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Perfluorinated compounds (PFCs) are used in a variety of
industrial applications. We tested the hypothesis that, in Amur
tigers (Panthera tigris altaica), captivity in industrialized
areas increases PFC levels, potentially presenting a health
risk to these animals. Serum samples were collected from 100
tigers from industrialized or nonindustrialized regions in
China with nonpoint sources of PFCs. Mean concentrations of
PFCs in these samples ranged from 1.57 ( 0.83 ng/mL in
nonindustrial Hailin to 4.31 ( 2.90 ng/mL in industrial Beijing.
PFC concentrations were significantly higher in tigers from the
industrial city of Harbin than those from Hailin (p < 0.05).
Perfluorooctanesulfonate (PFOS) was the most abundant PFC
in all tigers and increased with age, regardless of industrial/
nonindustrial background (p < 0.01). However, PFOS
concentrations were 2-4 orders of magnitude less than the
current no-observed-effect level. In addition, overall PFC levels
in Amur tigers were low compared with various species
living in other countries, consistent with the relatively short
history of PFC use in China. These results are consistent with
the hypothesis that captivity in industrialized areas increases
PFClevels inAmurtigers.Theyalsosuggest thatPFCaccumulation
will persist, and even increase, with continued use of PFCs
in China.

Introduction
Perfluorinated compounds (PFCs) are a diverse group of
chemicals that are used in a variety of specialized consumer

and industrial products, such as paper products, food
packaging, fire-retarding foams, cosmetics, upholstery, sur-
factants, and surface protectors in carpets, textiles, and leather
(reviewed in refs 1, 2). PFCs contain a carbon-fluorine
covalent bond that confers resistance to hydrolysis, pho-
tolysis, biodegradation, and metabolism (3). Indeed, PFCs
are present throughout all global environments (4), including
remote locations such as the Arctic (5). PFCs alter cholesterol
and steroid levels, mitochondrial bioenergetics, and lipid
metabolism (6, 7). PFC exposure is also associated with
endocrine, reproductive, and developmental problems (8, 9).

PFC accumulation has been reported to occur in several
wildlife species, including marine animals and sea birds
(4, 10-13). Only a few studies have investigated PFC ac-
cumulation in terrestrial mammals (14-16). In many cases,
the source and mode of transmission of PFCs to wildlife are
unknown. However, a likely source is atmospheric fluorote-
lomer alcohol (FTOH), which is emitted through industrial
activities and produces perfluorinated carboxylic acids
(PFCAs) upon degradation (17). For this reason, animals
residing in environments with high levels of industrial activity
might be expected to accumulate high levels of PFCs, making
them vulnerable to the adverse effects of these contaminants.
The Amur tiger (Panthera tigris altaica) may be one such
example. The Amur tiger is a Category I protected species
under the Wild Animal Protection Law in China. It is found
in only northeast China, far eastern Russia, and North Korea.
Illegal poaching and habitat destruction have brought this
species to the brink of extinction, with a total wild population
of approximately 450 and wild population of only about 20
in China (18). Fortunately, captive tiger breeding in China
has expanded the captive population to over 4000 animals
in recent years (19). However, captivity in industrialized areas
may increase the exposure of these animals to PFCs, possibly
adversely affecting their health.

The objective of the current study was to assess PFC
exposure in Chinese Amur tigers relative to other species
worldwide. It was also performed to test the hypothesis that
captivity in industrial areas increases serum PFC levels in
Amur tigers. Blood PFC levels were analyzed in tigers from
five separate centers situated in industrialized and nonin-
dustrialized regions of China. Since little information exists
on gender- and age-specific PFC accumulation within a single
species, the relationship of each variable with PFC ac-
cumulation was also analyzed (20-22).

Materials and Methods
Sample Collection. From April to December 2006, blood
samples were collected from 100 animals located in industrial
areas or nonindustrial areas. According to the international
criterion of industrial level assessment, the area will be of
early industrial level if its GDP per capita exceeds 1000 U.S.
dollars. The average GDP per capita of Beijing, Harbin, Guilin,
Hailin, and Antu were about 3156, 2339, 2022, 736, and 726
dollars one year during 2000-2006, respectively (23, 24).
Harbin (n)31), Beijing (n)3), and Guilin (Guangxi Province)
(n ) 22) were selected as industrial areas. The nonindustrial
areas were Hailin (Helongjiang Province) (n ) 17) and Antu
(Jilin Province) (n) 27) (Figure S1, Supporting Information).
All Amur tigers had been present in their respective centers
for at least 0.5-1 year prior to sample collection. The blood
collection protocol was approved by the Institute of Zoology,
Chinese Academy of Sciences Institutional Animal Care
Committee and State Forestry Administration of China. In
all cases, the anesthesia protocol was identical to that used
for routine handling of felids in the zoos. Briefly, the animals
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were sedated with darts containing xylazine (1.0 mg/kg) and
ketamine (10.0 mg/kg). If more prolonged relaxation was
required, 0.5 mg/kg diazepam was administered. After
anesthetization by a veterinarian, animals underwent blood
collection (3-5 mL) from the left forearm. Samples were
transferred to polypropylene cryovials and kept at -20 °C
until analysis. The age, gender, and sampling locations were
recorded (Table S1, Supporting Information).

Extraction and Cleanup Methods. Chemical extraction
from blood/serum was performed similarly to a previously
described procedure, with an additional cleanup step (20).
The chemicals used are provided in the Supporting Infor-
mation, along with the details of the extraction procedure.

High-Performance Liquid Chromatography-Tandem
Mass Spectrometery (HPLC-MS/MS). Final extracts were
analyzed using an Agilent HP1100 liquid chromatography
system interfaced with a Micromass (Beverly, MA) Quattro
Ultima Pt mass spectrometer, which was operated in
electrospray negative ionization mode as previously reported
(25). In brief, a 10 µL aliquot of the sample extract was injected
onto a guard column (XDB-C8, 2.1 mm i.d. × 12.5 mm, 5 µm;
Agilent Technologies, Palo Alto, CA) connected to a Betasil
C18 column (2.1 mm i.d. × 50 mm length; Thermo Hypersil-
Keystone, Bellefonte, PA). The mobile phase consisted of 2
mM ammonium acetate-methanol, with 10% methanol
serving as the starting mobile phase. MS/MS parameters were
optimized to transmit the [M - K]- or [M - H]- ion (Table
S2, Supporting Information). Detailed instrumental param-
eters are described elsewhere (25).

Data Quality Assurance and Quality Control. Data quality
control and assurance included instrumental blanks, pro-
cedural (method) blank, matrix spikes, and duplicated
analysis. All HPLC components were free of polytetrafluo-
rethylene (PTFE) to minimize perfluorocarboxylic acid (PFCA)
contamination and achieve lower detection limits. Recoveries
of native chemicals were tested in a series of preliminary
experiments. Mean analyte recoveries ranged from 86 to 145%
(n ) 4 per analyte) (Table S2, Supporting Information). PFC
concentrations were not corrected for recoveries. Procedural
blanks were tested with every eight samples to check for
possible laboratory contamination and interference, and all
were below the limit of quantification (LOQ). For all analytes,
concentrations measured in methanol washes from blank
sample collection tubes were less than 7 pg/mL. LOQs were
defined as the value corresponding to the peak with a signal-
to-noise ratio of 10. The LOQ was 50 pg/mL for perfluo-
rooctanesulfonate (PFOS), perfluorohexanesulfonate (PF-

HxS), perfluorobutanesulfonate (PFBS), perfluorodecanoic
acid (PFDA), perfluorononanoic acid (PFNA), perfluorohep-
tanoic acid (PFHpA), perfluorooctanoic acid (PFOA), and
unsaturated fluorotelomer carboxylate (8:2 FTUCA). The LOQ
for perfluorohexanoic acid (PFHxA) and saturated fluorote-
lomer carboxylate (8:2 FTCA) was 250 pg/mL.

PFC concentrations were extrapolated from calibration
curves that were generated using a concentration series of
0, 2, 10, 50, 200, 1000, 5000, 20 000 pg/mL. The deviation of
every point from the standard was less than 20%. The linearity
and repeatability of these calibration curves were confirmed
prior to each set of determinations. In addition, the reliability
of this method was verified through participation in the First
International Laboratory Calibration Study coordinated by
ASG-RIVO and Örebro University (26).

Statistical Analysis. PFC concentrations for all samples
were logarithmically (ln) transformed to ensure a normal
distribution of the data. The normality of the data was
analyzed using a Kolmogorov-Smirnov test. A t-test was used
to compare PFC concentrations between genders. Pearson
correlation analysis was performed to examine the relation-
ship between PFCs. The differences in PFC levels among
tiger populations were analyzed using one-way analysis of
variance (ANOVA), following by Duncan’s multiple range
test. Linear regression was performed to evaluate relation-
ships between age and PFC concentrations. Samples with
concentrations below the LOQ were assigned zero. All
statistical analyses were conducted with SPSS software
(Version 13.0 for Windows, SPSS Inc., Chicago, IL).

Results and Discussion
PFC Levels in the Amur Tiger. In all tigers examined, PFBS,
PFHpA, PFHxA, 8:2 FTCA, and 8:2 FTUCA were below the
LOQs. The mean concentrations of remaining PFCs (i.e.,
PFOS, PFNA, PFHxS, PFOA, and PFDA) were above the LOQs
in all locations. The mean concentrations, in order of
decreasing abundance, were 1.41 ( 0.15 ng/mL for PFOS,
0.32 ( 0.03 ng/mL for PFNA, 0.11 ( 0.02 ng/mL for PFHxS,
0.11 ( 0.01 ng/mL for PFOA, and 0.07 ( 0.01 ng/mL serum
for PFDA (n ) 100) (Table 1).

For PFOS, concentrations ranged from 0.10 to 9.82 ng/
mL (Table S3, Supporting Information), with the highest and
lowest PFOS concentrations being found in male tigers (age
16 years) and juvenile female tigers (age 1 year) from Guilin,
respectively. The highest mean PFOS concentration (3.95

TABLE 1. Mean Plasma PFC Concentrations in Terrestrial and Marine Mammals

PFC concentration (ng/mL or ng/g wet wt)a

species N location PFOS PFHxS PFDA PFNA PFOA ref

Amur tiger 100 China 1.41 0.11 0.07 0.32 0.11
polar bear NR Svalbard 1290 2940 43 102 21 28
(Ursus maritimus) (914) (26727) (614) (318) (190)
bottlenose dolphin 2 Bermuda 49 5.9 9.6 17 0.8 33
(Tursiops truncates) (34) (53) (137) (53) (7)

42 Indian River 642 73 18 13 12 33
Lagoon, FL (455) (663) (257) (40) (109)

5 New Jersey 751 164 45 326 72 33
(532) (1490) (642) (1018) (90)

13 Sarasota 780 40 22 25 6.3 33
Bay, FL (553) (363) (314) (78) (57)

47 Charleston, SC 1315 46 159 63 44 33
(932) (418) (2271) (196) (400)

giant panda 9 Beijing, China 11.10 - - - 0.80 16
(Ailuropoda melanoleuca) (7) (7)
red panda 12 Chongqing, China 15.65 - - - 2.29 16
(Ailurus fulgens) (11) (20)
a Values in parenthesis represent the mammal-to-tiger ratio of PFC concentrations.
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ng/mL) was found in tigers from Beijing and was 1-4 fold
higher than concentrations found in tigers from other
locations.

PFNA, the second most prevalent PFC in Amur tigers,
had mean concentrations ranging from 0.13 to 0.89 ng/mL
and detection frequencies from 59% to 100%. These results
are consistent with the observations of Martin et al. (7) and
Smithwich et al. (10), who found that PFNA was the dominant
PFCA in the liver of polar bears and ringed seals.

For PFHxS, mean concentrations ranged from 0.03 to 0.29
ng/mL and the detection frequency from 25% to 81%. PFHxS
concentrations were approximately 5-34-fold less than PFOS
concentrations. PFHxS is only sporadically detected in the
environment because PFHxS is the sulfonate form of per-
fluorohexanesulfonyl fluoride (PHSF), a component of fire-
fighting foams, an intermediate in the production of PFCs,
and an impurity in PFOS-based formulations (27).

PFOA, the third or fourth most abundant PFC, had mean
concentrations ranging from 0.04 to 0.18 ng/mL in Amur
tigers. In a previous study, PFOA was the second highest PFC
in wildlife serum samples (28). Nevertheless, the finding that
PFOA comprises about 8% of total PFCs (i.e., the sum of
PFOS, PFHxS, PFDA, PFNA, and PFOA) in Hailin Amur tigers
is consistent with its contribution in polar bears, which is
about 3% of total PFCs (7). The low PFOA composition of
total PFCs might be indicative of the relatively low bioac-
cumulation and concentration potential of PFOA (28). Odd-
number chain-length PFCs generally accumulate more than
even-number chain-length PFCs. The PFC profiles observed
here support the hypothesis that FTOH degradation may be
one source of PFCs. For example, the atmospheric degrada-
tion of 8:2 FTOH yields similar PFOA and PFNA quantities
(17). However, longer-chain PFCs are more bioaccumulative
(i.e., PFNA>PFOA), resulting in higher biota concentrations
of PFNA than PFOA (29).

Finally, the least abundant PFC was PFDA, which had
concentrations that ranged from <LOQ to 0.33 ng/mL. The
highest mean PFDA concentrations (0.15 ( 0.08 ng/mL for
female tigers and 0.10 ( 0.07 ng/mL for male) were found
in tigers from Antu at a detection frequency of 81%. Taken
together, these results reveal that detectable levels of PFCs
are present in captive tigers. All locations sampled in this
study were at least 400 miles from PFC plants (i.e., Shanghai,
Shangdong, Jiangsu, Sichuan, Zhejiang, Jinan, and Liaoning),
implying that PFCs were derived from nonpoint sources (30).
The degradation of FTOH in the atmosphere might be one
such source (17).

Comparison of PFCs Concentrations in Amur Tigers and
Wild Animals. A comparison of PFC concentrations in Amur
tigers with values reported for other wildlife revealed that
overall PFC concentrations in Amur tigers were lower than
those reported in other terrestrial and marine mammals.
The mean PFOS and PFOA concentrations in Amur tigers
were both 7-fold less than concentrations in the captive giant
panda and 11- and 20-fold less than those in the red panda
in China, respectively (16). Similarly, PFOS and PFOA
concentrations were 34- and 7-fold less in Amur tigers than
those in bottlenose dolphins in Bermuda, respectively (Table
1). Concentrations of PFHxS, PFDA, and PFNA in Amur tigers
were at least 40-fold less than those found in bottlenose
dolphins around the world (Table 1). Mean PFOS concentra-
tions in Amur tigers were similar to those in the northern fur
seal from the coastal waters of Alaska and also similar to the
loggerhead turtle from the southeastern coast of the United
States (31, 32). In contrast, mean PFOS concentrations were
slightly greater in Amur tigers than in ringed seals from the
Canadian Arctic (33). The overall lower PFC concentrations
in Amur tigers may be attributable to the lack of direct PFC
point source at all sampling locations. It is also consistent
with the fact that PFCs have been used for a relatively short

period in China compared with other developed countries
such as America and Japan.

Geographic Trends. An analysis of PFC concentrations
by geographic location revealed that, although most PFC
compositions differed among each location, PFOS and PFNA
were the major components in all locations (Figure 1). Figure
2 shows the serum PFCs concentrations in Amur tigers from
Harbin, Guilin, Hailin, and Antu. (PFC concentration data
for Beijing Amur tigers were omitted from this and subsequent
analyses due to the small sample size). PFOS levels did not
significantly differ among tigers in the four locations. PFHxS,
PFDA, and PFNA concentrations were significantly higher in
Amur tigers from Harbin (most industrialized area included
in this study) than those from Hailin (p < 0.05 for all) (Figure
2). The sources of PFCs in these four areas have not been
documented, and only sparse information concerning PFC
production in China is available. Nevertheless, the finding
that PFCs are present at higher concentrations in tigers from
industrialized region (Harbin) than in those from remote
region (Hailin) is consistent with the idea that the degree of
PFCs exposure is related to the level of industrial activities
in a particular area. These results were similar to our previous
study that PFC blood concentrations of an individual from
Shenyang (industrial area) were generally higher than those
from Jintan (remote area) (20).

Gender- and Age-Related PFC Accumulation. The influ-
ence of gender on the accumulation of PFCs is unknown,
although experimental trials suggest that females have higher
PFOS clearance rates and accumulate lower concentrations
of these compounds than males (32). We investigated possible
gender- and age-related PFC accumulation in a pooled
sample group consisting of 47 males with ages ranging from
1 to 16 years and 50 females with age ranges of 1 to 15 years.
However, both PFDA (p ) 0.058) and PFNA (p ) 0.076) were

FIGURE 1. Composition of serum PFCs in Amur tigers from Har-
bin (HB), Hailin (HL), Guilin (GL), and Antu (AT).

FIGURE 2. Serum PFC concentrations in Amur tigers from Har-
bin (HB), Hailin (HL), Guilin (GL), and Antu (AT). Data are ex-
pressed as mean ( standard derivation. Columns with different
letters are significantly different (p < 0.05, ANOVA with
Duncan’s multiple range test).
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slightly higher in females (n) 50) than males (n) 47). PFOS,
PFHxS, and PFOA did not differ between genders (p > 0.05).
Analysis of gender differences by location revealed that
significant differences existed only in PFDA and PFNA levels.
PFDA concentrations were greater in juvenile (<3 years)
females than juvenile males (p < 0.05) in Hailin, although
the percentage of samples above the LOQ for PFDA was less
than 50% and the sample size was small (female, n) 5; male,
n ) 6). In the Harbin and Antu, females had higher PFNA
concentrations than males (p < 0.05). The finding that a
trend existed toward increased PFOS levels in females is
consistent with findings in harbor porpoises (34). Contrast-
ingly, the mean PFOS concentrations in adult male minks in
Massachusetts were greater than those in adult females, but
this finding was not statistically significant (13). In addition,
gender-related differences in PFCs concentrations were not
found in panda (16), humans (20), bottlenose dolphins (T.
truncates) (32), polar bears, or ringed seals (11).

PFOS levels increased with age at three of the sampling
locations (p < 0.01), with the exception being Antu (Figure
3). PFHxS and PFOA increased with age only at Guilin (p <
0.01). A significant negative relationship between age and
PFDA concentrations was present in juvenile Amur tigers
(<3 years) in Hailin (R2 ) 0.31, p < 0.05) and Antu (R2 ) 0.25,
p < 0.01). PFNA concentrations significantly increased with
age at Harbin and Guilin (p < 0.01). Since PFNA concentra-
tions significantly differed according to both age and gender
in tigers from Harbin, we investigated age-related changes
in PFNA and PFDA levels within each gender. No significant
relationship was present between age and C9-10 PFCA (PFDA
and PFNA) concentrations within the same gender, sug-
gesting that only gender affects PFDA and PFNA concentra-
tions. When the sex-specific data was pooled, only PFOS
(female, n ) 50, p < 0.05; male, n ) 47, p < 0.01) and PFHxS
(female, n ) 22, p < 0.05; male, n ) 21, p < 0.01) significantly
increased with age. Several studies have demonstrated age-
related effects in PFC levels. For example, PFC concentrations
increase with age in mallards (Anas platyrhynchos) for PFOS
(32), in juvenile male bears for PFOS, PFNA, and C10-C14

PFCAs (10), in Arctic ringed seals for perfluorododecanoic
acid (PFDoA) and PFOS (35), and in ridley turtles for PFOS
(36). Conversely, PFCs decrease with age in bottlenose
dolphins (32) and juvenile harbor porpoises (34). No cor-
relations were observed between PFCs and age in gray and

ringed seals from the Baltic or Mediterranean Sea for PFOS
(37) or in panda (16) and humans (20) in China for PFOA and
PFOS. Our results clearly demonstrate that PFOS concentra-
tions are related to age and that PFDA and PFNA concentra-
tions are related to gender in Amur tigers. However, since
PFC bioaccumulation is a complex process, multiple other
factors may contribute to the gender- and age-related PFC
bioaccumulation observed here.

Relationships between PFCs. This analysis included data
sets only for PFCs that were detected at frequencies greater
than 50%. We found significant positive correlations between
multiple PFCs in Harbin (Figure S2, Supporting Information),
Guilin (Figure S3, Supporting Information), and Antu (Figure
S4, Supporting Information). Positive correlations between
PFOS and PFHxS concentrations were observed in both
Harbin (R2 ) 0.61, p < 0.01, n ) 14) and Guilin (R2 ) 0.78,
p < 0.01, n ) 12). This finding suggests that sources of PFOS
and PFHxS exposure may be similar in Harbin and Guilin.
Positive correlations between PFOS and PFNA (R2 ) 0.79, p
< 0.01, n) 12) as well as between PFOS and PFOA (R2 ) 0.52,
p < 0.01, n ) 13) were observed in the Guilin samples. In
addition, positive correlations were observed between PFDA
and PFNA in Harbin (R2 ) 0.58, p < 0.05, n ) 9) and Antu
(R2 ) 0.40, p < 0.01, n ) 22) as well as between PFNA and
PFOA in Guilin (R2 ) 0.54, p < 0.01, n ) 12).

Analysis of data combined from the four locations (Antu,
Guilin, Hailin, and Harbin) revealed that PFOS concentrations
were positively correlated with PFHxS (p < 0.01), PFOA (p
< 0.05), and PFNA concentrations (p < 0.01). PFDA con-
centrations were positively correlated with PFNA (p < 0.01)
and PFOA concentrations (p < 0.05), while PFHxS concen-
trations were positively correlated with PFNA concentrations
(p < 0.01). The positive linear association between these
PFCs suggests that they arise from a common source in all
regions.

Risk Assessment. Since PFOS was the dominant PFC in
captive tigers, we performed a basic risk assessment of this
compound. PFOS may disrupt homeostasis of DNA me-
tabolism by inducing DNA strand breaks and/or affecting
DNA repair (38). PFOS also has deleterious effects on
membrane integrity, resulting in necrosis of liver cells (38).
The risk of PFOS exposure to Amur tigers was assessed using
a previously described method (20) in which PFOS risk is
estimated by comparing the probability of exceedance to

FIGURE 3. Linear regression analysis of age and PFC concentrations in Amur tigers from Harbin (HB), Hailin (HL), and Guilin (GL).
Coefficients of variation (R) and p values are shown.
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several points of departure or toxicity reference values (TRVs).
Protective values, the benchmark internal concentrations
(BMICs), were chosen as “points of departure” for risk
characterization. Three TRVs were selected for points of
departure. The first was 33 µg/mL, which was derived from
the lower 95% confidence limit of the BMIC based on rat pup
weight during lactation. The second was 44 µg/mL, the no-
observed adverse effect level of rat liver toxicity. The final
TRV was 62 µg/mL, the lower 95% confidence limit of the
BMIC (10% response) for liver tumor formation in rats. PFOS
concentrations in all Amur tigers were lower than the TRVs.
Thus, all PFOS concentrations were 2-4 orders of magnitude
less than the current no-observed-effect level (NOEL).
Nevertheless, this risk assessment needs further refinement
due to inherent limitations of the information regarding the
physiological, toxicological, ecological effects of PFCs in
terrestrial mammals, and the potential combined effects of
various PFCs.

In conclusion, our results are consistent with the hy-
pothesis that captivity in industrialized areas increases serum
PFC levels in Amur tigers. The overall low PFC levels in these
animals compared to terrestrial wildlife in other countries
is consistent with the relatively short duration of PFC use in
China and suggests that continued use of these compounds
will lead to greater PFC accumulation in Amur tigers.
Additional studies using larger sample sizes and measurable
PFC sources will be necessary to fully understand the mode
of transmission and biological consequences of these in-
dustrial chemicals.
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