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Perfluorooctane sulfonate (PFOS) and other perfluoroalkyl
compounds (PFCs) were measured in liver samples from 29
marine tucuxi dolphins from Rio de Janeiro state (RJ), Brazil. PFC
measurement combined liquid chromatography and mass
spectrometry, using a CapLC system connected to a Quadrupole-
LIT mass spectrometer. PFOS was the only PFC detected

and it was so in all samples. PFOS concentrations (ng-g™"
dw) of dolphins (n = 23) from the highly contaminated Guanabara
Bay (in RJ) varied between 43 and 2431 as well as between
76 and 427 from areas of RJ other than the quoted bay (n = 6).
Concentrations of three fetuses and one neonate varied
between 664 and 1590. Fetus/mother ratios were calculated in
two situations (2.75 and 2.62). It seems that mother-to-calf
transference plays important role for relationships between
PFOS and age. When a one-year-old male calf presenting 2431
ng-g~' dw was excluded from the test, significant correlations
were observed between PFOS concentrations and both

age and total length. Despite the placental transference, PFOS
concentrations were not significantly lower in females than

in males. PFOS levels in marine tucuxi dolphins from Guanabara
Bay are among the highest detected to date in cetaceans,
and this may represent a threat to the small population concerned.

Introduction

Since the beginning of the industrialization process marine
ecosystems have become the final destiny for pollutants.
Perfluoroalkyl compounds (PFCs) have been used in a
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number of industrial and household products comprising
fire-fighting foams, personal hygiene goods, arthropodicide
formulations, and protectors to fabrics, paper, and other
surfaces (I). Due to their environmental persistence, bio-
accumulative capacity as well as their broad utilization, PFCs
have been of great environmental concern since their global
distribution was first demonstrated using samples from
marine biota (2). The apprehension has been amplified by
the observation of biochemical perturbations in wildlife
species, under field conditions, as a consequence of exposure
to perfluorooctane sulfonate (PFOS) (3, 4.

Despite the awareness of the scientific community about
the environmental problem, the only information about PFCs
in marine ecosystems from the southern hemisphere con-
cerns measurements in biota from Antarctic and adjacent
waters (5, 6), as well as from the southern extreme of the
Brazilian littoral (7). There is information from South
American waters other than the one generated by the latter
investigation; however, it comprises data from the north coast
of Colombia (8), which in fact constitute the northern
hemisphere. Although many investigations have shown
higher PFC levels in biological samples from waters close to
areas of concentrated industrialization and urbanization
(5, 9-11), there are no previous studies on PFC levels in
environmental samples from the most industrialized regions
of the southern half of the planet.

The Brazilian coastline is around 8500 km in length, and
Guanabara Bay, in Rio de Janeiro State, Southeast Brazilian
region, is the most anthropogenically disturbed area along
the country shoreline. The estuary is bordered by 12 000
industries and four cities (including Rio de Janeiro metro-
politan area) with a total population of about 11 million
people (12). Despite the anthropogenic pressure, Guanabara
Bay supplies food and breeding grounds for marine tucuxi
dolphins (Sotalia guianensis). This dolphin species occurs
exclusively in coastal waters of western Atlantic on South
and Central America, from southern Brazil (27°35’S, 48°34’W)
to Honduras (15°58'N, 79°54'W) (13). Regarding Guanabara
Bay specifically, population assessment studies, accom-
plished through photoidentification, have reported a popu-
lation of about 70 marine tucuxi dolphins (14). Important
from the ecotoxicological point of view is that, through these
photoid studies, it was possible to verify that this small
population presents habitat fidelity, since the same indi-
viduals are found year-round in this site (15). The main reason
for the marine tucuxi dolphin residence in Guanabara Bay
seems to be the presence of food, since feeding-related
activities predominate along the entire year (16).

Considering all the difficulties concerning the determi-
nation of PFCs in water (17), as well as the demonstrated
biomagnification capacity of some these compounds (11, 18),
analyses of cetacean tissues are of interest (19), due to their
top position on the food chain and their long life span.
Therefore, PFC determination was carried out in samples
from marine tucuxi dolphins from Guanabara Bay and other
coastal areas of Rio de Janeiro State. The main objective of
the present study was to determine the current concentra-
tions of fluorochemicals in dolphins from a region of high
industrialization and urbanization in the southern hemi-
sphere. Besides, aiming to provide an additional contribution
to the knowledge on placental transfer of PFCs, hepatic PFOS
concentrations were determined in three fetuses and one
newborn calf. Since two of these fetuses were obtained during
the necropsies of their mothers, fetus/mother ratios of hepatic
PFOS concentrations were calculated in two situations and
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TABLE 1. Mean Hepatic PFOS Concentrations (ng-g~', Dry Weight), with Standard Deviation (+SD), Concentration Range, Median,
Number of Individuals of Each Group/Area of Stranding Analyzed (n), Average Total Length (TL, in Centimeters), With Range of
Length, As Well As Average Age (In Years), With Range of Aye of the Analyzed Marine Tucuxi Dolphins and Number of

Individuals (n, in Parenthesis) Who Had Their Age Estimated®

PFOS mean + SD

area group (Median) Min - Max ' TOA

GB males 829 + 648 (746) <7.3
43-2431

GB females 481 4 254 (436) <7.3
184—800

GB fetuses 1259 + 291 (1142) <7.3
1044—-1590

GB neonates 664 (664) <7.3

RJ (non-GB) males 288 + 93 (246) <7.3
233-427

RJ (non-GB) females 203 + 179 <7.3
76—330

PFNA

PFHxS n TL (cm) min—max age (ys) min—max

<7.6 <3.2 12 180 7(n=7)
148—191 01-14

<7.6 <3.2 7 183 27 (n=4)
149—-198 23-30

<7.6 <3.2 3 73 0
71-75

<7.6 <3.2 1 93 0

<7.6 <3.2 4 181 NA
164—194

<7.6 <3.2 2 182.5 NA
180—185

2 The limits of detection were 1.5 ng-g~' for PFOS; 7.3 ng-g~" for PFOA; 7.6 ng-g~" for PFNA; and 3.2 ng-g~" for PFHxS.

NA: not available; RJ: Rio de Janeiro state; GB: Guanabara Bay.

compared to the same parameter regarding published
information about other marine mammal species.

Materials and Methods

Sampling of Hepatic Tissue from Cetaceans and Sample
Preparation. Liver samples were collected from 29 marine
tucuxi dolphins (Sotalia guianensis) that stranded on the
beaches of Guanabara Bay (n = 23) and other areas (n = 6)
of Rio de Janeiro State, Southeast Brazilian region. The
cetacean specimens have had their age determination based
on growth layer groups (GLGs) present in dentine and
cementum of the teeth (20). However, not all the individuals
had their age determined. The exact number of individuals
of each group, who had their age estimated, along with
information on sex and total length (TL) of the analyzed
specimens, is shown in Table 1.

PFAS Extraction and Cleanup. PFAS extraction was
carried out by solvent extraction based on the method
described by Berger and Haukas (21) with adaptations. Briefly,
the samples were freeze-dried and then ground to a powder.
Internal standards ("*C-PFOS and '*C-PFOA from Wellington
Laboratories, Canada) and 9 mL of acetonitrile were added
to approximately 1.0 g of the ground sample in a polypro-
pylene (PP) centrifuge tube. The sample was thoroughly
mixed using a Vortex chemical mixer and then extracted
three times for 10 min in an ultrasonic bath at room
temperature. Between each period of 10 min, the samples
were thoroughly mixed. The samples were then centrifuged
at 2500 rpm for 5 min. One mL of the final supernatant was
transferred to a micro vial containing approximately 25 mg
of activated carbon and 50 4L glacial acetic acid. The sample
was then mixed for 1 min using a vortex mixer. After
centrifugation (10 000 rpm, 10 min) 500 xL of the supernatant
was transferred to a clean micro vial. Sample blanks were
extracted along with every batch of samples. Spiked samples
were used to determine recovery rates for the perfluoro-
chemicals concerned.

Determination of Perfluorochemical Concentrations.
Perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PENA), perfluorohexane sulfonate (PFHxS), and perfluo-
rooctane sulfonate (PFOS) were the PFCs determined in the
present study. The concentrations of PFCs were measured
combining liquid chromatography and mass spectrometry,
using a CapLC system (Waters, U.S.) connected to a Quad-
rupole-LIT quadrupole mass spectrometer (Applied Biosys-
tems, UK). Aliquots of 5 uL. were loaded on an Optiguard C18
precolumn (10 mm x 1 mm i.d., Alltech, U.S.). The analysis
was performed on a Fluophase PFP column (50 mm x 1 mm
i.d., Thermo, U.S.) at a flow rate of 40 uL/min. The mobile

phase was 2 mM NH40Ac (A)/Acetonitrile (B). A gradient
elution was used starting at 35% B and going to 90% B in 5
min. At 5 min and 6 s the initial conditions were resumed.
The PFCs were measured under (—) electrospray ionization
using the transitions from mother to daughter ion to identify
them. Ion mass transitions were: PFOS (499—80/99), *C-
PFOS (503—80/99), PFOA (413—369), '3C-PFOA (417—372),
PFHXS (399—80/99), PFNA (469—419). The dwell time was
0.1 s. The ES-capillary voltage was set at —4.5 kV and the
cone voltage varied according to the PFC being measured.
The PEC concentrations were calculated using an unextracted
calibration curve. Acetonitrile was injected after every batch
of 5—10 samples in order to make sure that there were no
memory effects. To determine the stability of the HPLC-
MS/MS system, a standard was injected after every batch of
samples. The recovery rates of the measured PFCs varied
from 105 to 110% for the PFCs measured. Three spiked
samples and three blanks were extracted with each batch of
samples, which consisted of about 24 samples. No blank
peaks were found. The calculation of the limits of detection
(LOD) was based on a signal-to-noise ratio of three in the
chromatogram of extracts of spiked pig liver that did not
contain any detectable amounts of PFCs. This incorporates
all the dilution factors occurring during the extraction
method.

Statistical Analysis. First, Shapiro-Wilk’s W test was used
in order to test for normality of the data. The test was applied
to the different groups, i.e., marine tucuxi dolphins from
Guanabara Bay (the whole group, only males, only females,
etc.) as well as from other areas of Rio de Janeiro State. When
normal distributions were verified, differences in PFOS
concentrations between groups were tested by the Student’s
ttest, while Pearson test was used for evaluating the existence
of correlations of PFOS concentrations versus age and total
length. When nonnormal distributions were observed, pair-
wise group comparisons were made using the Mann—Whitney
U test, while Spearman (r5) test was used for investigating
the occurrence of correlation between PFOS concentrations
and the variables total length and age. The level of significance
was set to p < 0.05.

Results and Discussion

The perfluorocarboxylates PFOA and PFNA were not detected
in any of the samples. Regarding the perfluoroalkane-
sulfonates PFHxS and PFOS, the former was not detected in
any of the samples, whereas the latter was detected in all of
them. Many investigations have demonstrated that PFOS is
the most abundant polyfluoroalkyl compound in tissues from
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TABLE 2. Mean Hepatic PFOS Concentrations (ng-g~', Wet Weight), With Standard Deviation (+ SD), Concentration Range,
Median, Number of Individuals of Each Species/Area of Sampling of Cetaceans from All over the World®

species area

marine tucuxi dolphin
franciscana dolphin

Guanabara Bay, Brazil
Southernmost Brazil

harbor porpoise North Sea
sperm whale North Sea
white-beaked dolphin North Sea
white-sided dolphin North Sea
striped dolphin North Sea
fin whale North Sea

NW Atlantic Ocean
NW Atlantic Ocean
NW Atlantic Ocean
NW Atlantic Ocean
NW Atlantic Ocean

pygmy sperm whale
clymene dolphin
striped dolphin
rough-toothed dolphin
bottlenose dolphin

harbor porpoise Norway
harbor porpoise Iceland
harbor porpoise Denmark
harbor porpoise Baltic Sea
harbor porpoise Black Sea

Mediterranean Sea
Mediterranean Sea
Ganges River, India
Italian Coast

bottlenose dolphin
striped dolphin
ganges river dolphin
bottlenose dolphin

striped dolphin Italian Coast
common dolphin Italian Coast
long-finned pilot whale Italian Coast

finless porpoise Japanese Coast

ZN.A., not available; p.s., present study.

range median mean + SD n ref.
13—902 260 268 + 194 23 p.s.
3.6—42 NA 24 +11.8 13 (7)
12—395 63 93 48 (11)
19-52 NA 36 6 (11)
14—443 NA 132 7 (11)
<10—26 NA NA 2 (11)
11-11 11 11 2 (711)
<10 <10 1 (717)
7—23 15 15 2 (5)
79—-168 NA 123 + 36 3 (5)
37—-388 212 212 2 (5)
43—-66 54 54 2 (5)
48—1520 NA 489 + 356 20 (5)
71—-749 131 213 £ 195 19 (24)
26—67 33 38+ 14 8 (24)
129—-620 204 270 + 171 7 (24)
232—1149 350 534 + 357 7 (24)
33—-1790 210 NA 31 (29)
170—430 NA 270 5 (2
65—160 NA 100 4 (2
<35-81 NA NA 2 (2
<1.4-110 NA NA 6 (22)
16—40 NA NA 4 (22)
940 940 1 (22)
270 270 1 (22)
81—-631 NA 278 5 (59)

marine biota (22-28). Data generated by a recent study shows
that PFOS can account for 90% of the PFC load in marine
mammal tissues (29). PFOA was not detected also in analyses
of human blood samples from Brazil (30). Although the
donors of the blood samples analyzed in the latter investiga-
tion inhabited Rio Grande, a city located at the southern
extreme of Brazil, this corroboration draws attention to the
possibility that the pattern of PFCs detected herewith reflects
the use of fluorochemicals at Rio de Janeiro state industrial
park, as well as the PFCs present in the consumer products
in Brazil. Information concerning the use of PFCs in domestic
and industrial products in Brazil is scanty. However, it is
known that PFCs have been used in fire-fighting foams in
the country (31). Concerning the perfluoroalkanesulfonates,
it is known that the insecticide Sulfluramid (N-ethyl per-
fluorooctane sulfonamide) is largely used in Brazil for
agricultural control of leaf-cutting ants (32, 33) as well as a
consumer product marketed for the domestic control of
cockroaches and termites. In a mammal organism, this
fluorinated insecticide is rapidly metabolized to PFOS (34).

Hepatic PFOS concentrations from marine tucuxi dolphins
that stranded on the beaches of Rio de Janeiro state, along
with age and total length (TL), are presented in the Table 1.
There was a significant difference in PFOS levels between
dolphins from Guanabara Bay and individuals that stranded
on beaches of Rio de Janeiro state other than those within
Guanabara Bay (dolphins from out of Guanabara Bay)
(Mann—Whitney U test, p = 0.04). Since data in the present
study were originally expressed in ng-g! dry weight,
conversion to wet weight was carried out for comparison to
data from the literature, using information on moisture
content of each liver sample, obtained through the freeze-
drying process. The concentrations of perfluorooctane sul-
fonate in marine tucuxi dolphins from Guanabara Bay are
among the highest detected to date in cetaceans (Table 2).
In addition to the information in Table 2, since the crude
data on hepatic PFOS concentrations of bottlenose dolphins
from North-Western Atlantic Ocean (5) as well as from Italian
Coast (22) have been exposed in previous studies, it was
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possible to carry out statistical comparisons (Mann—Whitney
U test) between marine tucuxi dolphins from Guanabara
Bay and bottlenose dolphins from both areas mentioned. In
our analysis, the dolphins from Guanabara Bay exhibited
significantly higher hepatic PFOS concentrations than bottle-
nose dolphins from Italian Coast (p = 0.005). Up to our
knowledge, the highest hepatic PFOS level reported for
cetaceans is the concentration of 1520 ng.g~ ' ww determined
in a male bottlenose dolphin from North-Western Atlantic
Ocean (5). Comparing the PFOS concentrations verified in
males of this highly exposed population to those observed
in male marine tucuxi dolphins from Guanabara Bay, it was
possible to observe that there was no significant difference
(p = 0.19).

Regarding dolphins from Guanabara Bay, at first, there
were no significant correlations between PFOS and age or
TL. In males, these absences of correlation were verified
considering both age (Pearson Test, p = 0.86) and TL
(Spearman, p = 0.37). Due to the small number of female
marine tucuxi dolphins from Guanabara Bay who had their
age determined (n = 4), correlation testing regarding
specifically females was carried out concerning TL only and
the Spearman test pointed to the absence of the correlation
concerned (p = 0.15). However, when a one-year-old male
calf presenting 2431 ng-g~! dw (the highest PFOS concen-
tration verified in the present study) was excluded from the
test, significant correlations between PFOS concentrations
and both age and TL (Pearson Test, p = 0.03, p = 0.02,
respectively; Figure 1) were observed in male marine tucuxi
dolphins from Guanabara Bay. The high hepatic PFOS
concentration verified in a one-year-old calf could still be a
consequence of a high burden of the concerned pollutant
acquired from transplacental and lactational transfer. The
fact that a significant correlation was only verified after
exclusion of the mentioned calf from the testing suggests
that mother-to-calf transference plays important role for the
relationships between PFCs and age in marine tucuxi
dolphins. Although there are data to the contrary, e.g.,
regarding polar bears (35, 36), published information (6, 11)
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FIGURE 1. Graphic representations of the statistically significant
positive correlations observed between PFOS concentrations and
biological parameters concerning male marine tucuxi dolphins
from Guanabara Bay when the PFOS level verified in a
one-year-old male calf presenting 2431 ng-g~' dw (the highest
PFOS concentration verified in the present study) was excluded
from the test. Figure 1A concerns PFOS concentration and total
length of dolphins (Pearson Test, p = 0.02). Figure 1B concerns
PFOS concentration and age of dolphins (Pearson Test, p = 0.03).

supports the idea that the latter suggestion can be extended
to other marine mammal species, particularly cetaceans and
pinnipeds. Analyzing blood samples from Antarctic elephant
seals, Tao et al. (6) verified significantly higher PFOS
concentrations in pups than in juveniles or adults. This
observation corroborated data regarding harbor porpoises,
since significantly higher hepatic PFOS concentrations in
juveniles than in adults had been verified (11). With regard
to the pollutant burden acquired during the nursing period,
the presence of PFOS in milk of delphinids has been
demonstrated recently (28). Besides the presence of a one-
year-old calf in the sample set, the possibility that unknown
pathophysiological conditions have acted as influencing
factors on the absence of significant correlations between
PFOS and age should not be dismissed. This possibility is
reinforced when information from literature is taking into
account regarding differences in PFOS levels related to health
status. Van de Vijver et al. (11) verified that PFOS concentra-
tions of harbor seals with bronchopneumonia were signifi-
cantly lower than the levels determined in individuals that
did not present the pathological process concerned. Kannan
et al. (37) observed that hepatic PFOS concentrations were
significantly higher in sea otters that died from infectious
diseases than in those who died from trauma and other
causes. These findings are especially important considering
the number of investigations in which no correlation between
PFOS and age has been observed in mammals (5, 22, 29, 38, 39),
implying further that the presence of diseased animals in
the sample set may hamper the occurrence of age-related
significant correlations due to the interference in PFOS
assimilation and metabolization that a pathological process
can generate.

The PFOS concentrations of three marine tucuxi fetuses
and one newborn calf (all from Guanabara Bay) varied

between 664 and 1590 ng-g~! dw (Table 1). Fetus/mother
(F/M) ratios of hepatic PFOS concentrations in marine tucuxi
dolphins from Guanabara Bay were calculated in two
situations (F/M = 2.75 and F/M = 2.62). These high values
suggest that placental transfer constitutes important elimi-
nation and assimilation pathway of PFOS, for females and
fetuses of the species, respectively. Calculating the fetus/
mother ratios (F/M) of hepatic PFOS concentrations from
the exposed data on a harbor porpoise fetus—mother pair
(24), it was possible to verify a similar value (F/M = 2.57).
High PFOS concentrations in cetacean fetuses had been
verified in previous studies. Among 19 analyzed harbor
porpoises from North Norway/Barents Sea, the highest PFOS
concentration (224 ng-g~!, wet weight) was observed in a
fetus liver (24). A similar finding was observed in a recent
study, since the highest renal PFOS concentration among 31
harbor porpoises (1371 ng-g~!, wet wt) was observed in a
fetus (29).

Despite the fact that placental and lactational transfer
can constitute elimination pathways for PFCs in females,
there was no significant difference between sexes, regarding
PFOS concentrations in dolphins from Guanabara Bay (¢test;
p = 0.2). However, it is important to consider that male and
female marine tucuxi dolphins belong to different age groups
(Table 1). Apparently contrasting information can be ob-
served in literature concerning gender-related differences in
PFOS levels. In most cases, no significant differences between
males and females were observed in wild mammals
(3, 5, 22, 29, 38-41). Significant higher PFOS concentrations
have been verified in females than in males, regarding harbor
porpoises and harbor seals (11). Concerning the porpoises,
the authors have drawn attention to the fact that when the
comparison was carried out within the different age cat-
egories, no gender specific relationship could be detected,
but the same did not hold for harbor seals (11). Contrastingly,
male gray seals presented higher PFOS concentrations than
females concerning both liver (22) and blood (5). In addition,
male sea otters presented significantly higher hepatic PFOS
concentrations than females (37). In a recent investigation
in which the exposure to organotin compounds (OTs) was
evaluated through determination of total tin, the same two
fetus—mother pairs of marine tucuxi dolphins were analyzed.
Placental transfer of OTs was also verified, and similarly to
the observed in the present study, there was no significant
difference between males and females (42). In that case, it
was hypothesized that the placental transfer of OTs in
cetaceans is not intense enough to produce a statistically
significant lower concentration in females than in males.
However, the values of the fetus—mother (F/M) ratios of
hepatic PFOS concentrations observed in the present study
(F/M = 2.75 and F/M = 2.62) are higher than those verified
concerning hepatic total tin (F/M = 0.096 and F/M = 0.216)
levels. In fact, the values mentioned regarding the fetus/
mother ratios of PFOS concentrations are even higher than
those observed in literature, concerning organochlorine
compound (OC) levels in other dolphin species. The
fetus—mother concentration ratios of some chlorinated
hydrocarbons, comprisinghexachlorobenzene (HCB), hexachlo-
rocyclohexane (HCH) isomers (o, 3, y), polychlorinated
biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT),
and related compounds in adipose tissue of a striped dolphin
(Stenella coeruleoalba) fetus-mother pair varied from 0.38
(PCBs) to 0.97 (HCB) (43). This constitutes important
information when it is considered that statistically significant
differences between sexes are commonly observed concern-
ing organochlorine compound contamination in cetaceans
(44). An explanation for these seemingly contradictory data,
regarding differences in PFOS concentrations between sexes
in wild mammals, may be found if it is considered that
significant differences in the elimination rate of some PFC
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have been observed among species and even between males
and females of the same species (45-47).

Regarding the effects of PFCs on the fetus, a recent study
has generated information of concern since PFOS concen-
trations in cord serum of nonoccupational exposed humans
were negatively associated with birth weight and size (48).
This latter finding highlights that PFOS levels commonly
observed in environmentally exposed organisms are enough
for eliciting developmental toxicity. Taking the high PFOS
concentrations observed in predator marine mammals into
consideration, especial concern on in uteri exposure to this
pollutant is raised about the animal group mentioned.

Considering that marine tucuxi dolphins inhabit anthro-
pogenically disrupted environments, facing a number of
potential and known threats (49), evaluating the magnitude
of the species exposure to PFCs is of great interest for
conservation purposes, especially when it is taken into
account that molecules of this class of pollutants have been
shown to be endocrine disrupters, tumor promoters (50),
and immunosuppressors (34). The immunosuppressive ac-
tion has been also demonstrated regarding other pollutants
of environmental concern, such as cadmium (51), organotins
(52), and organochlorines (53). Some investigations have
demonstrated that cadmium does not seem to constitute a
problem for coastal cetaceans in Brazil (54-56); however,
the same could not be stated about organotins (42) and
organochlorines (57). Therefore, the immunosuppressive
action and the developmental toxicity constitute subjects of
importance for the conservation of a cetacean population
assessed to be composed of approximately 70 individuals
(14), particularly when the possibility of synergistic effect
between PFOS and other toxic organic compounds is taken
into consideration, since marine tucuxi dolphins from
Guanabara Bay have been shown to be highly exposed to
both organochlorines (57) and organotins (42). Taking the
high concentrations observed in fetuses and young marine
tucuxi dolphins into consideration, especial concernis raised
on possible teratogen and developmental effects. This
apprehension is augmented if recently published information
on congenital malformation in environmentally exposed
mammals is taken into account, since it was attributed to in
uteri exposure to a cocktail of organic pollutants (58).
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