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HIGHLIGHTS

e Lipid extraction with dichloromethane-
methanol significantly altered the total
mercury concentrations in sharks’ mus-
cle and liver.

e The impact of lipid extraction on THg
concentrations is not related to distinct
TLC among species and tissues.

o Lipid-extracted tissues are suitable for
mercury analysis of pelagic sharks by
mathematical normalization simplifies.
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ABSTRACT

Pelagic sharks are apex predators in oceanic ecosystems and tend to accumulate high amounts of mercury (Hg).
The conventional method for assessing Hg exposure in sharks involves analyzing tissue samples without any
chemical treatment. However, a substantial number of chemically treated tissue samples are still being preserved
in laboratories or museums. It is critical to maximize the utilization of existing samples to reduce the need for
additional sampling of pelagic sharks, especially endangered species. Lipid extraction is a widely employed
pretreatment process for carbon isotope analysis in shark trophic ecology, while its impact on Hg quantification
remains uncertain. Here, we evaluated the feasibility of using lipid-free muscle and liver tissues for investigation
of Hg exposure in four endangered pelagic sharks inhabiting the eastern Pacific, including bigeye thresher
(Alopias superciliosus), pelagic thresher (A. pelagicus), blue shark (Prionace glauca) and silky shark (Carcharhinus
falciformis). Results showed that total Hg concentrations (THg) differed between untreated (THgbL‘lk) and lipid-
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free (THg!Pi4-fr*®) samples for each tissue type of each species. In addition, dichloromethane-methanol extrac-
tions significantly altered the amount of Hg. This may result from the removal of lipoprotein compounds that

vary between tissues and species. The THg

bulk lipid-free

can be calculated by THg using the following formulas,

THg?* = 1.14 x THg"Pidfree 4 0.30 and THg"'¥ = 0.33 x THg'P'¢f*e | 0.18, for muscle and liver tissues,
respectively. These findings emphasize the applications of lipid-free tissues in THg analysis. This study may have
important implications for improving evaluation of Hg exposure in endangered pelagic sharks.

1. Introduction

According to the 2018 report of the United Nations Environment
Programme (UNEP) (UNEP, n.d.), approximately 3700 tons of mercury
(Hg) are released into the atmosphere each year, subsequently settling
into the ocean. Hg is a highly toxic environmental contaminant of global
concern and poses a significant threat to marine ecosystems. Since the
industrial revolution, Hg emissions are estimated to have tripled total
Hg concentrations in the ocean (Lamborg et al., 2014). Methylmercury
(MeHg) is the most prevalent form of Hg and highly bioavailable by
marine organisms (Hong et al., 2012; Hilgendag et al., 2022). Sharks are
accumulating large amounts of Hg, of which more than 90% of total
mercury (THg) is composed of highly toxic MeHg (Pethybridge et al.,
20105 Tiktak et al., 2020; Li et al., 2022). The metabolism and degra-
dation of MeHg in organisms are very slow, making it highly susceptible
to accumulate within organisms. Several studies have confirmed that
MeHg can produce a series of toxicological effects such as oxidative
stress, excitotoxicity, and developmental disorders in a wide range of
marine taxa (Branco et al., 2012; Wu and Wang, 2014; Furness, 2018).

Pelagic sharks are often the apex predators in the oceanic ecosystem
and tend to be exposed accumulating high levels of Hg throughout their
lifetime, owing to their longevity, low metabolic rate, and high trophic
position (Gelsleichter and Walker, 2010; Mull et al., 2012). Unfortu-
nately, shark tissues are consumed by humans, such as fin, muscle and
liver oil, the last has been frequently utilized as a nutritional supplement
for children, pregnant women and elders (Palmieri et al., 2014; EPA,
2022). The present pattern of consumption serves to aggravate the risk
of MeHg exposure in humans, potentially leading to serious health
consequences (Maurice et al., 2021). In addition, muscle and liver are
important tissue matrix in feeding ecology studies of pelagic sharks
which commonly used in stable isotope analysis (Shipley et al., 2022;
Riveron et al., 2022; Alves et al., 2023; Li et al., 2016a).

There is a burgeoning literature documenting the foraging ecology of
pelagic sharks using stable isotope analysis to better understand their
ecological role (Li et al., 2016b; Velez N et al., 2021; Besnard et al.,
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2021). Lipid extraction is a widely employed pretreatment approach for
carbon isotope analysis to remove the potential impacts of >C-depleted
lipid (Sheng et al., 2023; Li et al., 2022). Thereafter, a large number of
lipid-free tissue samples are still preserved. The majority of these pelagic
sharks are categorized as endangered (Gong et al., 2023; Pacoureau
et al., 2021). Exploring whether existing samples can be used for Hg
analysis can thus maximize utilization and reduce the need for addi-
tional pelagic shark sampling.

In this study, we investigated total Hg concentrations (THg) of un-
treated (THgb‘ﬂk) and lipid-free (THglipid'f’ee) muscle and liver tissue
samples of four endangered pelagic sharks, i.e., the bigeye thresher
(Alopias superciliosus), pelagic thresher (A. pelagicus), blue shark (Prio-
nace glauca), and silky shark (Carcharhinus falciformis) from the eastern
Pacific. As top oceanic predators, these shark species play important
roles in the pelagic ecosystem (Clarke et al., 2006; Joung et al., 2005).
However, blue shark has been listed as Vulnerable Near-threatened (NT)
species on the international Union for Conservation of Nature (IUCN)
Red List (Stevens et al., 2000), the other three sharks have been listed as
vulnerable (VU) (Dulvy et al., 2008; Amorim et al., 2009; Li et al., 2022).
It is critical to maximize the utilization of existing samples preserved in
laboratories or museums to reduce the need for additional sampling of
endangered pelagic sharks.

The aims of this study were to (i) assess the effect of the lipid
extraction on THg quantification and (ii) test a Hg normalizing approach
to be able to estimate THg"! from THg! !¢ concentrations.

2. Materials & methods
2.1. Sampling and sample preparation

A total of 47 specimens of four pelagic sharks were found in the
eastern Pacific region (Fig. 1). They were obtained as bycatch from tuna
longline fishing operations between September 2019 to January 2020.
Specimens were frozen on board at —20°Cand transported to the labo-
ratory. Muscle and liver tissues were collected in the front dorsal
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Fig. 1. Sampling locations of four shark species, (o): blue shark Prionace glauca; (A): bigeye thresher Alopias superciliosus; (o): silky shark Carcharhinus falciformis; ((]):

pelagic thresher Alopias pelagicus.
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Fig. 2. Total mercury (THg) concentrations of untreated, lipid-extracted and corrected values of four shark species. The boxes represent the interquartile ranges and
the whiskers indicate minimum and maximum values and the asterisk indicates the significant differences (P < 0.05, paired t-test).

position and the front of any lobe of the liver tissue, respectively. In
order to minimize the risk of contamination, tissue samples were placed
onto a polyethylene plate, and plastic utensils were used and rinsed with
ultrapure water (Milli-Q water). Muscle and liver tissue samples were
freeze-dried for 48 h, and finally ground to a fine homogeneous powder
(Mixer Mill MM 400, Retsch, Haan, Germany) prior to lipid extraction
and THg analysis.

2.2. Lipid extraction and quantification

Lipid extraction was performed according to the modified procedure
outlined following the methods of Xu et al. (2022) Specifically, samples
of each tissue type were placed into stoppered centrifuge tubes and
homogenized in 12 mL of 2:1 (v/v) dichloromethane-methanol solvent
for approximately 20 h at near-room temperature. After centrifuging
6000 r-min ' for 10 min, the liquid supernatant was drained into a
pre-weighed aluminum dish. The process was repeated 3 times. The
contents were evaporated at 70 °C using a vacuum drying oven, then
cooled to room temperature.

Untreated (W;) and lipid extracted (W5) samples were weighted on
an analytical micro-balance to the nearest 0.0001 g. The total lipid
content (TLC) was calculated based on the following equation:

TLC (%) = (Wa — Wy) |/ W, x 100%

2.3. Total mercury analysis

THg concentrations, including THg""X and THg™Pdfree were
measured on powdered, dried, and homogenized tissue by thermal
decomposition (combustion), amalgamation, and atomic absorption
spectrometry using a calibrated DMA-80 Direct Mercury Analyzer
(Milestone, Italy). Approximately 0.02 g of crushed sample was loaded
into the DMA-80, dried and burned at a temperature of 650 °C in an
oxygen atmosphere (Li et al., 2022). Quality control procedures
included analysis of laboratory method blanks, duplicate for all tissue
samples, and certified reference materials (DORM-4) (O’Bryhim et al.,
2017). The precision of duplicate samples averaged 16.56%, and per-
centage recovery for the certified reference materials ranged from 95%
to 108%. THg concentrations are expressed in pg~g’1.

2.4. Mercury normalizing approach

In addition, we used THg""Pifee and the TLC to calculate an esti-
mated THg (THg®U™m2d) of untreated tissues using the following for-
mula, which hypothesized that the lipid extractions had no effect on the

THg analysis.

Tngslimaled _ THglipid*fl'CE X (1 — TLC)

2.5. Statistical analysis

Comparisons of TLC values among species were performed using the
Kruskal-Wallis test since the assumptions of normality and homogeneity
of the variances were not met. The paired t-test was used to detect the
differences between values of THg""* and THg!Pid-f¢ and THg""! and
THg® ™24 iy the two tissue types for each species. To evaluate the
degree of associations between inter-specific THg”'X and THg'"Pid-free,
and ATHg = (THgP - THg®tmaed) and THg™, Spearman’s rank
correlation was applied to test for the presence of any relationships
between these values (where rs is Spearman’s rank correlation coeffi-
cient) for each species. To evaluate the impacts of shark species on THg
more objectively, analysis of covariance (ANCOVA) was used to remove
the inter-specific effects, THg'P!dfr¢ and THg®™d a5 variables,
THgbulk as the covariate, and shark species as the categorical variable.
All statistical analyses and graphics were carried out in software Ori-
ginPro Version 2022 (OriginPro, n.d.).

3. Results & discussion
3.1. Total mercury concentrations of untreated and lipid-free tissues

The THg""!* of muscle for all sharks ranged from 1.00 to 9.25 and
ranged from 0.06 to 2.96 pg-g~" for liver. Interspecific variations were
found in THg"™* values among four species in either tissue type
(ANOVA, P < 0.01). For muscle, the blue shark (4.51 + 2.15 pg-g~!) had
higher amounts of THg, followed by bigeye thresher (3.93 + 2.01
ng-g 1), pelagic thresher (3.72 + 2.43 pg-g~ 1), and silky shark (3.04 +
1.65 pg-g~ ). For liver, the highest THg""X was also found in the blue
shark (1.06 + 0.94 pg-g~1), followed by silky shark (0.95 + 0.94
ng-g 1), bigeye thresher (0.79 + 0.98 pg-g 1) and pelagic thresher (0.53
+ 0.46 pg-g~ 1) (Fig. 2). This was consistent with the results of Maurice
et al. (2021) which indicated that blue shark contained one of highest
THg concentrations among six pelagic shark species. The highest
THgb“Ik values of blue shark probably due to their highest trophic po-
sition. Compared to other three species, previous studies of the stomach
contents of blue sharks showed that they occasionally feed on prey with
high-trophic-levels such as whale carrion, seabirds, and shark species
(Markaida and Sosa-Nishizaki et al., 2010; Kitchell et al., 2002), which
can lead to a higher trophic position. The interspecific Hg exposure of
sympatric shark species has also been reported in several other studies of
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Table 1
Sampling information.
Common name Taxonomic name N Fork length range (cm) Tissue Untreated (THg""'%) Lipid-extracted (THg!Pid-free) TLC
Blue shark Prionace glauca 10 119.3-194.5 Muscle 4.51 + 2.15 3.68 +£1.80 4.72 + 2.84
Liver 1.06 + 0.94 2.94 + 2.22 76.52 + 8.14
Bigeye thresher Alopias superciliosus 15 81.3-189.8 Muscle 3.93 +2.01 2.95 + 1.66 4.83 + 1.65
Liver 0.79 £ 0.98 1.33+1.71 56.39 + 13.93
Silky shark Carcharhinus falciformis 10 54.0-153.6 Muscle 3.04 +1.65 2.21 +1.20 3.86 + 2.25
Liver 0.95 + 0.94 3.31 £3.27 78.28 + 12.65
Pelagic thresher Alopias pelagicus 12 95.4-170.1 Muscle 3.72 + 2.43 3.13 +2.24 5.79 £ 2.19
Liver 0.53 £+ 0.46 0.74 £ 0.64 45.01 +12.80

pelagic and demersal sharks. (Pethybridge et al., 2010; Kiszka et al.,
2015; Le Croizier et al., 2020).

The TLC values of all muscle samples ranged from 1.0% to 10.0%
(dry weight), while in liver tissue, varied from 10.0% to 90.0%. Sig-
nificant interspecific variations were found in TLC values of each tissue
(Kruskal-Wallis test, P < 0.0001). For muscle, the TLC values were
significantly higher in pelagic thresher (5.79 + 2.19), followed by the
bigeye thresher (4.83 + 1.65), blue shark (4.72 + 2.84), and silky shark
(3.86 £ 2.25) (Table 1). For liver, silky shark (78.28 + 12.65) and blue
shark (76.52 + 8.14) showed the higher TLC values than the bigeye
thresher (56.39 + 13.93) and pelagic thresher (45.01 + 12.80). The
results possibly driven by interspecific dietary sources and high energy
allocation strategies, which would be consistent with previous results
reported for the pelagic sharks (Xu et al., 2022).

The results of paired t-test showed that the THgP'd-®¢ yalues were
significantly lower than those of THg" ! in muscle of each species (P <
0.0001), while the THgP'd-fe¢ values of the liver were significantly
higher than those of THgbulk (P < 0.0001). These findings somewhat
contradict the results of studies of Weddell seal Leptontychotes weddellii
(Ciproetal., 2017) and tropical tuna species (Medieu et al., 2021). These
authors reported that there is no effect of lipid extraction on THg
analysis. This inconsistency among studies may be relates to differences
in the methodology, including the different solvents used for lipid
extraction. For example, the lipid extraction of tuna muscle tissues
(Medieu et al., 2021) and shark tissues in this study were performed
using non-polar (dichloromethane and cyclohexane) and polar
(dichloromethane-methanol) solvents, respectively. The effect of lipid
extraction with different solvents remains to be explored. Moreover, the
impact of lipid extraction on THg concentrations is not related to distinct
TLC values among species and tissues. As we mentioned above, despite
distinct TLC values among species and tissues were found, THg'Pid-free jg
significantly different from THg""!* in each tissue in each shark species.

3.2. Determined and estimated total mercury concentrations of untreated
tissues

The THg®™d  estimated by the THg P4 and TLC values, of all
muscle tissue samples ranged from 0.80 to 7.81 pg-g~*, while in liver
tissues, the THg®1™%®d yaried from 2.21 to 27.11 pg-g~". Differences
between THg""X and THg®™2"d yajues were apparent in both tissues of
four shark species (Paired t-test, P < 0.0001). All samples exhibited
positive ATHg values (muscle: 0.08 to 2.21 pg-g™%; liver: 0.01 to 0.99
pg-g~h), and they were positively correlated with THg"!* values (mus-
cle:rg>0.97, P < 0.01; liver: ry > 0.92, P < 0.01), indicating a loss of Hg
during lipid extraction. As an alcohol, methanol competes with meth-
ylmercury for binding sites, resulting in alterations to its behavior. As a
standard practice, methanol is employed for biological lipid extraction,
which is the removal of fatty substances from biological samples before
analysis. This process may affect THg by dissolving certain types of Hg.
Specifically, the majority of Hg (>90%) in shark tissues is present in
methylmercury (MeHg) (Pethybridge et al., 2010), which primarily by
forming complexes with the amino acid cysteine (Leaner and Mason,
2004; Tiktak et al., 2020). Another possible explanation for the vari-
ability between THg™¥ and THg® ™4 values could be attributed to
the removal of lipoprotein compounds during lipid extraction, since
MeHg is known to bioaccumulate in the protein fraction (Perkins et al.,
2017). However, further investigation is required to fully elucidate the
mechanism by which dichloromethane-methanol solvents facilitate Hg
removal.

3.3. Mathematical normalization

Mathematical normalization does not necessitate an additional
analysis step or the sampling of tissue samples from pelagic sharks, as
the requisite information for mathematical normalization—THg!Pid-free
or TLC in the sample—are typically estimated. Considering the signifi-
cant correlations between THgP¥ and THg'Pi-f¢ (as mentioned

* Blueshark ¢ Bigeye thresher Silky shark e Pelagic thresher
10
P<0.0001 ° P<0.0001
=098 =087
8
2] o
= =
4 3
= =
2
Muscle
0 I I I I 1 I I I I I
0 2 4 6 8 10 0 2 4 6 8 10 12

THglipid—L'rcc (ng g-l)

THgllpld—ircc (ug g~ l)

Fig. 3. Linear relationships between the total mercury concentrations of untreated (THg""¥) and lipid-free (THg"P'¢-f®) tissues of four shark species.
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Table 2
Linear regression equations and diagnostic statistics for THg""!X and THg'Pid-free,
THg™ ¥ and THg®" in two tissues among four sharks.

Tissues Species P Pearson correlation
values coefficient (r)
Muscle  Blue shark THg?* = 1.17 P < 0.98
THg'Pidfree 1 0,19 0.01
THg™* = 1.26 P< 0.97
THg"Pid-free » (1-TLC)  0.01
+0.24
Bigeye THg™* = 1.19 P< 0.99
thresher THg'Pid-free 4 0.12 0.01
THg™* = 1.26 P< 0.99
THg'Pidfree » (1-TLC)  0.01
+0.11
Silky shark ~ THg™! = 1.35 P< 0.99
THg'Pid-free | 0,05 0.01
THg™ ! = 1.45 P< 0.98
THg"Pid-free » (1-TLC)  0.01
-0.03
Pelagic THg"* = 1.08 P< 0.99
thresher THg"Pid-free 4 0.34 0.01
THg?* = 1.18 P< 0.99
THg'Pidfree » (1-TLC)  0.01
+0.28
Liver Blue shark THg®!* = 0.37 P < 0.87
THg'Pid-free _ 0,02 0.01
THg™ ! = 1.49 P< 0.98
THg"Pid-free » (1-TLC)  0.01
-0.06
Bigeye THg"* = 0.55 P< 0.96
thresher THg"Pid-free 4 0,05 0.01
THg™* = 1.34 P< 0.97
THg"Pidfree » (1-TLC)  0.01
+0.05
Silky shark ~ THg"™* = 0.28 P< 0.97
THglPidfree | 0,03 0.01
THg™* = 1.48 P< 0.99
THg'Pid-free » (1-TLC)  0.01
-0.02
Pelagic THg™* = 0.67 P< 0.94
thresher THg"Pid-free 1 0.04 0.01
THg™* = 1.23 P< 0.92
THg'Pidfree » (1-TLC)  0.01
+ 0.06

above), and THg""!* and THg®"™d (muscle: ry > 0.98, P < 0.01; liver:
rs > 0.97, P < 0.01) and no difference was found in the slope of the
Pearson fitting lines of the four shark species (ANCOVA, P > 0.05)
(Fig. 3), the equations (Table 2) provide a reliable method for normal-
izing estimates of THg""X. When using a multispecies data set, the
equations for shark muscle tissues were:

THgeomected: bulk _ 1 4 Tpglipid-free | 30

THgeorreeted bulk _ 1 o3 pyglivid-free o (1 L) 4 0,24,
For shark liver tissues were:

TH gcorrected, bulk _ (33 THglipid-free +0.18,

TH gcorrecled, bulk _ 1 40 THglipid-free x (1 - TLC) + 0.01,

We concluded that mathematical normalization simplifies sample
preparation and can make better use of existing samples to reduce the
need for additional samples from pelagic sharks, particularly endan-
gered species. The strong relationship between THg”"X and THg!Pid-free
and lipid content at the center of the mathematical normalization
technique could also provide a useful method for estimating Hg expo-
sure in pelagic sharks.

CRediT authorship contribution statement

Zehao Guo: Conceptualization, Methodology, Software,

Chemosphere 340 (2023) 139873

Investigation, Formal analysis, Writing — original draft. Yi Gong: Re-
sources, Validation, Writing — review & editing, Methodology, Software.
Zezheng Li: Writing — review & editing, Supervision. Yongfu Shen:
Writing — review & editing, Supervision. Yunkai Li: Conceptualization,
Funding acquisition, Resources, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This work was supported by the National Natural Science Foundation
of China (42276092, 31872573) and the program on the Survey,
Monitoring and Assessment of Global Fishery Resources (comprehensive
scientific survey of fisheries resources at the high seas) sponsored by the
Ministry of Agriculture and Rural Affairs of China. The authors thank the
staff at Shanghai Ocean University for their assistance with sample
collection and preparation.

References

Alves, L.M.F., Lemos, M.F.L., Moutinho, A.B., Ceia, F.R., Munoz-Arnanz, J., Jimenez, B.,
Cabral, H., Novais, S.C., 2023. Assessment of contaminants in blue sharks from the
Northeast Atlantic: profiles, accumulation dynamics, and risks for human consumers.
Environ. Pollut. 316 (1), 120467 https://doi.org/10.1016/j.envpol.2022.120467.

Amorim, A., Baum, J., Cailliet, G.M., et al., 2009. Alopias Superciliosus. The IUCN Red
List of Threatened Species. IUCN, Cambridge, UK.

Besnard, L., Le Croizier, G., Galvan-Magana, F., et al., 2021. Foraging depth depicts
resource partitioning and contamination level in a pelagic shark assemblage: insights
from mercury stable isotopes. Environ. Pollut. 283, 117066 https://doi.org/
10.1016/j.envpol.2021.117066.

Branco, V., Ramos, P., Canario, J., Lu, J., Holmgren, A., Carvalho, C., 2012. Biomarkers
of adverse response to mercury: histopathology versus thioredoxin reductase
activity. J. Biomed. Biotechnol., 359879, 2012. http://doi/10.1155/2012,/359879.

Cipro, C.V.Z., Bustamante, P., Montone, R.C., 2017. Influence of delipidation on Hg
analyses in biological tissues: a case study for an antarctic ecosystem. Water Air Soil
Pollut. 228 (5), 188. https://doi.org/10.1007/s11270-017-3367-8.

Clarke, S.C., McAllister, M.K., Milner-Gulland, E.J., Kirkwood, G.P., Michielsens, C.G.J.,
Agnew, D.J., et al., 2006. Global estimates of shark catches using trade records from
commercial markets. Ecol. Lett. 9 (10), 1115-1126.

Dulvy, K.N., Baum, K.J., Clarke, S., et al., 2008. You can swim but you can’t hide: the
global status and conservation of oceanic pelagic sharks and rays. Aquat. Conserv.
Mar. Freshw. Ecosyst. 18 (459), 82.

EPA, 2022. EPA-FDA Fish Advice: Technical Information [Online]. https://www.epa.
gov/fish-tech/epa-fda-fish-advice-technical-information. (Accessed 1 March 2022).

Furness, R.W., 2018. In: Furness, R.W., Rainbow, P.S. (Eds.), Heavy Metals in the Marine
Environment. CRC Press., Florida, p. 263.

Gelsleichter, J., Walker, C., 2010. Pollutant exposure and Effects in sharks and their
relatives. In: Carrier, J., Musick, J., Heithaus, M. (Eds.), Sharks and Their Relatives II
Biodiversity, Adaptive Physiology and Conservation. CRC Press, Florida,
pp. 181-182.

Gong, Y., Huang, X., Li, Z., Shen, Y., Li, Y., Zhu, J., Wy, F., 2023. Plastic ingestion and
trophic transfer in an endangered top predator, the longfin mako shark (Isurus
paucus), from the tropical western pacific ocean. Environ. Sci. Pollut. Control Ser.
https://doi.org/10.1007/s11356-023-25532-5.

Hilgendag, L.R., Swanson, H.K., Lewis, C.W., Ehrman, A.D., Power, M., 2022. Mercury
biomagnification in benthic, pelagic, and benthopelagic food webs in an Arctic
marine ecosystem. Sci. Total Environ. 841, 156424 https://doi.org/10.1016/j.
scitotenv.2022.156424.

Hong, Y.S., Kim, Y.M., Lee, K.E., 2012. Methylmercury exposure and health effects.

J. Prev. Med. Public Health 45 (6), 353-363. http://doi/10.3961/jpmph.2012
.45.6.353.

Joung, S.J., Liu, K.M., Liao, Y.Y., Hsu, H.H., 2005. Observed by-catch of Taiwanese tuna
longline fishery in the south atlantic ocean. J. Fish. Soc. Taiwan 32, 69-77.

Kiszka, J.J., Aubail, A., Hussey, N.E., Heithaus, M.R., Caurant, F., Bustamante, P., 2015.
Plasticity of trophic interactions among sharks from the oceanic south-western
Indian Ocean revealed by stable isotope and mercury analyses. Deep Sea Res.
Oceanogr. Res. Pap. 96, 49-58.


https://doi.org/10.1016/j.envpol.2022.120467
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref3
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref3
https://doi.org/10.1016/j.envpol.2021.117066
https://doi.org/10.1016/j.envpol.2021.117066
http://doi/10.1155/2012/359879
https://doi.org/10.1007/s11270-017-3367-8
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref9
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref9
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref9
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref12
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref12
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref12
https://www.epa.gov/fish-tech/epa-fda-fish-advice-technical-information
https://www.epa.gov/fish-tech/epa-fda-fish-advice-technical-information
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref16
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref16
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref17
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref17
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref17
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref17
https://doi.org/10.1007/s11356-023-25532-5
https://doi.org/10.1016/j.scitotenv.2022.156424
https://doi.org/10.1016/j.scitotenv.2022.156424
http://doi/10.3961/jpmph.2012.45.6.353
http://doi/10.3961/jpmph.2012.45.6.353
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref23
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref23
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref25
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref25
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref25
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref25

Z. Guo et al.

Kitchell, J.F., Essington, C.H., Boggs, D.E., Schindler, D.E., Walters, C.J., 2002. The role
of sharks and longline fisheries in a pelagic ecosystem of the central Pacific.
Ecosystems 5 (2), 202-216. https://doi.org/10.1007/510021-001-0065-5.

Lamborg, C., Bowman, K., Hammerschmidt, C., Gilmour, C., Munson, K., Selin, N.,
Tseng, C.M., 2014. Mercury in the anthropocene ocean. Oceanography 27 (1),
76-87. http://doi/10.5670/0oceanog.2014.11.

Le Croizier, G., Lorrain, A., Schaal, G., Ketchum, J., Hoyos-Padilla, M., Besnard, L.,
Munaron, J.M., Le Loc’h, F., Point, D., 2020. Trophic resources and mercury
exposure of two silvertip shark populations in the Northeast Pacific Ocean.
Chemosphere 253, 126645. https://10.1016/j.chemosphere.2020.126645.

Leaner, J.J., Mason, R.P., 2004. Methylmercury uptake and distribution kinetics in
Sheepshead Minnows, Cyprinodon Variegatus, after exposure to ChsHg-spiked food.
Environ. Toxicol. Chem. 23 (9), 2138-2146. http://doi/10.1897/03-258.

Li, Y., Zhang, Y., Dai, X., 2016a. Trophic interactions among pelagic sharks and large
predatory teleosts in the northeast central Pacific. J. Exp. Mar. Biol. Ecol. 483,
97-103. http://doi/10.1016/j.jembe.2016.04.013.

Li, Y., Zhang, Y., Hussey, N.E., Dai, X., 2016b. Urea and lipid extraction treatment effects
on delta N-15 and delta C-13 values in pelagic sharks. Rapid Commun. Mass
Spectrom. 30 (1), 1-8. http://doi/10.1002/rcm.7396.

Li, Z., Pethybridge, H.R., Gong, Y., Wu, F., Dai, X., Li, Y., 2022. Effect of body size,
feeding ecology and maternal transfer on mercury accumulation of vulnerable silky
shark Carcharhinus falciformis in the eastern tropical pacific. Environ. Pollut. 309,
119751 https://doi.org/10.1016/j.envpol.2022.119751.

Markaida, U., Sosa-Nishizaki, O., 2010. Food and feeding habits of the blue shark
Prionace glauca caught off Ensenada, Baja California, Mexico, with a review on its
feeding. J. Mar. Biol. Assoc. U. K. 90 (5), 977-994. http://doi/10.1017/50025315
409991597.

Maurice, L., Croizier, G.L., Morales, G., Carpintero, N., Guayasamin, J.M., Sonke, J.,
Paez-Rosas, D., Point, D., Bustos, W., Ochoa-Herrera, V., 2021. Concentrations and
stable isotopes of mercury in sharks of the Galapagos Marine Reserve: human health
concerns and feeding patterns. Ecotoxicol. Environ. Saf. 215, 112122. http://doi/10
.1016/j.ecoenv.2021.112122.

Medieu, A., Sardenne, F., Lorrain, A., Bodin, N., Pazart, C., Le Delliou, H., Point, D.,
2021. Lipid-free tuna muscle samples are suitable for total mercury analysis. Mar.
Environ. Res. 169, 105385. http://doi/10.1016/j.marenvres.2021.105385.

Mull, C.G., Blasius, M.E., O’Sullivan, J., Low, C.G., 2012. Heavy metals, trace elements,
and organochlorine contaminants in muscle and liver tissue of juvenile white sharks
(Carcharodon carcharias) from the Southern California bight. In: Domeier, M.L. (Ed.),
Global Perspectives on the Biology and Life History of the Great White Shark. CRC
Press, Florida, p. 567.

O’Bryhim, J.R., Adams, D.H., Spaet, J.L.Y., Mills, G., Lance, S.L., 2017. Relationships of
mercury concentrations across tissue types, muscle regions and fins for two shark
species. Environ. Pollut. 223, 323-333. http://doi/10.1016/j.envpol.2017.01.029.

OriginPro, n.d... Version 2022, OriginLab Corporation, Northampton, MA, USA. .

Pacoureau, N., Rigby, C.L., Kyne, P.M., Sherley, R.B., Winker, H., Carlson, J.K.,
Fordham, S.V., Barreto, R., Fernando, D., Francis, M.P., Jabado, R.W., Herman, K.B.,

Chemosphere 340 (2023) 139873

Liu, K.M., Marshall, A.D., Pollom, R.A., Romanov, E.V., Simpfendorfer, C.A., Yin, J.
S., Kindsvater, H.K., Dulvy, N.K., 2021. Half a century of the global decline in
oceanic sharks and rays. Nature 589, 567-571. https://doi.org/10.1038/541586-
020-03173-9.

Palmieri, B., Pennelli, A., Di Cerbo, A., 2014. Jurassic surgery and immunity
enhancement by alkyglycerols of shark liver oil. Lipids Health Dis. 13, 178. http://
doi/10.1186/1476-511X-13-178.

Perkins, M., Barst, B.D., Hadrava, J., Basu, N., 2017. Mercury speciation and subcellular
distribution in experimentally dosed and wild birds. Environ. Toxicol. Chem. 36
(12), 3289-3298. https://doi.org/10.1002/etc.3905.

Pethybridge, H., Cossa, D., Butler, E.C.V., 2010. Mercury in 16 demersal sharks from
southeast Australia: biotic and abiotic sources of variation and consumer health
implications. Mar. Environ. Res. 69 (1), 18-26. http://doi/10.1016/j.marenvres.200
9.07.006.

Riveron, S., Raoult, V., Slip, D.J., Harcourt, R.G., 2022. Lipid extraction has tissue-
dependent effects on isotopic values (delta S-34, delta C-13, and delta N-15) from
different marine predators. Rapid Commun. Mass Spectrom. 36 (18), €9346 https://
doi.org/10.1002/rcm.9346.

Sheng, Y., David, M., Gong, Y., Wu, F., Li, Y., 2023. Effects of ethanol storage and lipid
extraction on stable isotope compositions of twelve pelagic predators. Front. Mar.
Sci. 10, 1118013 https://doi.org/10.3389/fmars.2023.1118013.

Shipley, O.N., Olin, J.A., Whiteman, J.P., Bethea, D.M., Newsome, S.D., 2022. Bulk and
amino acid nitrogen isotopes suggest shifting nitrogen balance of pregnant sharks
across gestation. Oecologia 199 (2), 313-328. https://doi.org/10.1007/500442-02.2-
05197-6.

Stevens, J.D., Bonfl, R., Dulvy, N.K., Walker, P.A., 2000. The effects of fishing on sharks,
rays, and chimaeras (chondrichthyans), and the implications for marine ecosystems.
ICES (Int. Counc. Explor. Sea) J. Mar. Sci. 57, 476-494. https://doi.org/10.1006/
jmsc.2000.0724.

Tiktak, G.P., Butcher, D., Lawrence, P.J., Norrey, J., Bradley, L., Shaw, K., Preziosi, R.,
Megson, D., 2020. Are concentrations of pollutants in sharks, rays and skates
(Elasmobranchii) a cause for concern? A systematic review. Mar. Pollut. Bull. 160,
111701. http://doi/10.1016/j.marpolbul.2020.111701.

UNEP. Global Mercury Assessment 2018: Source, emissions, release, and environmental
transport. https://wedocs.unep.org/20.500.11822/25462.

Velez, N., Bessudo, S., Barragan-Barrera, D.C., et al., 2021. Mercury concentrations and
trophic relations in sharks of the Pacific Ocean of Colombia. Mar. Pollut. Bull. 173
(B), 113109 https://doi.org/10.1016/j.marpolbul.2021.113109.

Wu, Y., Wang, W., 2014. Bioaccumulation and toxicity of mercury in marine
phytoplankton. Asian J. Ecotoxicol. 9 (5), 810-918 (in Chinese).

Xu, M., Pethybridge, H.R., Li, Y., 2022. Trophic niche partitioning of five sympatric shark
species in the tropical eastern Pacific Ocean revealed by multi-tissue fatty acid
analysis. Environ. Res. 214, 1-113828. https://doi.org/10.1016/].
envres.2022.113828.


https://doi.org/10.1007/s10021-001-0065-5
http://doi/10.5670/oceanog.2014.11
https://10.1016/j.chemosphere.2020.126645
http://doi/10.1897/03-258
http://doi/10.1016/j.jembe.2016.04.013
http://doi/10.1002/rcm.7396
https://doi.org/10.1016/j.envpol.2022.119751
http://doi/10.1017/S0025315409991597
http://doi/10.1017/S0025315409991597
http://doi/10.1016/j.ecoenv.2021.112122
http://doi/10.1016/j.ecoenv.2021.112122
http://doi/10.1016/j.marenvres.2021.105385
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref38
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref38
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref38
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref38
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref38
http://doi/10.1016/j.envpol.2017.01.029
http://refhub.elsevier.com/S0045-6535(23)02142-2/optk5rHxxxb8J
https://doi.org/10.1038/s41586-020-03173-9
https://doi.org/10.1038/s41586-020-03173-9
http://doi/10.1186/1476-511X-13-178
http://doi/10.1186/1476-511X-13-178
https://doi.org/10.1002/etc.3905
http://doi/10.1016/j.marenvres.2009.07.006
http://doi/10.1016/j.marenvres.2009.07.006
https://doi.org/10.1002/rcm.9346
https://doi.org/10.1002/rcm.9346
https://doi.org/10.3389/fmars.2023.1118013
https://doi.org/10.1007/s00442-022-05197-6
https://doi.org/10.1007/s00442-022-05197-6
https://doi.org/10.1006/jmsc.2000.0724
https://doi.org/10.1006/jmsc.2000.0724
http://doi/10.1016/j.marpolbul.2020.111701
https://wedocs.unep.org/20.500.11822/25462
https://doi.org/10.1016/j.marpolbul.2021.113109
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref51
http://refhub.elsevier.com/S0045-6535(23)02142-2/sref51
https://doi.org/10.1016/j.envres.2022.113828
https://doi.org/10.1016/j.envres.2022.113828

	Lipid-extracted muscle and liver tissues: Can they reveal mercury exposure of pelagic sharks?
	1 Introduction
	2 Materials & methods
	2.1 Sampling and sample preparation
	2.2 Lipid extraction and quantification
	2.3 Total mercury analysis
	2.4 Mercury normalizing approach
	2.5 Statistical analysis

	3 Results & discussion
	3.1 Total mercury concentrations of untreated and lipid-free tissues
	3.2 Determined and estimated total mercury concentrations of untreated tissues
	3.3 Mathematical normalization

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


