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Abstract

Information on the occurrence and accumulation of perfluorinated compounds (PFCs) in marine
mammals from Korean coastal waters is not available. In this study, we present data on the concentrations
and accumulation features of 10 PFCs in the livers of minke whale and common dolphin collected from
Korean coastal waters. PFOS and PFUnDA were detected in all of the liver samples from two cetacean
species, indicating the widespread distribution of these contaminants in Korea. The overall concentrations
of PFOS and PFUnNDA were 3-20 times higher than those of other PFCs. Concentrations of PFOS
measured in the livers of cetaceans from Korean coastal waters were lower than those reported for the
cetacean from several other locations worldwide. Concentrations of PFOS, PFOSA and PFNA in common
dolphin were significantly greater than in minke whale. Only PFOS and PFDoDA in minke whale showed
a significant gender-specific difference in concentrations. Predominant PFCs were PFUnDA and PFOA,
which accounted for over 70% of the total PFCs for both cetacean species. These accumulation profiles of
PFCs in Korean cetaceans were different from those reported for other countries, suggesting a specific
source of PFCs in Korea.

Introduction

Perfluorinated compounds (PFCs) have been used in a variety of industrial and commercial products,
such as polymers, stain repellents, lubricants, paper coatings, and cosmetics since the mid-1940s™2.
Global monitoring of PFCs in wildlife showed widespread distribution of perfluorooctanesulfonate
(PFOS) and related compounds, their environmental persistentence, and bioaccumulation potential®?2,
PFOS and perflurooctaonic acid (PFOA) can adversely affect intercellular communication, membrane
transport, developmental and neuroendocrine anomalies in exposed laboratory animals*>®’. Marine
mammals such as cetaceans are at the higher trophic level in the food chain and have relatively low
metabolic capacity, thus these species can accumulate elevated concentrations of PFCs*®%°1! Total
worldwide production of perfluorooctane sulfonyl fluoride (POSF) was estimated to be 96000 tons during
1970-2002 and current inventory of PFOS in ocean surface waters was estimated to be 235-1770 tons*?,
However, only limited information is available on contamination of PFCs in Korean coastal waters™**.
The objective of this study was to elucidate the contamination status of PFCs in the livers of two cetacean
species collected from Korean coastal waters and to investigate accumulation features of these
contaminants according to species and gender.

Materials and Methods

Liver samples were collected from 66 minke whales and 47 common dolphins caught incidentally in
fishing nets along the Korean coasts in 2006. After biometric measurement for collected cetaceans, the
specimens were dissected and immediately transported to the laboratory. Concentrations of 10
perfluorochemicals, such as PFOS, perfluorohexanesulfonate (PFHS), perfluorodecanesulfonate (PFDS),
perfluorooctane sulfonamide (PFOSA), perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUNDA), and perfluorododecanoic
acid (PFDoDA) were determined in the liver samples of two cetacean species. PFCs in livers were
analyzed following the method described elsewhere®**. In brief, the liver samples (~ 1 g) were
homogenized with Milli-Q water. Five nanograms of internal standards (*C,-PFOS, **C,-PFOA, **C,-
PFNA, and *C,-PFDA), 1 mL of 0.5 M tetrabutylammonium hydrogen sulfate solution, and 0.25 M
sodium carbonate buffer were added to a PP tube. The samples were extracted twice with MTBE by
shaking vigorously and evaporated to near-dryness under a gentle stream of nitrogen. The sample volume
was adjusted to 1 mL of methanol, vortexed and finally filtered through a 0.2 um nylon filter. Analyses of
PFCs were performed using an Agilent 1100 series high-performance liquid chromatography (HPLC)
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coupled with an Applied Biosystems APl 2000 electrospray triple-quadruple mass spectrometer (ESI-
MS/MS). Samples were injected twice onto a Keystone Betasil Cg column, and sulfonates and
carboxylates were analyzed separately. The quantification of individual PFC compounds in liver samples
was performed using quadratic regression fit analysis weighted by 1/x of the extracted calibration curve.
Average recoveries of °C,-PFOS, *C,-PFOA, **C,-PFNA, and *C,-PFDA were 102%, 101%, 126% and
112%, respectively. Matrix spiked recoveries ranged from 82% to 124% for all of the PFCs, except for
135% for PFDA and 143% PFUnDA. The limit of quantification (LOQ) was determined as the lowest
acceptable standard in the calibration curve that is defined to be within £ 30% of the theoretical value and
that has a peak area twice as great as the analyte peak are in blanks. LOQs of individual chemicals of
PFCs ranged from 0.5 to 2 ng/g wet wit.

Results and Discussion

Concentrations of PFCs in cetaceans

PFOS was detected in all of the liver samples from two cetaceans species collected from Korean coastal
waters. Concentrations of PFOS in the livers of minke whales and common dolphins ranged from 2.8 to
162 ng/g wet wt and from 18 to 152 ng/g wet wt, respectively. PFUnDA was found to be dominant PFC
in the livers of cetaceans at concentrations ranging from 2.6 to 129 ng/g wet wt in minke whales and from
17 to 193 ng/g wet wt in common dolphins. The overall concentrations of PFOS and PFUnDA were about
3-20 times higher than the concentrations of other PFCs. The hepatic concentrations of PFOSA showed
relatively higher concentration compared to other PFCs, except for PFOS and PFUnDA. The
concentrations of PFDA, PFDoDA and PFOSA were similar to each other and they were found in almost
all of the liver samples from both cetacean species. PFOA was measurable in 1.5% of minke whale livers
and in 23% of common dolphin livers. PFHS and PFDS were measured in only a few samples and their
frequencies of detection were less than 5% for both cetacean species. PFHpA was not detected in any of
the samples.
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Figure 1. Comparison of average PFOS concentrations (ng/g wet wt) in livers of minke whale and
common dolphin from Korean coastal waters with those reported for cetaceans from several other
countries or locations. Whiskers on the bars represent the standard deviation of PFOS concentration. The
black boxes indicate the PFOS concentrations measured in the livers of cetaceans in the present study.

Global comparison of PFCs in cetaceans

Concentrations of PFOS measured in the livers of cetaceans from Korean coastal waters were compared
with those reported for a number of cetacean species from several other locations worldwide (Figure 1).
PFOS was detectable in all of the cetacean species including the Arctic®, indicating the ubiquitous
contamination of this chemical in the marine ecosystem. The highest concentration of PFOS was found in
bottlenose dolphin from South Carolina, USA®. Harbor porpoise from the Baltic Sea'® and the UK™
showed higher concentrations of PFOS, compared to cetaceans from other locations. The PFOS
concentrations in most of the cetacean samples worldwide showed higher than those in two cetacean
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species collected from Korean coastal waters. The PFOS concentrations in melon-headed whale from
Japan®, harbor porpoise from Iceland™® and sperm whale from the North Sea® were similar to those
measured in the present study. Cetaceans collected from India?*, Brazil®® and the Canadian Arctic®
showed lower levels thann those measured in the present study.

Species and gender differences

The total concentrations of PFOS, PFOSA, PFNA, PFUnDA and PFDoDA in the livers of common
dolphin (average + standard deviation; 140 + 70 ng/g wet wt) were higher than those in measured in the
livers of minke whale (100 £ 60 ng/g wet wt). PFOS, PFOSA and PFNA were significantly greater than in
the dolphin liver samples compared to those of minke whale (Figure 2). This can be explained by the
differences habitat and diet. The common dolphin is a near-shore species feeding in coastal waters,
whereas minke whale migrates both through the near-shore and the off-shore waters. The major diet of
common dolphin is long-lived and larger predatory fish such as herring and mackerel. Minke whale
consumes small marine organisms such as shrimp and anchovy in Korean coastal waters. PFDA,
PFUNDA and PFDoDA were not significantly different between the two cetacean species.
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Figure 2. Comparison of PFC concentrations in the livers of minke whales and common dolphins
collected from Korean coastal waters. M represents minke whale and D represents common dolphin. The
symbol (*) indicates the significance at the level of p < 0.05 by Student t-test.

The gender difference in PFCs for the two cetacean species was investigated (Figure 3). Although the
average concentrations of PFCs in male samples were higher than those in female samples, only PFOS
and PFDoDA in minke whale showed significant gender differences. For common dolphins, no gender
specific difference in PFCs concentrations was found. Previous studies have reported no gender
difference in PFC concentrations in marine mammals™?',
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Figure 3. Comparison of PFC concentrations in the livers of male and female of (a) minke whale and (b)
common dolphin collected from Korean coastal waters. Whiskers on the bars represent the standard error
of individual PFC. The symbol (*) indicates the significance at the level of p < 0.05 by Student t-test.

Profiles of PFCs in cetaceans
Profiles of relative contribution of individual PFCs to the total concentrations of PFCs in both cetacean
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species were compared (Figure 4). PFUNDA was the predominant compound in both cetaceans, which
accounted for 49 + 11% in minke whale and 35 + 8% in dolphin to the total concentrations of PFCs. The
second major compound to total PFCs was PFOS, accounting for 29 + 13% in minke whale and 33 + 8%
in common dolphin. The accumulation profiles of PFCs in cetaceans in the present study were different
from what have been reported in other studies. Almost all of the previous studies showed that the PFOS
was the predominant PFC in cetaceans'®. Other studies have reported PFNA to be the second most
prevalent PFC after PFOS in marine mammals*"?*. However, the contribution of PFNA was low in the
present study. Some studies have reported relatively high contribution of PFUnDA to the total PFCs in the
livers of cetaceans from Asian coastal waters®’. Therefore, the predominance of PFUNDA seems to be
associated with a specific source for PFC contamination in coastal waters of Korea. The contamination
and accumulation of PFCs in abiotic (seawater and sediments) and biotic samples in Korean environment
require further study.
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Figure 4. Relative contribution of individual PFC to the total PFC concentrations in the livers of minke
whale and common dolphin collected from Korean coastal waters. Whiskers on the bars represent the
standard deviation for individual contribution of PFC.

Acknowledgements
This study was funded by a grant from the National Fisheries Research and Development Institute
(NFRDI) and the Ministry of Land, Transport and Maritime Affairs (MLTM), Korea.

References

1. Giesy J.P. and Kannan K. Environ. Sci. Technol. 2001; 35: 1339.

2. Giesy J.P. and Kannan K. Environ. Sci. Technol. 2002; 36: 147A.

3. Houde M., Bujas T.A.D., Small J., Wells R.S., Fair P.A., Bossart G.D., Solomon K. and Muir D.C.G.
Environ. Sci. Technol. 2006; 40: 4138.

4. Berthiaume J. and Wallace K.B. Toxicol. Lett. 2002; 129: 23.

5. Hu W, Jones P.D., Upham B.L., Trosko J.E., Lau C. and Giesy J.P. Toxicol. Sci. 2002; 68: 429.

6. Austin M.E., Kasturi B.S., Barber M., Kannan K., Mohan-Kumar P.S. and MohahKumar S.M.J.
Environ. Health Perspect. 2003; 111: 1485.

7. Lau C., Butenhoff J.L. and Rogers J.M. Toxicol. Appl. Pharmacol. 2004; 198: 231.

8. Kannan K., Koistinen J., Beckmen K., Evans T., Gorzelany J.F., Hansen K.J., Jones P.D., Helle E.,
Nyman M. and Giesy J.P. Environ. Sci. Technol. 2001; 35: 1593.

9. Van de Vijver K.1., Hoff P.T., Das K., Van Dongen W., Esmans E.L., Jauniaux T., Bouquegneau J.-M.,
Blust R. and De Coen W. Environ. Sci. Technol. 2003; 37: 5545.

10. Van de Vijver K.1., Hoff P.T., Das K., Van Dongen W., Esmans E.L., Siebert U., Bouquegneau J.M.,
Blust R. and De Coen W. Mar. Pollut. Bull. 2004; 48: 986.

11. Dorneles P.R., Lailson-Brito J., Azevedo A.F., Meyer J., Vidal L.G,, Fragoso A.B., Torres J.P., Malm
0., Blust R. and Das K. Environ. Sci. Technol. 2008; 42: 5368.

12. Paul A.G,, Jones K.C. and Sweetman A.J. Environ. Sci. Technol. 2009; 43:386.

13. So M.K,, Taniyasu S., Yamashita N., Giesy J.P., Zheng J., Fang Z., Im S.H. and Lam P.K.S. Environ.

Sci. Technol. 2004; 38: 4056.
14. Yoo H., Yamashita N., Taniyasu S., Lee K.T., Jones P.D., Newsted J.L., Khim J.S. and Giesy J.P. Arch.
Environ. Contam. Toxicol. 2009 (in press)

Vol. 71, 2009 / Organohalogen Compounds page 000855



15.

16.
17.

18.

19.

20.

21.

22.
23.

24,

Tao L., Kannan K., Kajiwara N., Costa M.M., Fillmann G., Takahashi S. and Tanabe S. Environ. Sci.
Technol. 2006; 40: 7642.

Law R.J., Bersuder P., Mead L.K. and Jepson P.D. Mar. Pollut. Bull. 2008; 56: 792.

Nakata H., Kannan K., Nasu T., Cho H.-S., Sinclair E. and Takemura A. Environ. Sci. Technol. 2006;
40: 4916.

Yeung L.W.Y., Miyake Y., Wang Y., Taniyasu S., Yamashita N. and Lam P.K.S. Environ. Pollut. 2009;
157: 17.

Kannan K., Corsolini S., Falandysz J., Oehme G., Focardi S. and Giesy J.P. Environ. Sci. Technol.
2002; 36: 3210.

Hart K., Kannan K., Isobe T., Takahashi S., Yamada T.K., Miyazaki N. and Tanabe S. Environ. Sci.
Technol. 2008; 42: 7132.

Yeung L.W.Y., Yamashita N., Taniyasu S., Lam P.K.S., Sinha R.K., Borole D.V. and Kannan K.
Chemosphere 2009 (in press)

Leonel J., Kannan K., Tao L., Fillmann G. and Montone R.C. Mar. Pollut. Bull. 2008; 56: 778.

Tomy G.T., Budakowski W., Halldorson T., Helm P.A., Stern GA., Friesen K., Pepper K., Tittlemier
S.A. and Fisk A.T. Environ. Sci. Technol. 2004; 38: 6475.

Kannan K., Tao L., Sinclair E., Pastva S.D., Jude D.J. and Giesy J.P. Arch. Environ. Contam. Toxicol.
2005; 48: 559.

Vol. 71, 2009 / Organohalogen Compounds page 000856





