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The mechanism of Hg metabolism in
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High exposures of mammalian species to inorganic mercury (Hg") and methylmercury (MeHg) have been asso-
ciated with adverse effects on behavior and reproduction. Different mammalian species exhibit varying re-
sponses to similar external exposure levels, reflecting potential differences in Hg toxicokinetics. Here, we use
Hg stable isotopes, total Hg, MeHg and selenium (Se) concentrations measured in multiple tissues of North Atlan-
tic pilot whales (Globicephala melas) to investigate processes affecting the distribution and accumulation of Hg"
and MeHg. We find that simple mixing of two distinct isotopic end-members: MeHg (1.4%.) and Hg" (—1.6%o)
can explain the observed variability of 6°°°Hg in brain tissue. A similar isotopic composition for the MeHg end-
member in the brain, muscle, heart, and kidney suggests efficient exchange of MeHg in blood throughout the
body. By contrast, the Hg isotopic composition of the liver of adult whales is different from younger whales
and other tissues that follow the two-end member mixing model. Measured Se:Hg ratios are lowest in adult
whales with the highest levels of MeHg exposure. In these individuals, Se availability is likely reduced by com-
plexation with demethylated Hg'.. We speculate that this results in a higher fraction of labile Hg" eliminated
from the liver of adult whales compared to young whales and subsequent redistribution to other tissues, poten-
tially affecting toxicity.
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1. Introduction

Methylmercury (MeHg) is a potent neurotoxicant that biomagnifies
in food webs. Dietary ingestion is the major exposure pathway for MeHg
in animals and humans (Hall et al., 1997; Mergler et al., 2007). Many
marine mammal populations are exposed to high levels of MeHg,
which has been linked to both neurotoxicity and liver lesions (Rawson
et al., 1993; Dietz et al., 2013). Large differences in Hg concentrations
and speciation have been documented within and among mammalian
species (Ostertag et al., 2013). Past studies have reported that total Hg
concentrations in brain tissues of fish-eating mammalian species vary
by almost six orders of magnitude (Haines et al., 2010b; Krey et al.,
2012). In some wildlife (adult polar bears, mink, and otters), Hg in
brain tissue is predominantly MeHg (>83% of total Hg) (Basu et al.,
2009; Haines et al., 2010b; Krey et al., 2012). By contrast for adult
toothed whales and dolphins, Hg in brain tissue is mainly inorganic
Hg (Hg"" > 75% of total Hg), likely reflecting internal demethylation of
MeHg (Huggins et al.,, 2009; Lemes et al., 2011; Nakazawa et al,,
2011). Sensitivity to similar external exposure levels has been reported
to differ dramatically among mammalian species. For example, Hg con-
centrations exceeding 10 ug g~ ! have been measured in the brains of
toothed whales, but acute poisoning and death have been reported in
humans at only 1-3 pg g~ ! Hg (Korbas et al., 2010; Dietz et al., 2013).
Differences in Hg speciation and concentrations in the brain and sensi-
tivities to exposure are suggestive of variability in Hg transport and me-
tabolism within and across species.

Hg metabolism in mammals is not fully understood. Thiol and
selenol-containing biomolecules are believed to play major roles by fa-
cilitating transformation and transport of Hg species due to their strong
binding affinity for inorganic Hg (Hg") and MeHg (Wang et al., 2012).
Hg!" and MeHg complexes with selenols may be more thermodynami-
cally stable than their thiol analogs because selenols are more powerful
nucleophiles than thiols (Wang et al., 2012). High levels of inert mercu-
ric selenide nanoparticles HgSe(s), are commonly found in marine
mammal tissues such as the brain and liver, suggesting Se may mediate
Hg toxicokinetics (Huggins et al., 2009; Lemes et al., 2011; Nakazawa
et al., 2011; Gajdosechova et al., 2016). Laboratory experiments show
that selenoamino acids chemically interact with MeHg and eventually
convert MeHg to HgSe(s) (Yang et al., 2008; Khan and Wang, 2010).
However, HgSe(s) nanoparticles and Se speciation in biological tissues
are difficult to accurately quantify due to analytical challenges with
solid precipitates (Ewald et al., 2018). Typical measurements of Hg spe-
cies in marine mammal tissues only include MeHg and total Hg concen-
trations and thus cannot fully elucidate toxicokinetic processes.

Hg isotopes provide a powerful new tool for investigating Hg
sources, biogeochemical processes, and Hg metabolism (Laffont et al.,
2011b; Sherman et al., 2013a; Li et al., 2014, Feng et al., 2015; Perrot
et al,, 2016; Masbou et al., 2018). Both mass-dependent fractionation
of Hg isotopes (MDF, reported as 6?°?Hg) and mass-independent frac-
tionation (MIF, reported as A'®°Hg) occur in natural environments. All
seven Hg stable isotopes undergo MDF as the result of many physical,
chemical, and biological processes (Bergquist and Blum, 2007; Estrade
et al., 2009; Kritee et al., 2009; Rodriguez-Gonzalez et al., 2009; Zheng
and Hintelmann, 2009; Sherman et al., 2010; Ghosh et al., 2013). MDF
has been reported during in vivo Hg methylation and demethylation
processes when lighter Hg isotopes are preferentially biotransformed
(Kritee et al., 2009; Rodriguez-Gonzalez et al., 2009; Janssen et al.,
2016). Consistent enrichment of §2°?Hg (1-2%.) in mammalian muscle
and human hair relative to dietary exposure sources has been widely re-
ported and is thought to reflect in vivo demethylation of MeHg (Laffont
et al,, 2011b; Sherman et al., 2013a; Li et al., 2014; Perrot et al., 2016).
Batch experiments showed that lighter isotopes of Hg' in solution pref-
erentially bind with thiol groups (Wiederhold et al. 2010). The MDF as-
sociated with other Hg toxicokinetic processes such as MeHg-thiol or
-selenol formation remains unknown. MIF of the odd-mass-number iso-
topes ('°°Hg and 2°'Hg) occurs predominantly during photochemical

reactions and is thought to be unaffected by dark biological processes,
including Hg metabolism (Bergquist and Blum, 2007; Kwon et al.,
2012; Perrot et al., 2016).

The main objective of this study was to better understand factors af-
fecting the distribution and accumulation of Hg" and MeHg in mamma-
lian tissues. We hypothesized that speciated Hg accumulation would
vary across tissues and life stages of whales and would be assoa mea-
sured Se concentrations. To test this hypothesis, we measured concen-
trations of total Hg, total Se, MeHg, and Hg stable isotopes in the brain,
kidney, liver, heart, and muscle of seven North Atlantic pilot whales
(Globicephala melas) from a single pod. Pilot whales in the same pod
have a high degree of group stability and forage together (Aguilar
etal., 1993; Amos et al., 1993; Visser et al., 2014), allowing our study de-
sign to minimize Hg isotopic variability originated from dietary MeHg
exposure sources (Li et al., 2014).

2. Materials and methods
2.1. Sample collection

Soft tissues (brain, heart, kidney, liver, and muscle) from seven long-
finned pilot whales were collected by the Museum of Natural History in
the Faroe Islands during the summer of 2016 and were frozen at —20 °C.
Frozen tissues were subsampled and shipped to Harvard University for
analysis, following all ethical protocols for sampling and international
conventions for species protection (National Marine Fisheries Service
Permit No. 17278-01). We obtained muscle tissues for the primary
prey items of pilot whales from the Faroese Marine Research Institute
(Desportes and Mouritsen, 1993). Samples included blue whiting
(Micromesistius poutassou, n = 7), oceanic squid (Todarodes sagittatus,
n = 7), and greater argentine (Argentina silus, n = 5). All tissues were
freeze-dried and homogenized before chemical analyses.

2.2. Age determination

We used the length of each whale to estimate their age, following
the cetacean growth curve equations for female and male whales
based on the Laird/Gompertz model (Bloch et al., 1993). Details of
growth equations can be found in the Supporting Information (SI).
Pilot whales achieve sexual maturity when body lengths reach
378.8 £ 2.5 cm (mean 4 SD) for females and 493.8 4+ 4.6 cm for
males (Bloch etal., 1993). We used these length thresholds to categorize
whales as juveniles or adults.

2.3. Total Hg, MeHg, and Se analysis

We measured total Hg concentrations in the skeletal muscle, heart,
and brain tissues of pilot whales by thermal decomposition, amalgam-
ation, and atomic absorption spectrophotometry (EPA method 7473)
using a Nippon MA-3000 Direct Mercury Analyzer (DMA) (U.S. EPA,
2007). To minimize potential carryover issues, the instrument was
purged twice between each sample and two blanks were run before
sample analysis. Certified reference materials (CRMs: DORM-4 fish pro-
tein, DOLT-5 dogfish liver, and PACS-3 marine sediment) were tested
every six samples. Average recoveries were 97%, 100%, and 108% for
DORM-4 (n = 1), DOLT-5 (n = 8), and PACS-3 (n = 8), respectively.
The analytical uncertainty of sample duplicates was 3 + 3% (mean =+
SD; n = 12). Liver and kidney samples had very high total Hg concentra-
tions that exceeded the calibration range of the instrument. We there-
fore digested and diluted these samples with DI water before analysis
on the DMA. Certified reference materials were prepared and measured
in the same way and the average recoveries were 112%, 96%, and 85% for
DORM-4 (n = 2),DOLT-5 (n = 1), and PACS-3 (n = 2), respectively. Ad-
ditional details on methods and QA procedures are provided in the SI.

Methylmercury concentrations in all samples were measured using
isotope dilution on a Tekran 2700 MeHg auto-analyzer coupled to a
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Thermo iCAP-Q ICP-MS following the methods described in Li et al.
(2016). Two certified reference materials (DORM-4 and DOLT-5) were
used to check ongoing precision and recovery (OPR) standards every
15 samples. DORM-4 (n = 2) and DOLT-5 (n = 2) recovery ranged
from 96% and 115%, respectively. The analytical uncertainty of sample
digestion duplicates was within 4% (n = 4).

Total Se concentrations of all tissues were analyzed using methods
modified from Evans et al. (2016) and Ashoka et al. (2009). Briefly, we
digested samples with 3 mL nitric acid and 1 mL hydrogen peroxide
for 24 h at room temperature, heated the digest at 85 °C for 45 min,
and diluted samples with deionized water after 24 h. We measured Se
concentrations in the samples using a Thermo iCAP-Q ICP-MS in kinetic
energy discrimination mode (KED) to minimize interference. Certified
reference materials (DORM-4 and DOLT-5) were treated and measured
in the same way as samples. The average recoveries were 82% and 88%
for DORM-4 (n = 2) and DOLT-5 (n = 2), respectively. We adjusted
the Se concentration of each sample to 100% recovery using an average
recovery of 85%, following procedures established in prior studies
(Haines et al.,, 2010a; Evans et al., 2016).

2.4. Mercury stable isotope analysis

Samples were prepared following previously established protocols
for processing fish and whale tissues and analyzed using a Neptune
Plus multicollector inductively coupled plasma mass spectrometer
(MC-ICP-MS) (Laffont et al., 2009; Perrot et al., 2010; Li et al., 2016).
Briefly, approximately 0.1-0.2 g of freeze-dried and homogenized sam-
ples were digested at 120 °C for 6 h using a 2 mL acid mixture (HCl/
HNO; = 1:3, v/v) and then were diluted to 1 ng mL™! for Hg isotope
analysis. The sample introduction system and analytical methods for
stable Hg isotope analysis follow previous studies (Li et al., 2016; Yin
et al., 2016). Data nominations follow the protocols developed by
Blum and Bergquist (2007). MDF is expressed using 6°°*Hg notation
(Eq. (1)). MIF is expressed as the difference between the measured 6-
**Hg value and the value predicted based on MDF and the 2°’Hg
value (Egs. (2) and (3)) (Blum and Bergquist, 2007).

APHg ~ 52THg— (8202Hg x 047520) 3)

CRMs (DORM-4, DOLT-5) were prepared and analyzed in the same
way as the samples. The UM-Almadén standard solution
(1.0 ng mL~!, diluted in 10% aqua regia) was measured once every 10
samples. The measured Hg isotopic composition of UM-Almadén
(6°°?Hg = —0.52 + 0.03%., A!®°Hg = —0.02 £ 0.02%,, mean + SD;
n = 11) and DORM-4 (6*°?Hg = 0.55 + 0.02%., A'°Hg = 1.61 +
0.04%., mean 4 SD; n = 5) agreed well with prior work (Bergquist
and Blum, 2007; Li et al., 2016; Madigan et al., 2018). We measured
for the first time the isotope ratios of a dogfish liver standard DOLT-5
(6°?Hg = 0.12 & 0.04%, and A'*°Hg = 0.64 + 0.05%., mean + SD;
n = 5). Details of the Hg isotopes measured in all CRMs and a compar-
ison with previous DOLT reference material are provided in Table S1.

3. Results and discussion
3.1. Accumulation patterns differ between MeHg and Hg'" in whale tissues

Fig. 1 shows MeHg concentrations in all tissues were higher in older
individuals up to whales of approximately 10 years of age, after which
concentrations appear to plateau (blue symbols, Fig. 1, Table S2). In
skeletal muscle and heart tissues, over 90% of the total Hg is present
as MeHg. Thus, both total Hg and MeHg show the same pattern in
these tissues. By contrast, brain, liver, and kidney tissues from older
whales contain a much greater fraction of Hg" (~90% of total Hg) than
MeHg. The increase in total Hg concentrations with age reflects contin-
uous accumulation of Hg!' in these tissues over their lifetime (Fig. 1 A-C),
as has been similarly observed for other marine mammals (Masbou
et al, 2015; Masbou et al., 2018).

MeHg is the only Hg species that crosses the blood-brain barrier
(Aschner and Aschner, 1990; Bridges and Zalups, 2010). Hg" in the
brain is thus a product of demethylated MeHg that is trapped by the
blood-brain barrier and accumulates over time as the whales age. Previ-
ous work has suggested that in the brain of toothed whales and dol-
phins, MeHg is continuously demethylated to Hg" and subsequently

822 Hg — [202/ 198 Hg ampte/ 2% 198HgNIST3133—1} % 10%%o (1)  immobilized by formation of Se nanoparticles (HgSe(s)), resulting in
Hg" accumulation (Huggins et al., 2009; Lemes et al., 2011; Nakazawa
199010 0 5199170 (5202 et al.,, 2011; Gajdosechova et al., 2016). Our results are consistent with
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Fig. 1. Concentrations of methylmercury (blue, MeHg), inorganic Hg (black, Hg") calculated by subtracting MeHg from measured total Hg, total selenium (orange, Se) in pilot whale tissues.
Squares indicate males and circles indicate females. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Se:Hg molar ratios measured in tissues of pilot whales with different ages. The dashed line indicates equal Se:Hg molar ratio.

liver were up to 19 times higher than those in the kidney and brain. The
liver is the primary organ responsible for producing selenoproteins in
mammals (Gladyshev, 2011). Our results suggest the liver is also the
dominant tissue where Hg" is immobilized by formation of Se
nanoparticles.

3.2. Selenium distribution across tissues varies by life stages

Measured concentrations of Se vary across whale tissues and life
stages and are significantly correlated with Hg!" concentrations in the
liver (r = 1.0, p < 0.001) and kidney (r = 0.8, p < 0.05) but not in
other tissues (Fig. 1, orange symbols). MeHg is weakly correlated with
Se concentrations in all tissues except the liver (r = 0.9, p <.05). In
liver tissues, Se and Hg" concentrations both increased with individual
age. In the liver of older whales, Se concentrations were up to 30-
times higher than the youngest whales (Fig. 1C). In brain and kidney tis-
sues, Se showed much smaller increases with age (~2 times) relative to
liver tissues (Fig. 1A&B). Extremely high concentrations of both Hg" and
Se were observed in the kidney of one adult whale 12 years of age
(Fig. 1B). Total Hg in heart and muscle tissues consisted predominantly
of MeHg. Se concentrations measured in these tissues did not increase
in older whales (Fig. 1D&E). Higher Se concentrations in heart tissue rel-
ative to muscle may result from a greater volume of circulating blood
carrying selenoproteins (Gladyshev, 2011). Among tissues, measured
Se concentrations were the highest in the liver except for the youngest
whale (<2 years) that had the highest concentrations in the kidney
(Fig. S1). This is consistent with prior work on Hg in ringed seals that
showed preferential partitioning of Hg" into the kidney of juvenile
ringed seals compared to adult seals (Ewald et al., 2018). Our results fur-
ther suggest that Se plays a role in partitioning of Hg species among tis-
sues in marine mammals.

Selenium-to-mercury (Se:Hg) molar ratios for all tissues were
highest in the youngest whales aged 2-5 years and approached unity
(1:1) in all organs in older whales (Fig. 2). The difference between
molar concentrations of Se and Hg varied across tissues and life stages
(Fig. S2). In brain tissue, the difference between molar concentrations
of Se and Hg gradually declined from 29 umol/kg in the 2-year-old
whale to 5 pmol/kg in a 45-year-old whale (Fig. S2A). Liver tissues
show a sharp increase in Se compared to Hg concentrations in young

whales between ages 2 and 10 years. In liver tissue from individuals
over 10 years of age, the difference between molar concentrations of
Se and Hg rapidly declined (Fig. S2B). In kidney tissues, the difference
between molar concentrations of Se and Hg appears to remain at ap-
proximately 100 pmol/kg across all individual ages in this study
(Fig. S2C).

3.3. Metabolic processes lead to variability in Hg isotopes

The A'®°Hg values measured in pilot whale muscle tissues in this
study (1.12 4 0.14%.) fall within the range of their common prey
items (Desportes and Mouritsen, 1993) from the same geographic re-
gion: oceanic squid (1.18 + 0.12%.), greater argentine (1.28 +
0.04%o), blue whiting (0.93 + 0.10%.) (Fig. 3). Fractionation of A'%*Hg
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Fig. 3. Stable Hg isotopes (A'°°Hg and 6°?Hg) measured in pilot whale tissues and typical
prey items (oceanic squid, blue whiting, and greater argentine). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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has been established as a good proxy for the foraging depth in oceanic
fish (Blum et al., 2013). Prior work shows the range of A!®*Hg measured
in fish ranges between 0 and 6%.. In this study, A'®°Hg values in whale
tissues and their common prey items are on the low end of the pub-
lished literature range. This suggests pilot whales forage at depths
where the accumulated MeHg has not undergone substantial
photodegradation prior to being taken up in the marine food web
(Bergquist and Blum, 2007). We found low variability in A'®°Hg
(range: 0.80 to 1.13%.) across tissues and whales in this study, which
confirms the similarity in dietary sources of MeHg across whales in me-
sopelagic waters (200-500 m) and the absence of in vivo MIF during di-
gestion and metabolism, as supported by previous work (Desportes and
Mouritsen, 1993; Rodriguez-Gonzalez et al.,, 2009; Laffont et al., 2011a;
Kwon et al., 2012; Sherman et al., 2013b; Li et al., 2014; National
Oceanic and Atmospheric Administration, 2019).

We measured large differences in §2°?Hg among pilot whale tissues
(~2.6%.) (Fig. 4). All tissue-specific 6°°2Hg values are positively corre-
lated with the fraction of Hg present as MeHg, except in the liver
(Fig. 4). Pilot whales obtain MeHg from dietary exposure. It is well
established that >90% of the total Hg in predatory fish, including the pri-
mary prey (squid, blue whiting, and other fish) of pilot whales, is pres-
ent as MeHg (Bloom, 1992; Storelli et al., 2003; Bustamante et al., 2006).
After dietary MeHg is absorbed in gastrointestinal tract, it quickly enters
the bloodstream and a large portion is transported to the liver where
demethylation occurs (Bridges and Zalups, 2005; Khan and Wang,
2009). The residual MeHg that has not been demethylated can be
reabsorbed in the gallbladder and intestinal tract and eventually circu-
late back to the bloodstream (Clarkson and Magos, 2006). MeHg stored
in muscle is the residual MeHg excreted from the liver following in vivo
demethylation (Perrot et al., 2016).

The depleted 52°?Hg signature of Hg" measured here in both the kid-
ney and the liver is consistent with preferential demethylation of MeHg
containing lighter Hg isotopes in these tissues. This results in a residual
MeHg pool with enriched §2°?Hg values (Fig. 4). Enriched 6>>Hg signa-
tures in the brain, heart, and muscle are consistent with transport of
enriched 62°?Hg in MeHg from the liver, through the bloodstream and
into other tissues.

Previous work has reported a consistent positive MDF of Hg between
muscle tissues of mammalian predators and their prey, which has been
attributed to metabolic processes in mammals (Laffont et al., 2011a;
Perrot et al., 2012; Sherman et al., 2013b; Li et al., 2014; Perrot et al.,

2016). The muscle tissues of pilot whales in this study are enriched by
an average of 0.55%. 6°°?Hg compared to prey species (Fig. 3). This is
lower than the previously reported MDFs between seals and their
prey (~1%.) and between human hair and seafood (~2%) (Laffont
et al, 2011a; Perrot et al., 2012; Sherman et al., 2013b; Li et al., 2014).
Hg isotope ratios in whale prey items are variable (range:
0.25-1.05%0). However, this is insufficient for explaining the much
larger MDF observed between human hair and seafood. We hypothesize
that the smaller MDF observed between whales and their prey com-
pared to humans reflects more metabolic and toxicokinetic pathway
(s) for MeHg in humans such as partitioning of Hg between blood and
hair and demethylation in hair follicles (Berglund et al., 2005;
Clarkson and Magos, 2006).

3.4. Toxicokinetics of MeHg in the brain

Brain tissues of juvenile whales in this study had higher %MeHg and
enriched 62°?Hg values compared to adults (Fig. 4). We find a strong lin-
ear correlation between §*°?Hg in the brain and ¥MeHg (R? = 0.94,
p <0.01). This indicates variability in 6°°>Hg can be described by the
simple mixing of two distinct end-members: MeHg (1.4%.) and Hg"
(—1.6%.) (Fig. 4). The Hg" end-member found in the brain must repre-
sent all Hg"" species present in the brain because neither labile Hg" nor
HgSe(s) can cross the blood-brain-barrier (Aschner and Aschner,
1990; Bridges and Zalups, 2010). The approximately 3.0%. difference
in 6°°2Hg between MeHg and Hg" in the brain is similar to the previ-
ously reported ~3.0% enrichment in MeHg relative to Hg" for seal tis-
sues (Perrot et al., 2016). Consistency in these values across marine
mammals suggests a similar toxicokinetic mechanism for MeHg de-
methylation across species.

The §%°?Hg values for the MeHg end-member in the brain align well
with those from muscle and heart tissues, indicating a similar source of
MeHg with constant 6°°?Hg values to all organs (Fig. 4). Bolea-
Fernandez et al. (2019) reported consistent 62°?Hg values
(0.96-1.27%.) in blood samples of pilot whales, similar to that of the
MeHg end-member in this study and higher than the §*°?Hg values of
total Hg in all other tissues (e.g., muscle, heart, liver, kidney). Efficient
exchange of MeHg between the bloodstream and various tissues
(Clarkson et al., 2007), including the brain, appears to homogenize the
Hg isotopic composition of MeHg end-member in tissues throughout
the whale body.

Dietary MeHg Sources: Squid, Whiting, Argentine ‘A
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Fig. 4. Relationship between 6°?Hg values across and within pilot whale tissues and the fraction of total Hg present as methylmercury (%MeHg) in different whale tissues. Brain tissue data
were used to develop the regression line shown in the figure (solid blue line; 5°°?Hg = —1.6 + 0.03(%MeHg), R> = 0.94, p < 0.001). The grey shaded region shows the Hg isotope
composition (mean = 1 SD) of typical whale prey items (oceanic squid, blue whiting, and greater argentine). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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3.5. Toxicokinetics of MeHg differ across life stages

Among liver tissues, we observed much larger inter-individual vari-
ability in 6°°*Hg values (1.4%o, ranging from —0.9 to 0.3%.) compared to
muscle, heart, and kidney tissues (<0.5%.). In the liver of juvenile
whales, 62°?Hg values decreased with greater total Hg concentrations
but the opposite pattern was observed in three out of four adults,
where 62°2Hg values increased with greater total Hg concentrations.
These differences suggest variability in 62°>Hg values across life stages
may be controlled by different mechanisms (Fig. 5A). Similar patterns
in isotopic composition across life stages have been observed in other
studies of pilot whales and beluga whales (Masbou et al., 2018; Bolea-
Fernandez et al., 2019).

We observed a decline in both §2°?Hg values and MeHg in the liver
of juvenile whales with increasing Hg exposures (Fig. 5A and Fig. S3).
This likely reflects preferential demethylation of MeHg with lighter Hg
isotopes that results in more Hg" with lower 6°°Hg values in the liver.
Prior work in pilot whales hypothesized that dietary shifts during
weaning may also lead to a depletion in 62°?Hg values in the liver
(Bolea-Fernandez et al., 2019). During the weaning period for pilot
whales (<7 years for males and <12 years for females) milk is gradually
replaced with small fish and squid (Desportes and Mouritsen, 1993).
Our data suggest this dietary transition would push §2°?Hg values in
the opposite direction because 62°’Hg values in pilot whale milk sam-
ples (0.14%.; Bolea-Fernandez et al. (2019)) are lower than those in
common pilot whale prey measured here (range: 0.25-1.05%.). There-
fore, we do not think the lower 52°Hg values observed in juvenile indi-
viduals with increasing Hg exposures as a function of age in this study
can be explained by dietary shifts during weaning.

For adult whales in this study, §**?Hg values in the liver increased in
older individuals. This is unlikely to reflect different dietary exposure
sources because all whales in this study were from the same pod and
thus encountered similar dietary sources of MeHg (Visser et al., 2014).
Similarity in adult whale dietary MeHg exposure is supported by their
consistent A'®*Hg values (Fig. 3). Almost all of the total Hg (96-98%)
measured in the liver of adult pilot whales consists of Hg'' species
(Fig. 5A). Thus, small differences in the fraction of MeHg should exert
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Fig. 5. Variability of (A) *°?Hg values and (B) the difference between molar
concentrations of Se and Hg in the liver as a function of total Hg concentrations. The
colour bar represents the MeHg in liver tissues.

little influence on liver §2°?Hg values. We therefore posit that preferen-
tial export of Hg! with lower §2°?Hg values to other organs is the most
plausible explanation for enriched 62°?Hg values of total Hg in this tis-
sue. Feng et al. (2015) observed a similar progressive enrichment in
heavier Hg isotopes in the liver of laboratory fish caused by redistribu-
tion of Hg" from the liver to other organs.

Since HgSe(s) is inert (Wang et al., 2012), a different Hg" species that
is labile must be transported out of the liver in adult whales following
demethylation. Wang et al. (2012) suggest this labile Hg" form consists
of Hg thiolic complexes Hg(SR), (e.g., Hg-cysteinates). Bolea-Fernandez
etal. (2019) found that HgSe(s) particles are enriched in heavier Hg iso-
topes (i.e., higher 6*°Hg) compared to labile Hg" in pilot whale liver.
Preferential export of labile Hg(SR), with lower §2°’Hg values relative
to HgSe(s) from the liver would leave a residual pool of Hg in the liver
of older whales with enriched 6*°?Hg values and could explain the ob-
served increasing 6*°?Hg values in older whales (Fig. 5A). Such a change
in the Hg" composition of whale liver is consistent with prior work
showing increases in the bound:labile Hg" ratios and the number of
HgSe nanoparticles with age (Gajdosechova et al., 2016).

3.6. New insights into the role of Se in Hg metabolism

Seleno-containing biomolecules are known to initiate or aid in MeHg
demethylation, leading to HgSe(s) formation in various tissues (Khan
and Wang, 2010; Wang et al., 2012; Zayas et al.,, 2014). Besides binding
and immobilizing Hg, Se is required for biosynthesis of essential amino
acids and enzymes (Gromer et al., 2005; Ralston and Raymond, 2010).
Therefore, Se in excess of the molar ratio of Hg present in tissues is likely
needed to support essential metabolic processes in biological tissues.
Only specific seleno biomolecules such as Se-cysteine directly participate
in MeHg demethylation and HgSe(s) formation. Prior work has shown
that extensive MeHg detoxification could deplete the biological pool of
Se (Se-methionine) needed to maintain Se-cysteine levels in the brain
and liver of pilot whales (Gajdosechova et al.,, 2016). Reduced Se avail-
ability can lead to a variety of adverse health outcomes, including re-
duced coordination, autoimmune disorders, and increased susceptibility
to infectious diseases (Hoffmann and Berry, 2008; Shahar et al., 2010).

Results of this study suggest that both Se and Hg affect the distribution
of Hg among pilot whale tissues. For adult whales in this study, we ob-
served an increase in 62°?Hg values in liver tissue from older individuals
and a concomitant decrease in the difference between molar concentra-
tions of Se and Hg (Fig. 5A&B). Seleno-containing biomolecules bind
Hg" therefore a reduced difference between molar concentrations of Se
and Hg may limit the pool of Se available for other metabolic processes.
We speculate that lower differences between the molar concentrations
of Se and Hg in older whales with high Hg concentrations may inhibit fur-
ther sequestration of labile Hg" as HgSe(s) in the liver. This could facilitate
preferential circulation of labile Hg" depleted in §2°2Hg out of the liver,
which is consistent with higher 62°>Hg values in older pilot whales.

Kidney tissues of adult pilot whales contain high fractions of total Hg
as Hg' but the difference between molar concentrations of Se and Hg is
fairly stable across individuals and ages (Fig. S4). There may thus be suf-
ficient Se in the kidney to immobilize the Hg", limiting loss of labile Hg"
from this tissue in older whales. This could explain why kidney tissues
of adult whales do not become isotopically heavier with age like the
liver, as observed in this study and in Bolea-Fernandez et al. (2019). Fu-
ture work on establishing the essential metabolic level of tissue-specific
Se concentrations will further improve our understanding of how Se af-
fects the metabolism and distribution of Hg species.

4. Conclusion

Prior work indicates that MeHg demethylation may increase toxicity
at specific target sites by producing reactive Hg" that leads to oxidative
stress, inhibits neuron receptors, and depletes Se required for other es-
sential biological functions (Basu et al., 2006; Shapiro and Chan, 2008;
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Gajdosechova et al., 2016). Measurements of stable Hg isotopes and Hg
species in multiple tissues of pilot whales from a single pod across a
range of ages collected in this study suggest continuous in vivo demeth-
ylation occurs in the brain, liver, and kidney. Accumulation of Hg" con-
tinues even after MeHg concentrations stabilize, raising concerns
associated with Hg" toxicity.

Our study links Hg toxicokinetic processes implied by Hg isotope
data with Se measurements in tissues and suggests that Se availability
may drive Hg redistribution among tissues. In whale brain tissue, we
found a strong linear relationship between §2°?Hg values and the frac-
tion of total Hg present as MeHg that can be described by mixing of
two distinct isotopic end-members (Hg": —1.6%. and MeHg: 1.4%.).
The 62°?Hg value of the MeHg end-member is similar to other tissues
that contain predominantly MeHg (heart, muscle). These results are
consistent with continuous production and accumulation of
demethylated Hg" with depleted 6*°?Hg in the brain and efficient ex-
change of MeHg between the brain and bloodstream.

In liver tissues, we identified contrasting trends in 62°?Hg values
with age in juvenile and adult whales, suggesting Hg toxicokinetic
mechanisms may differ across life stages. We hypothesize that reduced
Se availability in whales with higher total Hg in their liver may lead to a
greater fraction of labile Hg" being circulated out of the liver of adult
whales and into other organs. Intra and inter-species differences in Hg
speciation and sensitivity to Hg exposures are well documented but
the understanding of underlying causes is still limited. Results from
this study suggest the combined information from Hg stable isotopes
and Se can help decipher Hg toxicokinetic processes and shed light on
interactions between different Se and Hg species.
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