
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Table?2

Mean consumption (g ddy of the 10 species of fish and shellfish selecigtbng those species most widely consumed by thalgtagm of Tarragona
County, classified according to gender and age.

Foodex]. code Boys Adult men Senior men Girls Adult women Senior women
(10-19) (20-65) (>65) (10-19) (20-65) (>65)

Hake A.01.000895 7.82 15.03 23.02 10.84 14.49 14.56
Sole A.01.000899 6.22 4.84 3.65 2.44 5.28 5.17
Cod A.01.000894 2.13 4.18 8.08 0.60 4.61 8.15
Shrimp A.01.000923 2.71 2.83 2.42 2.94 3.44 1.68
Squid A.01.000928 1.88 3.17 3.18 5.18 3.17 0.77
Salmon A.01.000883 3.30 1.80 2.23 1.00 3.00 1.14
Tuna A.01.000891 0.71 1.62 1.07 0 1.45 0.52
Mackerel A.01.000890 0.36 1.13 0.50 0.32 1.27 2.86
Sardine A.01.000880 0.99 2.92 2.60 2.08 2.69 4.70
Mussel A.01.000934 1.26 0.97 2.06 0 1.84 0.67
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Table3
Concentration of 19 brominated flame retardantsi@im’ (w.w.)) in samples of 10 edible marine specieselyi¢onsumed in Tarragona County (Catalonia,
Spain).

Hake Sole Cod Shrimp Squid Salmon Tuna M ackerel Sardine  Mussd
(2%) (6%) (1%) (2%) (6%) (25%) (16%) (17%) (14%) (8%)
PBDEs BDE28 0.2 0.3 0.1 0.1 0.1 0.3 0.2 0.1 0.1 0.2
BDE47 0.5 0.7 0.5 0.3 0.3 0.7 0.5 0.5 0.3 0.3
BDE100 <0.002 <0.002 <0.002 <0.002 <0.002 <0.001  .08D <0.001 <0.001 <0.002
BDE99 0.1 0.1 0.1 0.1 0.1 0.2 0.1 <0.003 0.1 0.1
BDE154 <0.02 <0.02 <0.02 <0.02 <0.02 <0.01 <0.01 .040 <0.01 <0.02
BDE153 <0.03 <0.03 <0.03 <0.03 <0.03 <0.02 <0.02 <0.02 <0.02 <0.02
BDE183 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 .0%0 <0.01 <0.01
BDE209 <0.02 <0.02 <0.02 <0.02 <0.02 <0.01 <0.01 .0%0 <0.01 <0.02
>PBDEs 0.9 1.2 0.8 0.6 0.6 1.3 0.8 0.7 0.4 0.6
M eO-PBDEs 2-MBDE6G8 <0.01 0.1 <0.01 0.1 <0.01 0.1 0.8 0.1 3.0 07
6-MBDEA47 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.2 <0.1 <0.6
5-MBDE47 <0.02 <0.02 <0.02 <0.02 <0.02 <0.01 <0.01 <0.01 <0.01 <0.02
4-MBDE49 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
5-MBDE100 <0.1 <0.1 <0.1 <0.1 <0.1 <0.04 <0.04 <0.04 0.2 <0.1
4-MBDE103 <0.002 <0.002 <0.002 <0.002 <0.002 <0.001 <0.001 <0.001 <0.001 <0.002
5-MBDE99 <0.1 <0.1 <0.1 <0.1 <0.1 <0.04 <0.04 <0.04 <0.04 <0.04
4-MBDE101 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
>MeO-PBDEs 0.3 0.4 0.3 0.4 0.3 0.3 1.0 0.4 0.3 15
Emerging BFRs PBEB <0.02 <0.02 <0.02 <0.02 <0.02 <0.01 <0.01 ¥0.0 <0.01 <0.02
HBB 0.2 0.2 0.2 0.2 <0.02 0.1 <0.01 0.1 0.1 0.2
DBDPE <0.01 <0.01 <0.01 <0.01 <0.01 <0.004 <0.004 <0.004 <0.004 <0.01

<LOD.
In parenthesis, percentage of lipid weight basis.
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Table4

A summary of studies on the concentrations anddienhtake of PBDEs.

Concentration

Dietary exposure

Country Matrix Congenersanalyzed (in ng g w.w.) (in ng day™ or Remarks References
99 ww [ng kg bw* day™))
0.33, fish ;
Fish and shellfish from 2B DE pentaBDE E;i:j;r;l:?er;cteetcr);ﬂ;d
Spain . . hexaBDE heptaBDE 30.7 9 Bocio et al., 2003
Catalonia, Spain pentaBDEs, followed by
octaBDE h
0.32, shellfish exaBDE.
The highest levels of PBDEs
Fish and shellfish from tetraBDE pentaBDE were found in salmon. The
Spain Catalonia. Spain hexaBDE heptaBDE 0.56, fish 20.8 highest and lowest levels Domingo et al., 2006
9P octaBDE corresponded to BDE47 and
BDE183, respectively.
. ' tetraBDE pentaBDE .
Spain Fish angl She”ﬁ.Sh from hexaBDE heptaBDE 0.56, fish and shellfish 26.5 BDEA.'7 was the congeper with Domingo et al., 2008
Catalonia, Spain the highest concentration.
octaBDE
. Fish and shellfish from 28, 47, 99, 100, 153 BDEA47 was the congener with _.
Belgium Belgium and 154 i 59.5[0.89] the highest concentration. Sioen et al., 2008
0.397
. i . . 0
Sweden Fish and fish products 28, 31, 47, 66, 99, 100, 193 Fish contributed 38% to the tOtath')rnkvist etal. 2011

from Sweden

138, 153, 154 and 183

0.249 only BDE47

PBDE intake



China

Japan

China

Italy

Spain

0.002-0.35, shellfish
17, 28, 47, 66, 71, 85,
99, 100, 138, 153, 154,
183, 190 and 209

Fish and shellfish from
Shangai

0.003-1.25, fish

17, 28, 47, 49, 66, 71,
77, 85, 99, 100, 119,

Fish from South Koreaigg’ 12481 igj 12‘11
196, 197, 206, 207 and
209

0.06 - 6.25, shellfish

Carp from east-central 28, 47, 99, 100, 153,

china 154 and 183 0.047

7,15,17,28,47,49, (.52, fish
66, 71, 77, 85, 99, 100,
119, 126, 138, 153,

154, 156, 183, 184 and
191 0.49, mussels

Fish and mollusc from
local Italy market

Fish and shellfish from 28, 47, 99, 100, 153,

Catalonia, Spain 154, 183 and 209 0,8 fish and shelifish

15 shellfish

41 fish

65.9

11.9 [0.199] BDEA47

3.7 [0.061] BDE99

38.5 [0.642] BDE153

20.3[0.29] fish and
mollusks

[0.45]

TetraBDE was the most
abundant homologue.
Bioaccessibility of PBDEs was
studied.

Yu etal,, 2011

Predominant congeners were

BDE47, 99 and 100. Sunggyu et al., 2013

Standard adult of 60 kg body
weight was used to calculate
dietary exposure.

Gong et al., 2015

A high percentage of the BDE47,
99 and 100 congeners was Martellini et al, 2016
observed.

Predominant PBDE congeners in
fish and shellfish were BDE28 This study
and BDE47.

Calculation for dietary exposure was done by assgrttiat non-detected values were one-half of thi bf detection.
Results are given for a male adult of 70 kg bodighte
w.w. wet weight. b.w. body weight.



Table5

Risk characterization (MOE) of the exposure to 4B8B&bngeners through consumption of fish and skhllfpecies by the population of

Tarragona County.

BDE47 BDE99 BDE153 BDE209
BMDL (ng kg* b.w) 309000 12000 83000 1700000
Boys 1.3E+06 2.4E+05 3.3E+06 7.6E+07
Girls 1.4E+06 2.3E+05 3.1E+06 7.2E+07
Upper -bound Adult men 1.2E+06 2.2E+05 2.9E+06 6.7E+07
Adult women 8.8E+05 1.6E+05 2.1E+06 5.0E+07
Senior men 8.8E+05 1.5E+05 2.1E+06 4.8E+07
Senior women 9.5E+05 1.8E+05 2.4E+06 5.6E+07
Boys 1.3E+06 2.4E+05 6.2E+06 1.5E+08
Girls 1.4E+06 2.3E+05 5.7E+06 1.4E+08
Middle-bound Adult men 1.2E+06 2.2E+05 5.5E+06 1.3E+08
Adult women 8.8E+05 1.6E+05 4.0E+06 9.9E+07
Senior men 8.8E+05 1.5E+05 3.9E+06 9.6E+07
Senior women 9.5E+05 1.9E+05 4.6E+06 1.1E+08
Boys 1.3E+06 2.4E+05 9.2E+06 n.c.
Girls 1.4E+06 2.3E+05 8.6E+06 n.c.
Lower-bound Adult men 1.2E+06 2.2E+05 8.2E+06 n.c.
Adult women 8.8E+05 1.6E+05 6.0E+06 n.c.
Senior men 8.8E+05 1.5E+05 5.8E+06 n.c.
Senior women 9.5E+05 1.9E+05 6.8E+06 n.c.

n.c.: not calculated. The associated dietary exgasl0. BMDLs were collected from the literatuE=GA, 2011).
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Fig. 1. Estimated dietary intake (ng kdpw day') of YPBDEs,> MeO-PBDEs, PBEB, HBB
and DBDPE for the general population of Tarragoonar@y (Spain) according to gender and
age. A) Upper-bound scenario. B) Middle-bound sden&) Lower-bound scenario.



HIGHLIGHTS

* A number of BFRswas found in fish and shellfish from Tarragona County market.

» BDEA47 and 28 were the congeners with the highest levels in the analysed samples.

» Tracelevels of some MeO-PBDEs were present in the main commercia fish species.

» HBB wasidentified in most samples, while PBEB and DBDPE were not detected in
any.

* Thedietary exposure to BFRs does not pose human health risks in Tarragona County.



