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a b s t r a c t
Per-/polyﬂuoroalkyl substances (PFASs), which are widely used in industrial and commercial products, have
been identiﬁed as global and ubiquitous pollutants. Despite this, limited data are available regarding the impacts
of PFAS exposure and intake in non-human primates. Here, we report for the ﬁrst time on the occurrence of PFASs
in the blood and dietary sources of two rare and endangered primate species, namely, the golden snub-nosed
monkey (Rhinopithecus roxellana) and Francois' leaf monkey (Trachypithecus francoisi). Results showed that
perﬂuorooctanoate (PFOA) and perﬂuorononanoate (PFNA) were dominant and found at the highest proportions in the blood of both species at the four study sites. The ∑PFAS levels in blood samples from captive golden
snub-nosed monkeys in Tongling Zoo (mean: 2.51 ng/mL) and Shanghai Wild Zoo (3.52 ng/mL) near urbanized
areas were one order of magnitude higher than the levels in wild monkeys from Shennongjia Nature Reserve
(0.27 ng/mL). Furthermore, signiﬁcant age positive relationships for perﬂuorodecanoic acid (PFDA),
perﬂuorooctane sulfonate (PFOS), and 6:2 chlorinated polyﬂuorinated ether sulfonates (6:2 Cl-PFESA) were
observed in both golden snub-nosed monkeys at Shanghai Wild Zoo and Francois' leaf monkeys at Wuzhou
Breeding Center. In addition, PFAS levels in frequently consumed food and drinking water were analyzed for
Francois' leaf monkeys. Results showed that tree leaves accounted for the highest percentage of total daily intake
of PFASs, especially PFOA, thus highlighting tree leaf consumption as a primary PFAS exposure route for this
species. Overall, however, dietary exposure to PFASs was of relatively low risk to Francois' leaf monkey health.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Per- and polyﬂuoroalkyl substances (PFASs) are a group of synthetic
chemicals commonly used as surfactants and surface protectors in
industrial and commercial products, such as ﬁre-ﬁghting foams, carpets,
and textiles (Buck et al., 2011; Prevedouros et al., 2006). Perﬂuorinated
carboxylates (PFCAs), perﬂuorinated sulfonates (PFSAs), and PFOS
precursor perﬂuorooctane sulfonamide (FOSA) are among the
most important and extensively studied PFASs. Long-chain PFCAs
(CnF2n+1COOH, n ≥ 7) and PFSAs (CnF2n+1SO3H, n ≥ 6) demonstrate
environmental persistence and poor biodegradability, and thus can
accumulate and biomagnify along the aquatic and terrestrial food chains
(Lescord et al., 2015; Müller et al., 2011). Certain regulations have
limited the production of PFOS over the last several decades (3M.
Letter to US EPA, 2000), with industries encouraged to develop alternatives to PFOS and related chemicals. One such alternative is 6:2
chlorinated polyﬂuorinated ether sulfonate (6:2 Cl-PFESA, formula:
ClCF2C5F10OCF2CF2SO−
3 , commercial name: F-53B), which is used as a
mist suppressant in the metal plating industry due to its lower cost
and simpliﬁed production processes (Wang et al., 2013). In recent
years, however, 6:2 Cl-PFESA has been detected in many environmental matrices, including surface water (Pan et al., 2018; Wang
et al., 2016) and sludge (Ruan et al., 2015), as well as in wildlife
(Cui et al., 2018; Gebbink et al., 2016) and humans (Chen et al.,
2017; Pan et al., 2017). In addition, 6:2 Cl-PFESA exhibits poorer
biodegradability and higher bioaccumulation potential than PFOS
(Shi et al., 2015; Wang et al., 2013).
Various studies have measured PFAS concentrations in wildlife, focusing mostly on ﬁsh (Wu et al., 2012), birds (Rubarth et al., 2011),
and marine mammals (Reiner et al., 2011), with few studies conducted
on terrestrial mammals, especially in regard to emerging PFASs (Dai
et al., 2006; Guruge et al., 2008; Li et al., 2008; Taniyasu et al., 2013a,
b). Furthermore, the limited studies on terrestrial mammals have almost exclusively focused on carnivores and omnivores, with research
on herbivores remaining scarce (Falk et al., 2012; Müller et al., 2011).
Thus, several gaps in our understanding of PFAS contamination in herbivores, especially those that are rare and endangered, still exist.
The golden snub-nosed monkey is an arboreal primate endemic to
China and distributed in three isolated mountainous regions within
the Sichuan, Gansu, Shaanxi, and Hubei Provinces (Quan and Xie,
2002). The Francois' leaf monkey is endemic to the karst hills found in
tropical and subtropical south-western China (Guizhou and Guangxi
Provinces) and northern Vietnam (Hale et al., 2018). As folivorous herbivores, the diets of both species consist primarily of tree leaves, supplemented with fruits, seeds, and ﬂowers. With only 25,000 golden snubnosed monkeys and 1700 Francois' leaf monkeys currently found in captive and wild populations, both species (Colobine subfamily) are considered endangered by the IUCN and recognized as Class I Protected
Animals by the Chinese government (Ren et al., 2010; Zhou et al.,
2006). Human activities have caused substantial loss and fragmentation
of natural habitats, resulting in the decline of wild populations and increasing the risk of extinction (Zhao et al., 2018). Thus, the present protection measures for colobine monkeys are mainly breeding in captive
institutions and establishing national wild protection zones. At present,
there are about 200 R. roxellana and 100 T. francoisi in captivity in China.
To date, only limited information is available regarding herbivore
exposure to PFASs (Falk et al., 2012; Müller et al., 2011). Unlike marine
mammals, which are exposed to polluted water directly, the exposure
pathways for terrestrial animals are less known. It is, therefore, necessary to investigate the pathways of pollutants to better protect the animals exposed to them. Several studies have reported that tree leaves
can be contaminated with PFASs (Shan et al., 2014) and that PFASs
can be transferred through the food chain (Müller et al., 2011). As leaves
are the primary food of colobine monkeys, elucidating the possible exposure sources of PFASs in captive and wild monkeys is critical. Although studies on the exposure routes of PFASs in wildlife, especially

525

terrestrial mammals, are scarce, research has conﬁrmed that dietary intake, including drinking water, can contribute to PFAS accumulation in
humans (Domingo, 2012). Thus, information on daily food and drinking
water consumption can be used to estimate PFAS intake. Furthermore,
comparing estimated daily intake (EDI) of PFASs from dietary consumption with PFAS concentration in the blood can help infer exposure
routes.
As non-human primates, monkeys can serve as models for studying
PFAS contamination, which can, in turn, contribute to our understanding of the distribution properties and toxicological risk assessment in
humans. Therefore, the primary objectives of this study were to assess
PFAS concentrations in the blood of two endangered leaf-eating monkey species from China and to evaluate the relationships of PFAS accumulation in the blood with biological parameters. In addition, PFAS
levels in dietary foodstuff and drinking water were detected to elucidate
possible exposure sources of PFASs.
2. Materials and methods
2.1. Sample collection and preparation
A total of 64 blood specimens were collected from golden snubnosed monkeys in three sites (Tongling Zoo, Shennongjia Nature Reserve, and Shanghai Wild Zoo) and Francois' leaf monkeys in Wuzhou
Breeding Center, respectively (Fig. S1). Among these sites, monkeys
inhabiting Shennongjia Nature Reserve mainly forage in the wild, with
the other three locations containing captive monkeys that only receive
human-provisioned food. Blood specimens were drawn from the caudal
vein using a syringe and heparinized vacutainer by a qualiﬁed veterinarian. Blood was sampled following protocols approved by the Institute of
Zoology, Chinese Academy of Sciences, Institutional Animal Care Committee and State Forestry Administration of China. All blood samples
were stored at −20 °C until analysis. Details on sampling time, species,
location, age, and sex are summarized in Table S1.
Fresh leaves and multigrain cakes frequently consumed by monkeys
were collected using aluminum foil from the four institutions. In addition, pumpkin, peanuts, and Chinese dates provided as supplementary
food were also collected (detailed in Table S2). Monkeys in Shennongjia
Nature Reserve are able to forage in the wild and are given supplementary food when natural food sources are scarce. Six samples of each dietary item from each location were collected within a month and
pooled into two mixed samples. All food samples were ground to powder using a shredding machine prior to analysis. Drinking water samples
were collected ﬁve times within a month and pooled together using 1-L
prewashed polypropylene (PP) bottles from each sampling location. All
drinking water and dietary food samples sealed in PP plastic bags were
preserved at −20 °C. Details on dietary and drinking water information
are presented in Table S2.
2.2. Chemicals and sample extraction
Details on the 16 target PFASs and all reagents are given in the
Supporting Information (SI).
The PFAS concentrations in blood samples were determined
using ion-pairing extraction, as described by Hansen et al. (2011).
Brieﬂy, 0.5 mL of blood and 2 ng of internal standard were spiked
in 2 mL of NaHCO 3 /Na 2CO 3 buffer solution and 1 mL of 0.50 M
tetrabutylammonium hydrogen sulfate (TBAS) solution. To extract
the PFAS targets, 4 mL of methyl tert-butyl ether (MTBE) was
added followed by shaking at 300 rpm for 20 min, with the supernatant then transferred to a new 15-mL PP tube. This procedure was
repeated three times and all supernatants were pooled. The combined supernatants were dried under gentle nitrogen gas at 40 °C
and reconstituted with 200 μL of methanol, followed by centrifugation at 4000 rpm for 15 min at room temperature to minimize interference before further analysis.
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PFASs in dietary food samples were extracted according to previous
literature (Shan et al., 2016), with some modiﬁcations. In brief, either
0.1 g of freeze-dried tree leaves or 0.2 g of food samples were extracted
using the above-mentioned ion-pairing method. The concentrated extract was then reconstituted in 5 mL of methanol containing 0.5% ammonium hydroxide and injected into a cartridge using graphitized
carbon material (250 mg, 3 mL, PestiCarb, China) to minimize matrix effects. The cartridge was preconditioned with 5 mL of 0.5% ammonium
hydroxide in methanol, followed by 5 mL of Milli-Q water and 5 mL of
methanol. The resulting eluate was evaporated to dryness and then dissolved using 200 μL of methanol for further analyses. Drinking water
samples were extracted as per previous work (Cui et al., 2018). In
total, 500 mL of drinking water from each sample was loaded into the
SPE cartridges for PFAS analysis.

concentrations lower than LOQ, 1/2 LOQ substituted and Non-Detects
and Data Analysis for Environmental Data (NADA) package (R v3.4.1)
were used for descriptive statistics (Helsel, 2006). However, no differences were observed between the two handling methods, suggesting
that non-detect concentrations had little inﬂuence on statistical
analyses in this study. To ensure normal distribution of data, the concentrations of PFASs for all blood samples were logarithmically (ln)
transformed. Differences in compound levels between sites as well as
sexes were determined using Mann-Whitney U tests. Pearson's correlation coefﬁcients were applied to explore associations between age and
individual ln-transformed PFAS concentrations.
3. Results and discussion
3.1. PFAS concentrations in blood samples

2.3. Instrumental analysis and quality control
Target PFASs in pre-puriﬁcation samples were quantiﬁed using an
Acquity UPLC coupled to a Xevo TQ-S triple quadrupole mass spectrometer (Waters, Milford, MA, USA). Target ﬂuoroalkyl substances were
separated by an Acquity BEH C18 column (5 μm × 2.1 mm × 150 mm,
Agilent, CA, USA). Further details on the UPLC-MS/MS methods are
given in the SI and Table S3.
One procedural blank was performed in every eight samples for the
detection of contaminants during the extraction procedure. The spike
recoveries (n = 3), which were calculated using 2 ng of isotopelabeled surrogate standard spiked in matrix-speciﬁc samples followed
by extraction and cleanup procedures, ranged from 87.9% to 106.1%.
All measured concentrations in the present study were corrected for
the recoveries of the internal standards. The limits of quantitation
(LOQs) were determined as the concentrations of PFASs in the samples
responding to a signal-to-noise ratio (S/N) of 10. PFAS concentrations in
the procedural blanks were all below the LOQs. Results, including matrix spike recoveries and LOQs of speciﬁc samples, are presented in
Table S4.
2.4. Statistical analysis
Daily intake values of PFASs through diet and drinking water were
predicated using the following formulas (Zhang et al., 2010):
EDIdiet ¼ Cdiet  Mw  ð1−moisture contentÞ=W

The concentrations of PFASs in blood samples collected from the two
primate species at the four sites are summarized in Table 1 and Table S1.
Results showed that eight out of the 16 target compounds were found
repeatedly in blood and were observed at levels above the LOQs with
a frequency of detection N50%. Other analyzed PFASs were detected infrequently in blood, and thus are not discussed below. The concentrations of PFOA and PFNA were above the LOQs and at the highest
proportion in blood samples. The highest ΣPFASs in blood samples
were observed at Shanghai Wild Zoo and ranged from 1.55 to
5.12 ng/mL. In addition, FOSA, an important precursor of PFOS, was
also detected in all sites, except Shanghai Wild Zoo. Of note, 6:2 ClPFESA, which has not been found in terrestrial animals prior to this
study, was observed in most (89.1%) blood samples, although at relatively low concentrations (ranging from non-detected to 0.13 ng/mL).
This ﬁrst reported occurrence of 6:2 Cl-PFESA in primate species demonstrates the bioaccumulation of this chemical in leaf-eating animals,
consistent with the results observed in marine mammals (Gebbink
et al., 2016) and humans (Chen et al., 2017; Pan et al., 2017). As tissues
can exhibit different bioaccumulation and metabolic capabilities of
PFASs, we only compared blood levels with other terrestrial mammals.
The total concentration of PFASs in the monkeys (mean: 0.51 ng/mL)
was lower than that found in wild rats (20.31 ng/mL) and Artic foxes
(24.60 ng/mL) (Taniyasu et al., 2013a, b; Aas et al., 2014). Thus, it
would appear that the feeding habits of the animals are a crucial factor
inﬂuencing PFAS concentration.
3.2. Geographical differences in golden snub-nosed monkeys

EDIdrinking water ¼ Cdrinking water  Vw =W
where, C is the mean PFAS concentrations in the diet (ng/g dry weight)
and drinking water (ng/L); Mw is the ingestion rate of dietary items (g/
day wet weight); Vw is the consumption rate of drinking water (L/day);
and, W is monkey body weight (kg). Daily intake was only calculated for
adult monkeys as the body weights of sub-adult monkeys (age 1.5–4)
ﬂuctuated widely. The daily consumption rates of adult golden snubnosed and Francois' leaf monkey (age N 4) diets were supplied by the
keeper (see Table S6 and Table 4). The average body weights of adult
golden snub-nosed and Francois' leaf monkeys were assumed to be
12.6 kg and 6.9 kg, respectively.
The serum half-lives of PFASs were calculated on the basis of total
daily intake and blood concentrations using the following equation
(Shi et al., 2016):
T1=2 ¼ 0:693  Vd  Cserum = EDIdiet þ EDIdrinking water



where, Vd is the volume of distribution (mL/kg bw) and Cserum is the
PFAS concentration in monkey serum, which was estimated by multiplying blood average values of PFAS by a factor of 2 (Yeung et al., 2006).
Only analytes with detection frequencies higher than 50% in blood
and food samples were calculated for summary statistics. For PFAS

Interspeciﬁc differences prevented comparison of samples from Wuzhou Breeding Center. Regional differences in PFASs were observed
among the golden snub-nosed monkey samples collected at the three
locations. The total concentration of PFASs in animals from Shanghai
Wild Zoo (3.52 ng/mL) and Tongling Zoo (mean: 2.51 ng/mL) were approximately 10 times higher than that detected in Shennongjia Nature
Reserve (mean: 0.27 ng/mL). The highest mean concentrations of
PFOA, PFHxS, PFOS, and 6:2 Cl-PFESA were detected in blood samples
from Shanghai Wild Zoo. The mean PFOA, PFNA, PFDA, and PFHxS concentrations in blood were signiﬁcantly higher in Tongling Zoo and
Shanghai Wild Zoo than those from Shennongjia Nature Reserve
(Fig. 1A). The relative patterns of individual PFASs varied by sampling
location (Fig. 1B). For monkeys from Tongling Zoo and Shanghai Wild
Zoo, PFOA was the predominant analyte and occupied the highest proportion (59.8% and 72.4%, respectively) among measured PFASs, with
PFNA found at the second highest concentration (Fig. 1B). In contrast,
for monkeys from Shennongjia Nature Reserve, PFNA (mean:
0.13 ng/mL) was the dominant PFAS, followed by PFOA (0.03 ng/mL).
The regional differences in PFAS concentrations likely relate to differences in environmental exposure (e.g., diet, drinking water, and atmosphere) among locations (Tao et al., 2006; Vijver et al., 2007).
Urbanized areas are an important factor in PFAS pollution (Houde
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Table 1
Concentrations (ng/mL) of detected PFASs and numbers detected in blood samples collected from four sites in China.
Golden snub-nosed monkey
Shennongjia Nature Reserve (n = 8)

PFHpA
PFOA
PFNA
PFDA
PFHxS
PFOS
6:2 Cl–PFESA
FOSA
ΣPFAS

Francois' leaf monkey
Tongling Zoo (n = 3)

Shanghai Wild Zoo (n = 13)

Wuzhou Breeding Center (n = 40)

Range

Mean

n N LOQ

Range

Mean

n N LOQ

Range

Mean

n N LOQ

Range

Mean

n N LOQ

N.D.–0.04
0.02–0.05
0.06–0.23
0.01–0.03
0.00–0.01
N.D.–0.05
N.D.–0.02
0.01–0.04
0.15–0.39

0.02
0.03
0.13
0.02
0.01
0.02
0.01
0.02
0.27

3
8
8
8
8
3
4
8

0.03–0.05
0.90–1.85
0.33–0.93
0.03–0.08
0.04–0.16
0.03–0.09
0.01–0.04
0.01–0.02
1.41–3.17

0.04
1.50
0.65
0.06
0.10
0.06
0.03
0.01
2.51

3
3
3
3
3
3
3
3

N.D.–0.04
0.67–4.08
0.24–0.47
0.04–0.10
0.30–0.18
0.06–0.52
0.03–0.11
N.D.
1.55–5.12

0.02
2.55
0.33
0.06
0.40
0.09
0.06

10
13
13
13
13
13
13
0

N.D.–0.03
0.07–0.42
0.02–0.20
N.D.–0.02
N.D.–0.07
N.D.–0.12
N.D.–0.13
N.D.–0.02
0.16–0.75

0.01
0.2
0.08
0.01
0.02
0.04
0.02
0.01
0.41

23
40
40
35
39
36
37
29

3.52

N.D.: not detected.
n N LOQ: number of blood samples above limit of quantiﬁcation (LOQ).

et al., 2011), and thus closer proximity to urbanized and residential
areas may contribute, at least partially, to the higher PFAS concentrations measured in monkeys inhabiting Tongling Zoo and Shanghai
Wild Zoo. Thus, Shennongjia Nature Reserve, which is far from urban
and industrial sources, provides protection for this species with limited
impact from human activity (Zhao et al., 2005).
3.3. Sex- and age-related PFAS bioaccumulation
For individual PFASs detected in blood samples from each location,
no signiﬁcant differences were observed between males and females
(Mann-Whitney U test, p N 0.05). Similar ﬁndings have also been reported in bottlenose dolphins (Houde et al., 2005), polar bears
(Greaves et al., 2012), and pandas (Dai et al., 2006). However, the significant differences in PFAS concentrations between the sexes in aquatic
organisms and humans have been explained by maternal transfer or
renal clearance (Loccisano et al., 2011; Pan et al., 2017). Regular menstrual bleeding is a particular excretion pathway in monkeys
(Kobayashi et al., 2018). Hence, in the current study, the similar PFAS
levels between the sexes indicate that reproduction and menstruation
may not be important PFAS elimination pathways for female monkeys
and that both sexes exhibit similar renal elimination rates.
We also found no signiﬁcant relationship between age and PFAS
concentration (p N 0.05) in the golden snub-nosed monkeys from
Shennongjia Nature Reserve (n = 8) or Tongling Zoo (n = 3). This
could be explained by the relatively limited sample size. However, for
golden snub-nosed monkeys from Shanghai Wild Zoo, PFDA (p =

0.01), PFOS (p b 0.01), and 6:2 Cl-PFESA (p b 0.01) concentrations significantly increased with increasing age (Fig. 2A) when the sexes were
combined. This correlation was most obvious for PFOS. A relationship
between age and PFAS concentrations in blood samples (males and females combined) was also found for the Francois' leaf monkeys. Specifically, signiﬁcant age-related differences in PFDA (p = 0.02), PFOS (p =
0.04), 6:2 Cl-PFESA (p = 0.04), and FOSA concentrations (p = 0.02)
were detected, with an age-dependent increasing trend. The highest
correlation was also observed for PFOS. Similarly, previous studies on
PFAS concentrations in wildlife and humans have also shown signiﬁcantly higher PFASs detected in older individuals (Nelson et al., 2010;
Smithwick et al., 2005).
The increasing trend with age might be attributed to bioaccumulation, with continuous and longer-term PFAS exposure in older than
younger animals (Calafat et al., 2007). Longer chain PFCAs have a stronger binding afﬁnity with human serum albumin (HSA) and are more difﬁcult to clear from the body, which may explain why PFDA tends to
show higher accumulation in older monkeys (Hebert and MacmanusSpencer, 2010). The reason for the distinct age-dependent accumulation
of PFOS might be due to its higher bioaccumulation capability compared
with that of other compounds (Chang et al., 2012). In addition, the increasing trend of 6:2 Cl-PFESA with age is likely due to its considerable
biopersistence; for example, it is the most biopersistent PFAS in
humans, with a median total elimination half-life of 15.3 years (Shi
et al., 2016). We also found non-signiﬁcant correlations for PFHpA,
PFOA, PFNA, and PFHxS concentrations with age in Shanghai and Wuzhou. This could be due to the different clearance rates of individual

Fig. 1. PFAS concentrations (A) and mean composition proﬁles (B) in blood samples from golden snub-nosed monkeys collected at Shennongjia Nature Reserve (SNJ), Tongling Zoo (TL),
and Shanghai Wild Zoo (SH). Number of samples: SNJ (n = 8), TL (n = 3), SH (n = 13). Columns with different letters are signiﬁcantly different (p b 0.05, ANOVA with Duncan's multiple
range test).
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Fig. 2. Linear regression analysis between ln concentrations of PFASs in blood and age of golden snub-nosed monkeys (n = 13) at Shanghai Wild Zoo (A) and Francois' leaf monkeys (n =
40) at Wuzhou Breeding Center (B). Correlation coefﬁcient (R2), p value, and equation are given for several PFASs, respectively.

PFASs based on their carbon chain length. Previous study has shown
that relatively shorter-chain PFCAs exhibit higher total clearance in
rats (Ohmori et al., 2003). Furthermore, several studies have reported
that the half-life of PFOS in monkey (cynomolgus) serum is higher
than that of PFOA or PFHxS (Chang et al., 2012; Lau et al., 2007). However, details on the clearance rates of PFASs in primates need further
clariﬁcation.
3.4. PFAS concentration in dietary samples
We detected PFCAs (C4, 6–9), PFOS, and 6:2 Cl-PFESA in at least one
sample of the dietary foods (see Table 2). Mean concentrations of total
PFASs were highest in tree leaves among all dietary foods from
Shennongjia (mean: 1.31 ng/g dw), Shanghai (8.33 ng/g dw), and Wuzhou (2.91 ng/g dw), whereas the multigrain cakes contained the
highest total PFAS levels (11.27 ng/g dw) among all dietary foods in
Tongling Zoo. Similar to the blood results, PFOS levels were lower than
those of PFCAs in most dietary items, except the multigrain cake from
Tongling Zoo. In the majority of dietary foods, PFOA dominated.
In all tree leaf samples, PFBA or PFOA were the major contributors
among the detected PFASs. A recent study comparing PFAS uptake ability in lettuce revealed that short-chain carboxylates, especially PFBA,
preferential accumulate in plants (Blaine et al., 2014). This may explain
why PFBA, as an important short-chain alternative, was found at the
highest concentration in tree leaves. Several recent studies on tree leaf

PFAS levels near ﬂuorochemical factories demonstrated that PFOA and
PFBA occupy the highest proportion (Chropenova et al., 2016; Shan
et al., 2014). In the present study, the predominant PFASs detected in
the tree leaves were in accordance with the results from the abovementioned studies. However, as far as we know, this is the ﬁrst report
on the detection of 6:2 Cl-PFESA in tree leaves of terrestrial plants. The
presence of 6:2 Cl-PFESA in terrestrial tree leaves may be come from
gas uptake or particle retention and translocation from soil (Jin et al.,
2018). Thus, future studies on the exposure processes of PFASs in tree
leaves would be worthwhile.
The PFAS concentrations in drinking water are summarized in
Table 3 and varied among the four locations. Individually detected
PFASs in drinking water from Tongling and Shanghai were almost one
and two orders of magnitude higher than those from the other two locations, respectively. Tongling and Shanghai are located near the Yangtze River Delta region, which is a densely populated and highly
industrialized area in China, with higher PFAS levels than other districts
(Tan et al., 2017). It is worth noting that PFOA and 6:2 Cl-PFESA were
the predominant compounds detected in drinking water in the current
study. This is inconsistent with earlier results that reported PFOS to be
dominant in drinking water from several Chinese cities and PFOA and
PFHxA to be dominant in drinking water from central eastern China
(Jin et al., 2009; Mak et al., 2009). Local differences in industrial and consumer products containing PFASs may be one reason for the different
distribution patterns of these substances in drinking water samples

Table 2
Average and SD of PFAS concentrations (ng/g dw) in tree leaf, multigrain cake, and dietary supplement samples.

PFBA
PFHxA
PFHpA
PFOA
PFNA
PFOS
F-53B

Shennongjia Nature Reserve

Tongling Zoo

Shanghai Wild Zoo

Wuzhou Breeding Center

Leaves

Multigrain
cake

Peanuts

Leaves

Multigrain
cake

Leaves

Multigrain
cake

Leaves

Multigrain
cake

Chinese
dates

Pumpkin

Peanuts

0.14 ± 0.09
bLOQ
bLOQ
0.92 ± 0.26
0.14 ± 0.05
0.03 ± 0.01
0.08 ± 0.03

0.31 ± 0.20
bLOQ
bLOQ
0.04 ± 0.02
0.05 ± 0.03
0.1 ± 0.02
bLOQ

bLOQ
bLOQ
bLOQ
0.03 ± 0.01
0.01 ± 0.01
bLOQ
bLOQ

0.71 ± 0.95
bLOQ
bLOQ
0.67 ± 0.15
0.11 ± 0.03
0.03 ± 0.01
0.32 ± 0.07

bLOQ
bLOQ
bLOQ
0.07 ± 0.02
0.02 ± 0.01
11.18 ± 2.24
bLOQ

6.96 ± 0.58
0.38 ± 0.08
0.1 ± 0.02
0.76 ± 0.08
0.07 ± 0.02
bLOQ
0.06 ± 0.08

0.29 ± 0.05
bLOQ
bLOQ
0.07 ± 0.01
bLOQ
bLOQ
0.03 ± 0.02

1.19 ± 0.47
bLOQ
bLOQ
1.39 ± 0.75
0.06 ± 0.07
0.10 ± 0.10
0.17 ± 0.09

0.04 ± 0.04
bLOQ
bLOQ
0.19 ± 0.06
0.02 ± 0.03
0.01 ± 0.01
0.01 ± 0.00

0.05 ± 0.05
bLOQ
bLOQ
0.03 ± 0.02
bLOQ
bLOQ
bLOQ

0.21 ± 0.00
bLOQ
bLOQ
0.25 ± 0.03
0.05 ± 0.02
0.01 ± 0.00
0.01 ± 0.00

0.07 ± 0.01
bLOQ
bLOQ
0.04 ± 0.01
0.03 ± 0.03
bLOQ
bLOQ
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Table 3
PFAS concentrations in drinking water (ng/L) from four sampling locations.
Compound

Shennongjia
Nature
Reserve

Tongling
Zoo

Shanghai
Wild Zoo

Wuzhou
Breeding
Center

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFDA
PFUnDA
PFBS
PFHxS
PFOS
6:2 Cl-PFESA
FOSA
ΣPFASs

N.D.
N.D.
0.025
N.D.
0.023
0.017
N.D.
N.D.
N.D.
N.D.
0.006
0.025
0.011
0.106

N.D.
0.055
0.106
0.036
0.279
0.118
0.038
0.019
0.098
0.014
0.171
0.341
0.013
1.286

4.294
0.75
8.653
0.922
13.830
0.482
0.092
0.032
4.054
2.173
0.89
0.319
0.021
36.513

N.D.
N.D.
0.038
N.D.
0.072
0.027
N.D.
N.D.
N.D.
N.D.
N.D.
0.058
N.D.
0.194

N.D.: not detected.

from the four locations. Variance in dominant PFASs may also be related
to the introduction of regulations for the production and application of
PFOS.

Fig. 4. Comparison of values and patterns of individual PFASs in total dietary intake with
blood contaminant levels in adult Francois' leaf monkeys from Wuzhou Breeding Center.

3.5. Source analysis and risk assessment
Given their larger number (n = 40), we only calculated daily dietary
intake of PFASs in Francois' leaf monkeys from Wuzhou Breeding Center, as shown in Fig. 3. The EDI of total PFASs in tree leaves was one to
two orders of magnitude higher than other intake sources, indicating
that tree leaves were likely the main source of PFAS exposure in
Francois' leaf monkeys. The EDI of total PFASs in drinking water was
the lowest among all exposure pathways, suggesting that drinking
water was not likely a primary source of PFASs for these monkeys.
Total dietary intake (TDI) of PFASs from all intake pathways exhibited a contamination proﬁle different from that described in blood samples from adult Francois' leaf monkeys in Wuzhou Breeding Center
(Fig. 4). In detail, PFBA accounted for the highest proportion (38.6%)
in TDI, but was not detected in the blood samples. This may be because
PFBA was eliminated quickly from the blood due to lower potential bioaccumulation (Chang et al., 2008), consistent with the hypothesis that
shorter chain PFASs are less bioaccumulative. The relatively higher proportions of PFNA, PFOS, and 6:2 Cl-PFESA in TDI than in blood samples
were due to their higher bioaccumulation capability, as mentioned
above. PFHpA, PFDA, PFHxS, and FOSA were not detected via any investigated intake pathway, indicating that other potential intake or indirect
exposure pathways were not considered in this study.

Fig. 3. Estimated dietary exposure to PFASs from tree leaves, dietary supplements, and
drinking water among adult Francois' leaf monkeys in Wuzhou Breeding Center.

Daily intake of PFOA dominated in all exposure sources (except peanuts). PFOA was also the dominant compound in blood samples. The
contributions of drinking water and dietary consumption to the TDI of
PFOA are shown in Table 4. The EDI of PFOA via dietary and drinking
water consumption was 19.26 ng/kg bw/day. Tree leaves occupied the
highest proportion (84.0%) of the TDI of PFOA for adult monkeys,
whereas drinking water accounted for the lowest contribution (0.1%).
These data again demonstrated that PFOA in Francois' leaf monkey
blood mainly came from the consumption of tree leaves. These results
strengthened the deduction that leaf-eating is the primary PFAS exposure pathway. Hazard quotients (HQs) for PFOA were obtained from
the daily dose and PFOA reference dose (RfD) ratio. The RfD value
(150 ng/kg bw/day) used in the present study was obtained from the
European Food Safety Authority based on previous monkey studies
(EFSA, 2008). The HQ value of PFOA from total intake sources was
0.13, which is lower than 1, indicating that dominant PFOA may pose
no or little adverse health effects on monkeys living in Wuzhou Breeding Center. However, further studies are needed to fully understand
the health effects based on a larger sample size, local atmospheric particulate concentrations, and cumulative toxicities.
Based on the simpliﬁed one-compartment model mentioned above,
the total elimination half-lives of PFOA in the serum of male and female
Francois' leaf monkeys were 1.46 d and 1.25 d, respectively (Table S5).
Due to the lack of toxicokinetic data for Francois' leaf monkeys, we
used the Vd value for PFOA in cynomolgus monkeys (Han et al., 2012).
The T1/2 values of PFOA reported in Japanese macaques and cynomolgus
monkeys are shown in Table S5. The serum half-life in the Francois' leaf
monkey, similar to that of the Japanese macaque, was one order of magnitude lower than that for cynomolgus monkeys, thus indicating the
magnitude of species-related differences in PFOA elimination.
As different PFAS patterns in dietary items and drinking water were
observed between Wuzhou and Shanghai, we only conducted source
analysis and risk assessment for golden snub-nosed monkeys from
Shanghai Wild Zoo, with details provided in the Supporting Information
(Fig. S2). Tree leaves in Shanghai had a smaller contribution (66.4%) to
the EDI of PFOA compared to that in Wuzhou, whereas drinking water
had a larger contribution (12.4%) (Table S6). However, considering the
insufﬁcient information on their diets, exposure pathway evaluation
on the golden snub-nosed monkeys from Shanghai Wild Zoo had
some limitations.
In summary, this is the ﬁrst study to report on the concentrations of
PFASs in endangered colobine monkeys. Signiﬁcant positive
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Table 4
Intake weight (g), estimated daily intake (EDI: ng/kg bw/day), and hazard quotient (HQ) of PFOA for adult (age N 4 years) Francois' leaf monkeys in Wuzhou Breeding Center.
Source

Concentration (ng/g dw)

Moisture content

Daily intake (g ww)

EDI (ng/kg bw/day)

HQ

Contribution

Tree leaves
Multigrain cake
Cooked peanuts
Pumpkin
Chinese dates
Drinking water
Total

1.39
0.19
0.04
0.25
0.03
0.07 (ng/L)

70.2%
54.8%
3.2%
88.0%
12.7%

270
200
15
90
15
2 (L)

16.18
2.53
0.08
0.38
0.06
0.02
19.26

0.11
0.02
b0.01
b0.01
b0.01
b0.01
0.13

84.0%
13.1%
0.4%
2.0%
0.3%
0.1%
100.0%

relationships were observed with age for longer-chain PFASs
(e.g., PFDA, PFOS, and 6:2 Cl-PFESA) in golden snub-nosed monkeys
from Shanghai Wild Zoo and Francois' leaf monkeys from Wuzhou
Breeding Center. Analysis of PFAS daily intake suggested that tree-leaf
consumption is the primary intake pathway for Francois' leaf monkey.
Analysis of dietary exposure in primates could be a valuable reference
for human health risk assessment.
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