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ARTICLE INFO ABSTRACT

Keywords: Identifying metabolism and detoxification mechanisms of Hg in biota has important implications for bio-
MEFCUTY monitoring, ecotoxicology, and food safety. Compared to marine mammals and waterbirds, detoxification of
Fish . MeHg in fish is understudied. Here, we investigated Hg detoxification in Atlantic bluefin tuna Thunnus thynnus
Tiemannite . ifi ds iation d bl . . d ds icl
Demethylation using organ-specific Hg and Se speciation data, stable Hg isotope signatures, and Hg and Se particle measure-
Biomineralization ments in multiple tissues. Our results provide evidence for in vivo demethylation and biomineralization of HgSe

particles, particularly in spleen and kidney. We observed a maximum range of 1.83% for §2°?Hg between spleen
and lean muscle, whereas A'°’Hg values were similar across all tissues. Mean percent methylmercury ranged
from 8% in spleen to 90% in lean muscle. The particulate masses of Hg and Se were higher in spleen and kidney
(Hg: 61% and 59%, Se: 12% and 6%, respectively) compared to muscle (Hg: 2%, Se: 0.05%). Our data supports
the hypothesis of an organ-specific, two-step detoxification of methylmercury in wild marine fish, consisting of
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demethylation and biomineralization, like reported for waterbirds. While mass dependent fractionation signa-
tures were highly organ specific, stable mass independent fractionation signatures across all tissues make them
potential candidates for source apportionment studies of Hg using ABFT.

1. Introduction

Mercury (Hg) is a widespread, environmental pollutant with poten-
tial toxic effects and negative implications for ecosystems and public
health [1-3]. Methylmercury (MeHg) is a potent neurotoxin and easily
transferred within and among food webs and is often the dominant
species in marine fish fillet [4-7]. In aquatic environments, inorganic Hg
can be methylated in biotic and abiotic ecosystem compartments spe-
cifically within sediments and the water column [8-10]. MeHg enters
aquatic food webs primarily through dietary pathways and biomagnifies
and bioaccumulates over the lifespan of biota, including marine fish at
high trophic positions [11-14].

Atlantic bluefin tuna (ABFT- Thunnus thynnus) are large apex pred-
ators inhabiting Atlantic waters and can grow to over 3 m in length with
a maximum life span of approximately 50 years [15,16]. Due to the large
size and age of ABFT and long half-life of MeHg in fish, high concen-
trations of MeHg in this species are relatively common [17-19]. High
MeHg concentrations are a considerable food safety concern, especially
since ABFT is an appreciated global commodity and is widely consumed
by humans. Health based guidance values and maximum levels for Hg in
food, as well as consumption advisories for this species are established to
assure food safety (e.g Rice et al., [20,21]). The high MeHg concen-
trations in bluefin tuna and their long-lived nature make them an ocean
biomonitoring species that can be used for identifying large-scale
spatiotemporal Hg trends [18,19]. MeHg also induces toxic effects in
fish on multiple levels including neurotramsission, oxidative stress,
behaviour and morpho-structural changes in the central nervous system
[22], and detoxification mechanisms are important in the context of
further understanding toxicokinetic processing of this ubiquitous
pollutant.

Methylmercury is primarily stored in muscle, bound to thiol groups
comprised of protein incorporated cysteine residues in methylmercury-
L-cysteinate (MeHgCys) complexes and thereby may offer protection to
other organs [23,24]. Demethylation of MeHg has been suggested as
another important detoxification mechanism and evidence exists that it
occurs across a wide array of aquatic organisms including mammals
[25-27] and waterbirds [28-30], while it is less studied in fish.

Mercury stable isotope ratios are promising tools to reveal key
metabolic processes in biota especially regarding demethylation, as
mass dependent fractionation (MDF) occurs due to the retention of
isotopically heavier Hg during in vivo demethylation of MeHg [31,32].
Reviewing and integrating existing literature on Hg stable isotopes in
biota, Li et al. [33], established a conceptual model of Hg distribution
and transformation in birds supported by synchrotron-based X-ray an-
alyses [29,34]. Detoxification was outlined as a two-step reaction from
MeHg to Hg-selenide (HgSe). First, a demethylation of MeHg to mainly a
Hg(selenocysteine)4 complex (Hg(Sec)s), associated with selenoprotein
P (SelP) and accompanied by MDF and a negative change of 5202Hg
values. Second, biomineralization to chemically inert nanoparticulate
mercury selenide (HgSe) with a potitive shift in §2°2Hg [29,35]. Also in
whales, there is convincing evidence for in vivo demethylation of MeHg,
as reviewed by Li et al., [33] as well as the presence of biomineralized
particulate HgSe [26,36]. In fish, detoxification processes of MeHg and
the involvement of different tissues is understudied and existing litera-
ture inconclusive [37-41]. However, more recent studies found evidence
for demethylation [42,29,43-47]. Considering the biomineralization of
HgSe particles as a consecutive part of MeHg demethylation [33], the
presence of HgSe particles can be considered a reliable proxy for in vivo
demethylation. To our knowledge, only two studies measured Hg-
nanoparticles in fish and detected particles in muscle [35,48]. The

formation of Hg and Se containing particles and compounds might in-
fluence the levels of different Se species. In pilot whales it was shown,
that selenomethionine (SeMet) was depleted in liver of adults compared
to juveniles, as a consequence of MeHg detoxification [26].

In this study, multiple analytical tools were applied to investigate the
MeHg metabolism and shed light on the detoxification mechanisms in
ABFT. The Hg speciation and stable isotope analyses were performed on
13 different tissues, in addition to Se speciation and Hg and Se particle
measurements in three different tissues. Specifically, we tested the a
priori prediction that organ-specific demethylation is taking place and
will result in HgSe particle formation in ABFT.

2. Material and methods
2.1. Fish and organ sample collection

Nine adult Atlantic bluefin tuna Thunnus thynnus measuring 250 +
15 cm (Mean =+ SD straight fork length) and an estimated age of 15.8 +
2.4 years (according to Cort, Estruch [49]), were caught by recreational
fishers with rod and line from August-October 2019/2020 along the
Norwegian coast (Table S1) with permission from the Norwegian
Directorate of Fisheries. During Autumn, ABFT inhabit the Norwegian
coast for foraging, after spawning mainly in the Mediterranean Sea
during summer. Samples were taken fresh on-site when the fish were
landed. Lean and fatty muscle, gill (filaments only), and kidney samples
were taken with clean sampling devices and stored frozen in clean,
sterile, plastic bags until analysis. Further, whole viscera were frozen
and sent to the laboratory at the Institute of Marine Research, Bergen,
Norway for dissection under clean conditions using powder free nitrile
gloves, and clean, stainless steel sampling devices. Liver, spleen, gonad,
and heart were sampled and blotted dry. From intestine, pyloric cecum
and stomach, tissue samples were taken avoiding the content, focusing
on the actual tissue. For bile, only the liquid part was taken. All samples
were homogenized before and after freeze-drying except bile, which was
measured wet and freeze dried afterwards to be able to display all values
based on a dry weight basis. For particle analyses, homogenized wet
tissue samples were used.

2.2. Chemical analysis

2.2.1. Total mercury and selenium

Mercury and selenium concentrations were analyzed by Inductively
Coupled Plasma Mass Spectrometry (7800 ICP MS, Agilent technolo-
gies). The samples were freeze dried and mixed to a homogeneous
powder. An aliquot of the sample was digested in a nitric acid and
hydrogen peroxide mixture on a regulated heating block (Digiprep, SCP
Science) for 6 h. Prior to total concentration analysis, samples were
diluted in ultrapure water. The calibration for Hg and Se were performed
using the standard addition methodology [50] prepared in a pool of
samples to prevent matrix effects. Se concentrations were determined
using the reaction cell mode with hydrogen to avoid any polyatomic
interferences (Ar, Ca, Cl etc.). To prevent and control for a memory effect
of mercury, specific conditioning with hydrochloric and nitric acid so-
lution with a background monitoring was performed. To assess the ac-
curacy of the method, three certified reference materials (CRM)
including DOLT-5, TORT-3 and CE-464 were analyzed and the measured
concentrations (n = 3) agreed with the certified values for both Hg and
Se with a maximum average deviation of 7% to the certified concen-
trations (Table S2).
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2.2.2. Mercury speciation

The methylmercury and inorganic mercury (IHg) contents were
determined by double spike species-specific isotope dilution analysis
(SSID) and gas chromatography-inductively coupled plasma-mass
spectrometry (GC-ICP-MS) analysis [51,52]. Depending on the sample
type, soft extraction with 6 N HNOgs or tetramethylammonium hydrox-
ide was achieved on a microwave assisted extraction at 75 °C (Dis-
cover-S, CEM). The extracts were spiked with appropriate amount of
isotopically enriched 19ngg and 201MeHg (ISC-Science). A derivatiza-
tion reaction with NaBPr4 at controlled pH (3.9) followed by a lig-
uid/liquid extraction in iso-octane was then conducted. Finally, the
samples were analyzed by GC-ICP-MS (Trace GC Ultra coupled to
XSeries II ICP-MS, Thermo Scientific, Waltham, USA) and the results
were calculated as previously detailed elsewhere [37,53]. Three refer-
ence materials with certified MeHg composition including DOLT-5,
TORT-3 and CE-464 have been analyzed in triplicate to assess the ac-
curacy of the methods and measured concentrations for the three CRMs
were in line with the certified values with a maximum average measured
deviation of 12% to the certified concentrations (Table S3).

2.2.3. Particle analysis

To measure particulate mercury (pHg) and selenium (pSe), a subset
of tissues was selected for single particle inductively coupled plasma
mass spectrometry (sp-ICP-MS). Muscle, kidney, and spleen were chosen
with the lowest and highest %MeHg and each sample was analyzed in
triplicate. The homogenized tissues were enzymatically digested using
Protamex® (Supplementary section 4.2 “Enzymatic digestion™) based on
an in-house developed protocol [54], before introduction into the
ICP-MS. After initial screening (Supplementary section 4.1 “Initial
screening”), dilution factors of 5 000, 10 000 and 20 000 were used for
muscle, kidney, and spleen tissue, respectively. High dilution factors
were chosen to a) reduce the baseline signal caused by dissolved (ionic)
Hg, and b) reduce the probability of particle signals overlapping in the
time-resolved spectra. A data collection time of two minutes delivered a
satisfactory number of Hg- based particle events for all tissues. Repre-
sentative time-resolved spectra of 7%Se and 2°?Hg from the sp-ICP-MS
analyses are shown Fig. S1 and S2. The LOQpumper represents the mini-
mum number of particle events that needs to be detected within an
experiment to quantify the amount of particles in the studied sample.
The LOQpumber Was estimated from particle events detected in blanks,
using the 10c-approach, resulting in 15 events within 120 s for Se-based
measurements and 19 for Hg-based ones. Detailed information on
quality assurance/quality control (QA/QC), including spiking with gold
nanoparticles and use of ionic standards, is presented in supplementary
section 4.3 “QA/QC”.

All sp-ICP-MS measurements were performed on an Agilent 8900
triple quadrupole inductively coupled plasma mass spectrometer (Agi-
lent Technologies Inc., Santa Barbara CA/USA) with reaction and
collision gas capability (see Table S4 for details). Samples were analyzed
in the time resolved single particle mode, set up in the nanoparticle
extension of the Masshunter software (Agilent Technologies Inc., CA/
USA; Version 5.1).

2.2.4. Selenium speciation

Selenium speciation analysis was performed in duplicates on muscle,
spleen, and kidney of three different ABFT individuals. The extraction
procedure for organic Se species was based on the method described by
Sele et al. [55] and Vaksdal [56]. In short, the sample was digested with
cellulase and protease in a water bath (37 °C, 20 h, at 100 rpm). The
extracts obtained were separated by centrifuging at 3500 rpm for 10
min. Soluble and non-soluble fractions were kept separately. The soluble
fraction was filtered and analysed by high performance liquid chroma-
tography (HPLC, 1260 HPLC) coupled to ICP-MS (7900 ICP-MS, both
Agilent Technologies, CA, USA). The organic Se species were separated
using the chromatographic and ICP-MS settings described in Table S5.
Selenomethionine (SeMet) was quantified using an external calibration
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curve of SeMet, using Seleno-DL-methionine (Sigma-Aldrich, Norway)
prepared in Milli-Q water. Accuracy of results was verified analyzing
two CRMs (ERM BC210a and SELM-1) in duplicate and the maximum
average deviation of the measured values to the verified values was 3%.
Data obtained are presented in Table S6.

The total Se concentrations in the soluble and non-soluble fractions
were determined by ICP-MS using a procedure described previously
[57]. Briefly, the soluble fraction (1 mL) was digested with HNOs3 (5%
w/w) in an UltraWAVE (Milestone, Italy) and diluted to 25 mL with
Milli-Q water. The non-soluble fractions were dried (70 °C, 24 h) in an
oven, then the dried material was weighed, acid-digested in an Ultra-
WAVE, and diluted to 25 mL with water. The samples were analysed by
ICP-MS (iCapQ ICP-MS, Thermo Scientific, Waltham, USA) equipped
with an auto sampler (FAST SC-4Q DX, Elemental Scientific, Omaha,
USA). The instrumental settings are described in Table S7. The quanti-
fication was performed with an external calibration curve of Se in a
multielement standard (Teknolab, Oslo). Two CRMs (OT and TORT-3)
were analyzed in duplicateto assess the accuracy of the method and
the measured concentrations agreed with the certified values with a
maximum average deviation of 4% (Table S8).

2.2.5. Mercury stable isotopes

Prior to Hg stable isotope analyses, samples were digested in a
mixture of HNO3/HCl/H205 (3:1:1) and heated at 90 °C on a hotplate for
48 h. Mercury isotopes analyses were performed using a cold vapor
generation (CVG) with SnCl, reduction, coupled to a multicollector-ICP-
MS (Nu Plasma, Nu Instruments). To correct the instrumental mass-bias,
sample standard bracketing with NIST 3133 standard solution was used
[58]. All the samples and standards were diluted to match a Hg con-
centration of 1 ng g’. Mass-dependent fractionations (MDF) of mercury
were reported as recommended by Bergquist and Blum [59] relative to
the NIST 3133 Hg solution as follows:

xxx/198
Hgsample

XXX/lgngNISTSIBB

§*Hg = ( — 1) * 1000%o

where xxx is the studied isotopes. Mass-independent fractionation (MIF)
of Hg is reported as the difference between the theoretical value pre-
dicted by MDF and the measured values as AX**Hg in %o according to
Bergquist and Blum [59]:

AHg = §Hg—  (6°°Hg X Pryy)
where f,,, is the kinetic mass-dependent scale factor, characteristic of
the isotope which values are 0.2520 for 199Hg, 0.5024 for 2OOHg, 0.7520
for 201Hg and 1.493 for 204Hg [59].

Analytical uncertainty for CVG/MC-ICP-MS was evaluated by mul-
tiple measurements of secondary standards and certified reference ma-
terials including measurements of NIST 9610 (n = 30), ERM CE 464
(n = 6), TORT-2 (n = 6) and NIST 1947, and our measurements were in
agreement with certified values and previous findings [60,61]
(Table S9).

2.2.6. Data curation

To statistically evaluate differences of the different forms of Hg, and
stable isotope signatures (52°?Hg and A'°°Hg) between the different
organs, one-way ANOVA was performed followed by Tukey’s honest
significant difference test. The significance threshold was set to
p < 0.05. Normal distribution was checked using Shapiro-Wilk test and
Q-Q plot. The Kolmogorov-Smirnov test was used to assess the normality
of residuals. Spearman correlation was used to investigate the rela-
tionship between length and %MeHg in different organs and %MeHg
and 82°2Hg. To evaluate relationships between the different isotopic
signatures standard linear regression was used. The data were treated,
and figures created in R (version 4.2.1) operated in RStudio (version
2022.07.2+576; RStudio Team, 2022) and using GraphPad Prism



M. Wiech et al.

version 8.3.0 for Windows, GraphPad Software, San Diego, California. If
not mentioned otherwise, means + standard deviations are given in the
text.

3. Results and discussion
3.1. Total mercury in muscle

The mean THg in lean muscle tissue of ABFT from this investigation
was 0.70 + 0.26 mg/kg w.w. (Mean =+ SD), and concentrations in fatty
muscle tissue were slightly lower (0.59 + 0.34 mg/kg w.w.). Since tuna
are widely consumed as seafood, they are subject to trade and export
controls for several contaminants including Hg, and the measured con-
centrations are below the current maximum level (mL) in the European
Union (EU) designated by the Commission Regulation (EU) 2023/915
and set to 1.0 mg THg/kg w.w. European Commission [62]. Considering
the size of the measured ABFT (250 + 15 cm), our data are similar to
ABFT concentrations in individuals from Northwest Atlantic, reported
by Lee et al. [18] with an average of 0.76 + 0.33 mg/kg w.w. for fish
with an average curved fork length (CFL) of 218 + 30 cm. However, a
study on wild ABFT caught in the Mediterranean Sea reported much
higher values of 1.7 4+ 0.2 mg/kg w.w. in much smaller individuals
(135 4+ 23 cm CFL) [17]. In a global study on bluefin tuna, Tseng et al.
[19] reported ocean basin specific THg concentrations and that highly
exposed individuals from the Mediterranean Sea reflected regional
contamination and/or the production and food web bioavailability of
MeHg. Furthermore, these investigators also reported that only a minor
fraction of ABFT from this region is migrating to the North Atlantic
Ocean [19]. However, it has been shown that most of the fish caught
along the Norwegian coast originate from the Mediterranean Sea [63].
The Hg concentrations of ABFT sampled in the Northwest and Northeast
Atlantic spawning at different sites [63] are similar, while the concen-
trations in tuna caught in the Mediterranean Sea are much higher. This
indicates that fish from the Northwest Atlantic Ocean, originating
mostly from the population spawning in the Gulf of Mexico, and fish
caught in the Northeast Atlantic are likely experiencing more similar Hg
exposure regimes compared to non-migrating fish and migrating fish
from the same Mediterranean population.

3.2. Organ-specific distribution of mercury species

Here we provide Hg speciation data for 13 different ABFT tissues.
Lean muscle had moderate THg concentrations (2.5 &+ 1.5 mg/kg d.w.),
whereas spleen samples had the highest THg concentrations with 32.3
+ 15.8 mg/kg d.w. followed by kidney with 21.2 + 9.6 mg/kg d.w.
being three times higher than the next highest organ, stomach with 6.8
+ 2.9 mg/kg d.w. (Table 1). Gills had the lowest THg concentrations

Table 1
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(0.5 £+ 0.1 mg/ kg d.w.). The remaining organs had mean THg concen-
trations between 1.4 and 4.0 mg/kg d.w. This suggests that kidney,
spleen and potentially stomach are important organs for the Hg accu-
mulation, metabolism and potential detoxification in ABFT. Concen-
trations in liver tissue were highly variable (3.5 + 3.0 mg/kg d.w.).
Muscle tissue also plays an important role in Hg metabolism and is the
primary MeHg storing tissue in ABFT considering its size relative to
other tissues. MeHg comprised 90 % of THg in lean muscle tissues
(Table 1), where it is present as less toxic MeHgCys [24]. The lowest %
MeHg were found in stomach, kidney, and spleen with a mean of 25
+ 12 %, 14 + 3 % and as low as 8 + 4 %, respectively. Furthermore, we
observed high concentrations of inorganic mercury (IHg) between 5.1
+ 2.8 mg/kg d.w. in stomach and 29.9 + 15.4 mg/kg d.w in spleen.
Liver samples contained primarily MeHg (66 - 91 %), which contrasts
with earlier findings for tusk Brosme brosme, with a %MeHg in liver as
low as 14 — 52 % [45]. For small marine pelagic sardine species, %
MeHg in liver was low with 20-50 %. In freshwater fish Northern Pike
Esox lucius, a %MeHg of 28-51 % was reported in livers with THg
> 0.5 mg/kg w.w. [64] and in liver of spotted gar Lepisosteus oculatus the
MeHg contribution was on average as low as 2 % [65], while it was 74 %
and 56 % in Largemouth bass Micropterus salmoides and Red-ear sunfish
Lepomis microlophus, respectively. This may indicate that different fish
species use different tissues for Hg detoxification and IHg storage. The
use of different Hg speciation methods across investigations may also
add uncertainty when comparing %MeHg data.

Some authors hypothesized that high ratios of IHg in liver might be
due to dietary accumulation of IHg [64], while others interpreted them
as a sign of the occurrence of in vivo demethylation happening [65].
However, as Wang et al. [47] were able to show in vivo demethylation in
a marine fish in a lab study, the presence of such high concentrations of
the less bioavailable IHg may, at least partly, be attributed to in vivo
demethylation. They reported the demethylation taking place in the
liver being slow and not of significance for the whole fish Hg level in
black seabream Acanthopagrus schlegeli, while the activity in the intes-
tine was substantially higher. This is in accordance with results of our
study with a higher ratio of MeHg in liver than in the intestine. However,
our results show even lower MeHg ratios in other organs, especially
kidney, spleen, and stomach, suggesting a high rate of demethylation in
these tissues, or potentially, that the IHg originating from demethylation
in other organs including liver, is accumulating in these organs. This is
also supported by a finding in Arctic char Salvelinus alpinus fed with
inorganic 2°®Hg. There, 50 % of ingested IHg was eliminated quickly
(4-7 days) and most of the retained Hg was retained in the gut. Only a
small amount was distributed further [66], potentially meaning that
especially high concentrations of IHg in spleen and kidney is likely not
due to accumulation from food, and can be considered a product of in
vivo demethylation. The %MeHg in liver is highly variable and these

Concentrations of total Mercury (THg), inorganic mercury (IHg), methyl mercury (MeHg), total selenium (Se), the selenium to mercury molar ratio (Se:Hg) and mass-
dependent and Hg isotope composition (62°?Hg and A'°°Hg) in different tissues of Atlantic bluefin tuna caught off the coast of Norway. Mean + standard deviation is

presented.

Tissue n THg IHg MeHg TSe %MeHg Se:Hg 5292Hg A'%°Hg
mg-kg'1 dry weight % molar ratio %o

Spleen 9 32.3£15.8 29.9 + 15.4 2.3+ 1.0 343 +£ 107 8+4 30+ 11 -0.97 £ 0.28 1.43 +0.11
Kidney 4 21.2+9.6 18.5+9.1 2.8+ 0.9 64.0 £13.4 14 +£3 8+3 -0.66 £ 0.3 1.30 + 0.06
Stomach 9 6.8+2.9 51+28 1.6 £ 0.8 20.5 + 5.5 25+ 12 10+7 -0.38 + 0.33 1.37 +£0.14
Intestine 9 4.0 + 2.0 23+1.2 1.7 £ 0.9 13.1+2.8 44 + 13 10+ 6 0.06 + 0.27 1.42 +0.1
Gonad 9 1.5+22 08+1.2 06+1.1 4.3+5.4 40 + 13 21 +15 0.14 £ 0.3 1.39 + 0.08
Gill 6 0.51 £0.11 0.23 £ 0.07 0.5+0.1 7.1+ 3.0 67 £7 39+21 0.26 £ 0.21 1.38 £ 0.08
Pyloric cecum 7 3.3+33 1.1+1.1 2.3+23 8.9+54 64 + 12 1045 0.42 + 0.29 1.36 + 0.1
Muscle, fatty 8 1.4+1.0 0.3+0.2 1.1+0.8 24+1.2 84+6 6+2 0.47 £ 0.16 1.35 +0.07
Liver 9 3.5+ 3.0 0.8+1.0 2.7 +£2.0 40.1 £15.9 83+8 44 + 23 0.54 £ 0.23 1.42+0.13
Brain 1 0.8 0.1 0.7 16.9 87 52 0.67 1.51
Bile 7 1.5+0.7 0.2+0.1 1.2+£0.6 28.6 +15.7 86+5 67 + 54 0.67 £0.18 1.40 + 0.15
Heart 7 2.8+0.9 0.4 +0.20 24+0.7 19.0 £ 4.3 86+ 3 19+8 0.68 £ 0.11 1.46 £ 0.12
Muscle, lean 9 25+15 0.3+0.3 21+1.2 3.6 £29 90 £ 6 5+4 0.84 £ 0.2 1.44 £ 0.2
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differences may be partly driven by the degree of contamination [44,
45]. For tusk, a high degree of Hg pollution was correlated with low %
MeHg in liver ranging from 14 to 52 % [45]. Also for European seabass,
%MeHg in liver varied substantially from 7 to 70 % in different pop-
ulations throughout Europe correlating with the degree of contamina-
tion, while %MeHg values in muscle were constant [44]. The relatively
high %MeHg found in the ABFT liver might therefore indicate that our
fish were mainly foraging in less contaminated areas. This is rather
likely, considering their large-scale foraging range and since they were
caught offshore the Norwegian coast. However, the pelagic lifestyle of
ABFT also may play a role since the IHg contamination often takes place
in benthic food webs associated with seafloor sediments [13,67]. As a
result of demethylation of MeHg over time, %MeHg in liver can also
decrease with age, as shown for pilot whales [25]. No significant cor-
relation was found between %MeHg and length in any of the ABFT or-
gans (p > 0.24 for all organs). However, this might be caused by the low
n, relatively low length variation in our dataset, and as length is only a
proxy for empirical age.

3.3. Organ distribution of particulate Hg and Se

We were able to detect particulate mercury (pHg) and selenium
(pSe), presumably HgSe, in all analyzed tissues, including spleen, kid-
ney, and lean muscle, containing different concentrations and sizes of
HgSe particles (Fig. 1). To our knowledge, there are only two other in-
vestigations reporting the presence of nano-sized Hg-containing parti-
cles in fish [35,48]. In both studies, only muscle tissue was analyzed and
Suzuki et al. [48] detected no signals of pSe. Our study shows the
presence of naturally occurring Hg and Se particles in three organs of
ABFT: muscle, kidney, and spleen. The findings revealed a large differ-
ence in the mass ratio of particulate Hg and Se to total Hg (%pHg) and Se
(%pSe), detected by sp-ICP-MS, in spleen and kidney compared to
muscle tissue. For Hg the difference was largest with as much as 61 %
and 59 % of the detected mass of Hg in spleen and kidney being present
as particles, while only 2 % of the detected Hg in muscle was present as
particles (Fig. 1). For Se, a similar trend was found with 12 % and 6 %
particles in spleen and kidney, respectively, compared to muscle with
0.05 %. This indicates that the higher concentrations of IHg in kidney
and spleen were mainly present in particulate form, presumably as HgSe
(nano-)particles and as proposed earlier also as Hg(Sec)4 [29]. The large
difference between %pHg and %pSe can be ascribed to Se being bound
to proteins. It can therefore be assumed that only minor amounts of total
Se in spleen and kidney of ABFT are involved in the biomineralization of
Hg. In blue Marlin muscle, Manceau et al. [35] found equally high
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proportions of HgSe particles as we did in kidney and spleen of ABFT,
and also the %MeHg was equally low. Also, the number of particles per
mass followed the same trend for both Hg and Se with the highest
numbers of Hg-containing particles in spleen with 250.0-107 + 7.3-107
Hg particles-g” w.w. and kidney with 167.4-10” + 2.4.10” Hg parti-
clessg’ w.w., and much lower numbers in muscle with 9.6-107
+1.0-107 Hg particles-g' w.w. (Fig. 1). The number of detected
Se-containing particles was lower but still showed the same trend among
organs with higher numbers in spleen and kidney with 235.7-107
+13.8:107 and 36.9-107 + 0.5-107 Se particles-g w.w., compared to
only minor amounts in muscle (1.42-10° + 4.53-10° Se particles-g™ w.
w.), which should be considered <LOQpnumber- We consider the similarity
of the occurrence patterns of Hg- and Se-containing particles a good
indicator of the presence of HgSe particles in different organs of ABFT.
Likely, they are formed following in vivo MeHg demethylation similarly
as suggested for mammals [26] and seabirds [34,68], exhibiting in vivo
MeHg demethylation. Even muscle tissue with high %MeHg, contained
particles as also reported for marine mammals [69,70]. In muscle tissue
of European Seabass Dicentrarchus labrax exposed to moderate levels of
MeHg, changes in §2°?Hg indicated Hg detoxification activity [43],
possibly resulting in biomineralization. However, redistribution of bio-
mineralized HgSe from other organs and internalization of HgSe parti-
cles via the diet cannot be ruled out, even though dietary uptake was not
detected in rats [71].

The number of Hg-containing particles per mass reported by Suzuki
et al. [48] for muscle of individuals of their tuna-swordfish group was
comparable to our findings, considering differences in sample prepara-
tion and instrument settings (17.7 vs. 9.6 + 1.0-107 particles~g'1 W.W.).
In spleen and kidney, our counts of Hg-containing particles were
significantly higher. Our measured mean particle size (assuming solid
spherical HgSe particles with a density of 8.27 g/cm?, particle detection
threshold ~24.5 nm [PDT/LOQgsi.], background equivalent diameter
[BED] ~10 nm, monitored isotope 202Hg) in muscle tissue of 27.9
+ 0.1 nm is virtually identical to the earlier reported 29 nm in tuna
muscle [48]. In spleen and kidney, the mean particle size was somewhat
larger with 44.0 + 0.2 and 42.5 + 0.0 nm, respectively (See Fig. S3 for
particle size distributions). It is important to note that sp-ICP-MS is
generally not able to measure the entire particle size distribution due to
methodological restrictions, such as instrumental sensitivity and/or
elevated background from dissolved species, as also reported earlier by
others [48]. Since the sensitivity of the instrumentation for Se was
significantly lower compared to Hg, the LOQsi,. increased to about
86 nm, with a BED of ~34 nm. Based on the Se-measurements, the mean
HgSe particle sizes were larger with on average 107.5 + 0.7 and 111.6
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+ 1.0 nm in spleen and kidney, respectively. There were only 3.0 & 1.4
particles detected in muscle during the Se measurement with a mean size
of 134.2 + 36.0 nm. The latter finding was to be considered below
LOQnumber- For Hg- and Se-based measurements, the number of particles
detected was increasing with decreasing particle size, peaking at or
around the particle detection threshold, which represents a LOQs;z. This
means that the real mean particle size will be somewhat lower for pHg
and significantly lower for pSe. The single largest presumed HgSe par-
ticles detected in individual analyses based on monitoring Hg were 181
+ 11 nm, 180 + 25 nm and 96 + 26 nm for spleen, kidney, and muscle,
respectively. Measurements in muscle are, as mean size, in good
agreement with the 90 nm maximum size reported by Suzuki et al. [48].
However, based on Se measurements, the single largest presumed HgSe
particles detected were in all cases significantly larger with 361
+ 22 nm, 260 + 30 nm and 162 + 17 nm, respectively. This mismatch
indicates towards the largest Se-containing particles not being HgSe but
a not-yet identified Se-based particle species. Also, the ratio of pSe to
pHg points towards the existence of other Se-containing particles, after
manually adjusting PDT for Hg to a comparable level as for Se.
Considering the spleen samples measurements with optimized PDT for
Hg and Se individually, we found the particle number ratio to be close to
1 (4305.7 ( £+ 251.3) pSe: 4566.7 ( + 134.1) pHg ~ 0.94 pSe:pHg), as
one would expect for HgSe particles. However, the PDT for Se is
significantly higher, due to the lower sensitivity of the ICP-MS towards
Se. This, on the other hand, results in a lower LOQji,. for pHg and causes
more particles of the large fraction of small pHg present in the sample to
fall into the measurable range. After raising the PDT for Hg to the same
size limit as for Se, under the assumption of HgSe particles being
measured, the number of pHg detected significantly decreased to 149.7
( & 21.5). This resulted in a pSe:pHg ratio of 28.8, which is close to the
Se:Hg molar ratio of 26.4 measured in the respective individual. For
kidney samples the trend is similar, however, less pronounced with the
Se:Hg particle ratio changing from 0.22 to 5.83, ending up at roughly
half of the Se:Hg molar ratio of 12.1 measured in the respective sample.
This indicates the presence of a large amount of pSe, not associated with
Hg. For muscle, too few particles were detectable to draw any conclu-
sions. The high Se to Hg particle ratio in kidney and spleen suggests that
selenium-containing particles of other trace elements than Hg are being
formed, which could be addressed in future studies. An alternative
explanation would be a non-stoichiometric particle composition of
Hg,Sey, withy > > x. Compared to the findings in marine mammals [26,
70], our detected particles are much smaller in size. This might be due to
higher concentrations of Hg in marine mammals and/or that the
investigated animals were older, as larger and more particles were
detected in adult pilot whales compared to the juveniles. The varying
presence of HgSe particles in different organs has implications for our
understanding of Hg concentrations, as it was shown that HgSe have low
bioavailablity and toxicity [71], although some negative effects on im-
mune system and lipid metabolism is reported in rodent models
implying the importance for food risk assessment [72,73]. In blue Marlin
muscle, a much higher proportion of IHg was found compared to ABFT
and it was mainly complexed as Hg(Sec)4 and HgSe, likely changing the
bioavailability and toxicity of Hg significantly [35].

3.4. Organ distribution of selenium

The concentration of total selenium (TSe) varied substantially be-
tween the lean muscle, kidney, and spleen respectively equal to 2.4
+ 0.5, 66 + 15, and 305 + 125 mg/kg d.w. (Mean + SD, n = 3). In
contrast, the concentration of SeMet varied less with the highest con-
centrations in kidney (1.2 + 0.3 mg/kg d.w.) and similar concentrations
in lean muscle and spleen (0.75 + 0.26 and 0.75 + 0.09 mg/kg d.w.
respectively) (Fig. 1). The concentrations of SeMet are in accordance
with a previous speciation study, showing SeMet concentrations around
0.5 mg/kg in the edible part of longtail tuna Thunnus tonggol [74]. In
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pilot whales, it has been shown, that SeMet was depleted in liver and
brain of adults compared to juvenile individuals, whereas Se-cysteine
concentrations were maintained constant during time, and
Se-cystathionine and inorganic Se concentrations were increased in
adult individuals [26]. It has been argued that SeMet, which is consid-
ered the biological pool of Se, is used to mitigate the harmful effects
caused by MeHg exposure, by providing a supply of Se which can bind to
MeHg [75]. However, if the rate of binding of Se to MeHg is higher than
the uptake, SeMet may become depleted [75]. It was hypothesized that
MeHg toxicity is initially reflected in increased levels of SeCysteine in-
termediate species, followed by depletion of SeMet and lastly by a
decrease in SeCysteine [26]. SeMet depletion might also have negative
effects on fish health, as Se is an essential micronutrient required for
metabolic processes in fish [76]. The SeCysteine was not analyzed in our
study, due to methodological and instrument limitations. However, Se
species other than SeMet were detected in the enzymatic extracts,
particularly for the spleen and kidney tissues when analyzed by
HPLC-ICP-MS, but not identified (Fig. S4).

Our results could not confirm a lower concentration of SeMet in
tissues with high concentrations of HgSe particles (kidney and spleen)
compared to a tissue with low particle concentrations (muscle) in adult
ABFT. However, the ratio of SeMet to total Se is much higher in muscle
tissue (30.9 + 5.3 %) compared to kidney and spleen (2.0 + 0.7 and 0.4
=+ 0.2 %, respectively) (Fig. 1). Furthermore, total Se was determined in
the enzymatic digests to assess how much Se was solubilized with pro-
tease (SolSe) for the different tissues, representing organic Se chemical
forms [55]. The average recovery for SolSe fractions ranged from 27 to
72 %, with highest Se recovery for the muscle tissues (Fig. 1). The higher
percentage of Se to total Se in the soluble protease extracts for the
muscle tissue compared to kidney and spleen (Fig. 1) may be explained
by these tissues having different structures and functions and containing
other Se forms than muscle tissue. In muscle tissues of marine fish
species, SeMet is often the major Se form [77]. Another organic Se form
identified in muscle of tuna is selenoneine, accounting for up to 42 % of
TSe [78]. Several Se chromatographic peaks, beside SeMet, were
detected in the kidney and spleen of the ABFT (Fig. S4) suggesting the
presence of low-molecular Se species, e.g. selenosugars, however, not
identified. In a recent comprehensive study of the Se metabolism in rats,
Se was found to accumulate as low-molecular weight selenosugars and
as selenosugar-decorated proteins in the liver of the animals fed a graded
diet of SeMet [79]. Overall, the lower ratio of SeMet to total Se for
kidney and spleen combined with the higher HgSe particle concentra-
tions in the same organs, may indicate that more Se is used for particle
formation. This would then confirm previous hypotheses suggesting a
potential role of SeMet in detoxifying MeHg [75]. The lower SolSe
fractions for the kidney and spleen may also support the presence of
more inorganic, or non-proteic forms of Se in these tissues, however,
more studies are needed to confirm this.

The much higher Hg concentrations in marine mammals [26,69]
compared to ABFT may induce a higher degree of detoxification and
explain the higher extent of SeMet depletion and may also explain the
much higher Se:Hg molar ratio observed in the tissues of ABFT. We
observed Se:Hg molar ratios ranging from 4.6 + 3.9 in lean muscle to
67.4 + 54.1 in bile (Table 1). In whales, the Se:Hg molar ratio in adults
was reported to be close to 1, and significantly higher in juveniles [26].
With accumulating Hg concentrations and parallel biomineralization of
HgSe, the Se:Hg molar ratio of particle rich tissues will be dominated by
the ratio in the particles, which is theoretically expected to be close to 1.
This indicates, that the Hg concentrations and %pHg in ABFT tissues
may not have been high enough to see a correlation between Se:Hg
molar ratios and THg concentrations.

3.5. Organ-specific mercury isotope signatures

3.5.1. Mass-independent fractionation
The detected differences in 82°2Hg and stable A!°°Hg signals
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between organs suggest in vivo demethylation of MeHg in several organs
of ABFT. Little variation was observed in A!°°Hg between both, indi-
vidual fish, and organs (Table 1) ranging between 1.3 and 1.5%c (F=
0.81, p > 0.64). It is widely accepted that no in vivo MIF is induced by
the Hg metabolic processes in biota [33,80] and the low variation in
A'%°Hg observed within the wide set of tissues in ABFT suggests that the
origin of Hg between organs and individual ABFT is similar, as reported
earlier for internal organs of other marine taxa [25,81,30]. The low
variability in MIF between the different organs in ABFT suggests that
also less valuable and easier available tissues can be used for further
studies on source apportionment using Hg stable isotope signatures. This
is of importance when sampling ABFT tissues due to the high price and
low accessibility (see supplementary Section 6.1 for further discussion of
MIF).

3.5.2. Mass-dependent fractionation and in vivo demethylation

Stomach, kidney, and spleen had the lowest mean values of §2°2Hg
with — 0.38 + 0.33, — 0.66 + 0.30 and — 0.97 + 0.28%o respectively,
which were all negative, while all other tissues had positive mean
52°2Hg values. Heart and lean muscle had the highest values of 0.68
+ 0.11 and 0.84 £ 0.2%o, respectively (Table 1, Fig. 2). In addition, a
good correlation between 52°?Hg and %MeHg was found (R=0.89,
p < 0.001)(Fig. 3) and also patterns in single individuals followed the
same trends (Fig. S4). In mammals, lighter isotopes are favored in the
demethylation process [31], and internal demethylation activity will
result in a net lower §2°?Hg in tissues with a high demethylation activity
or storage of its products. The final product is suggested to be bio-
mineralized particulate HgSe, as found in marine mammals and birds
[36], and in the present study also in different organs of fish.

Earlier studies argued that a lower §2°Hg in liver compared to
muscle might be due to lower %MeHg in liver, as IHg was shown to have
lower §2°2Hg than MeHg in environmental samples and that the change
in §2°2Hg happened before entering the fish [40]. However, in envi-
ronmental samples, A'°’Hg was changed simultaneously, which also
should change the A'°°Hg in organs, which we did not observe here.
Also, we do not expect that the IHg detected at high concentrations in
several of the investigated organs originates from dietary intake in a
pelagic predator. As discussed earlier, our high %MeHg in liver suggests
that investigated ABFT were not foraging in a heavily contaminated
environment, and therefore no significant dietary exposure to IHg is
expected. And even if so, it has been shown that ingested IHg may not be
distributed to other than intestinal organs [82] and is excreted rather
rapidly from biological tissue [83].

Investigations on demethylation of MeHg in fish are not consistent
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and arrive at different conclusions, while evidence for demethylation
has been increasing over the last decade. In freshwater fish, Wang et al.
[84] did not detect demethylation and instead, methylation of Hg was
observed. In a marine fish species, however, an exposure study with
dietary MeHg exposure provided strong evidence for demethylation
taking place in vivo [47]. Using Hg speciation by HR-XANES spectros-
copy, Manceau et al. [29] detected Hg(Sec)4 in the liver, but not muscle
of freshwater fish and considered in vivo demethylation as the most
direct interpretation of their findings. Laboratory feeding experiments
measuring Hg stable isotope signatures mainly found equilibration to
food, indicating absence of internal demethylation in fish [37-40]. The
actual observed small scale differences were attributed to the different
amounts of MeHg, with higher 52°?Hg and A'°°Hg in natural environ-
mental samples compared to IHg [85,86]. Yang et al. [41] reported MIF
between liver and muscle of the same individuals of Notothenia coriiceps
while MDF was constant, and attribute the changes to the specific
accumulation of MeHg and IHg rather than internal processes. A positive
shift in §2°Hg in liver was found in a feeding experiment by Lee et al.
[40]. However, they attributed the positive 6202Hg to the preferential
redistribution of IHg with lower §2°2Hg rather than demethylation in the
fish. Feng et al. [37] observed a consistent A'®’Hg and a much lower
5292Hg in the feces of fish fed with pellets compared to the estimated
5292Hg of THg in the food and proposed this to be due to MDF possibly via
internal demethylation. As this was not seen in the tissues, it was argued
that potential MDF may be diluted by the isotopic composition of the
MeHg in food, which is efficiently assimilated and integrated into
various fish tissues [37]. In two field studies on large predatory species,
a difference in 2°2Hg between muscle and liver was found, while
A°Hg was constant, indicating internal demethylation [44,45]. Also a
controlled MeHg exposure study with European seabass concluded on
that demethylation was happening, due to a negative shift and changes
in the turnover rate of §2°2Hg [43]. Considering isotopic changes in both
IHg and MeHg, Wang et al. [46] also found indications of demethylation
in fish. In two sympatric shark species, a difference of more than 1 %o
52°2Hg in muscle of these predators compared to their preys may also
indicate in vivo MeHg demethylation [42]. Lower A'?°Hg/520%Hg slopes
in muscle of adult pacific bluefin tuna compared to juveniles might also
be explained by in vivo demethylation if the demethylation would in-
crease significantly with age [87].

Compared to the span of MDF of ~3 % in 52°?Hg observed in aquatic
mammals across different tissues (brain, muscle, heart, intestine, dia-
phragm, pancreas, and hair) [25,33,88,31], the span found in ABFT is
smaller with 1.81 %o in §2°?Hg. Also for tusk, where liver and muscle
tissues were measured, a difference of on average 1 %o in 52°2Hg was
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found between the two tissue types [45], similar to European seabass,
with an observed maximum of 1.08 %o [44]. For ABFT the difference
between muscle and liver §2°Hg was insignificant (p = 0.37) and
averaged 0.3 %o. The lower net extent of MDF in ABFT compared to
mammals might be due to lower THg accumulation levels and therefore
less detoxification activity. Manceau et al. [29] reported in freshwater
fish, birds and earthworm Hg(Sec)4 as precursor before biomineraliza-
tion, suggesting a similar mechanism of demethylation in the different
phyla. However, for fish, studies quantifying the according changes in
5202Hg are absent making it difficult to disentangle the net change in
5202Hg as a result of the two steps. Applying the regularized inversion
calculation, as introduced by Manceau et al. [89], to infer the 5292 and
fractions of the Hg species in different organs of pilot whale based on
measured §2°°THg and %MeHg, resulted in inconsistent much lower
calculated %HgSe than our actually measured %pHg in kidney and
spleen. For giant petrel, an average 52°2Hg shift between MeHg and Hg
(Sec) of — 4.1 %o was reported followed by + 1.6 %o during biominer-
alization [34] applying mathematical inversion of isotopic and spec-
troscopic data, and validated by §2°2MeHg measurements on a subset of
tissues. For the same species and samples, applying species-specific
isotopic measurement of HgSe particles, Queipo-Abad et al. [68] also
observed a negative 52°?Hg shift of 2-3 %o during demethylation, but
found no isotopic fractionation during biomineralization. This high-
lights the need for further studies on the stepwise shift of §2°?Hg caused
by Hg detoxification to understand net changes in 52°Hg in different
phyla.

In pilot whales, stable isotope data of Hg suggested that HgSe bio-
mineralization and the redistribution of IHg, rather than demethylation
is forming the variation in §2°2Hg seen in the liver at late life stages [25,
88]. Mercury accumulated with age in whale liver, and it was suggested
that the more labile IHg with a lower §2°2Hg is exported to other organs,
increasing the §2°?Hg in the residual THg in old whales. The relatively
high §2°Hg found in ABFT liver might result from a similar mechanism
of redistribution of Hg as a protective measure against Hg toxicity in

liver as observed in zebrafish liver, and accompanied by enrichment in
heavier Hg isotopes [37], covering the decrease of §2°2Hg due to internal
demethylation. Decreasing THg and MeHg concentrations in liver of
freshwater tilapia in the depuration phase of an exposure study was also
suggested to be due to redistribution of MeHg and THg from liver to
other organs, especially muscle [84]. Assuming the stepwise detoxifi-
cation mechanism of MeHg in fish including demethylation followed by
biomineralization accompanied by first a decrease and afterwards in-
crease of §2°Hg during biomineralization [33], another explanation is
possible: Even though demethylation takes place in the liver, the bio-
mineralization process may be dominant in liver tissue and therefore
increase 6202Hg in the large ABFT investigated here. However, we found
high concentrations of particulate Hg in kidney and spleen with the
lowest §2°2Hg values, suggesting high demethylation activity or depo-
sition of its products in these organs. Suzuki et al. [48], only analyzing
muscle tissue suggested that particle formation is occurring regardless of
the degree of demethylation in the respective organs, as they did not
detect a dependency of the formation of Hg containing particles with
THg muscle concentration in different fish species. We found the highest
%pHg and %pSe in tissues with the lowest §2°?Hg, indicating higher
potential demethylation activity.

Our results highlight the organ specificity of Hg detoxification and
that simultaneously investigating several organs is a useful approach.
Wang et al. [47] found that contrary to earlier suspicions of liver being
the main site for demethylation, as a main detoxification organ, the
intestine may play a more important role. In a recent study on cuttlefish,
the highest rate of in vivo MeHg demethylation was found in digestive
gland, and low activity in gut [90]. In whales, kidney and liver §2°Hg
were rather similar [25], while we found a large difference in ABFT.
Future investigations regarding metabolic processes and cycling of Hg in
biota will benefit from considering a more diverse array of organs
compared to simply focusing on muscle tissue and liver. Furthermore,
the differences in §2°2Hg between liver and muscle, together with the
varying content of %MeHg in the liver in different fish species suggests
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that the metabolic processes involved in Hg cycling are also highly
context and species specific. Collectively, these data suggest that
different species rely on different organs to support MeHg detoxifica-
tion, and that demethylation of MeHg is a widespread phenomenon in
nature [29].

4. Conclusions

The application of organ-specific Hg and Se speciation determina-
tion, Hg stable isotope analysis and Hg and Se particle measurements in
several different tissues provided further understanding of Hg meta-
bolism dynamics in ABFT. While mass dependent fractionation (denoted
by 52°2Hg) was bidirectionally affected by in vivo demethylation in the
different tissues, mass independent fractionation (denoted by A199Hg)
was stable. Furthermore, we detected particulate Hg and Se in the or-
gans with a high demethylation activity, and in lower numbers in
muscle, where no demethylation was expected, as indicated by the Hg
stable isotope signature. Collectively, our data provide evidence of
organ specific in vivo MeHg demethylation in ABFT with an involvement
of spleen and kidney. This suggests similar metabolic processing of Hg as
reported for marine mammals and waterbirds with a two-step detoxifi-
cation process including demethylation of MeHg followed by biomin-
eralization of particulate HgSe. MeHg detoxification was highly organ
specific, and hence, considering multiple tissues is important for
mechanistic understanding. Further research is needed on the role of
liver and sequence of demethylation and biomineralization and storage
of the products in the different organs. Additionally, the low observed
variability of organ specific A'°°Hg values suggested that most tissue
types could be used for MIF signature analyses to study source appor-
tionment dynamics.

Environmental implications

In our study we focused on the detoxification of MeHg, considered a
legacy contaminant threatening environmental and public health
driving fish consumption advisories worldwide. Research on the
detoxification mechanisms of MeHg mostly focused on seabirds and
marine mammals, and not fish, despite their relevance for public health
via seafood consumption and large biomass, and importance for mer-
cury cycling and environmental health. Knowledge on the distribution
of Hg and Se particles and mercury speciation in biota is important for
the implementation of Hg monitoring, and data on Hg isotope signatures
is needed for the interpretation of source apportionment to pursuit the
risk posed by MeHg.
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