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ARTICLE INFO ABSTRACT

Handling Editor: Lesa Aylward In recent years, the occurrence of novel per-/polyfluoroalkyl substances (PFASs) such as polyfluoroalkyl ether
Keywords: sulfonates (PFAESs) in human samples have aroused attention due to the change in PFASs production profile,
PFASs however, the data are still lacking. Furthermore, epidemiological studies have examined the associations of PFAS

6:2 Cl-PFAES exposure with glucose homeostasis, but with inconsistent results. Therefore, in this study, fasting serum samples
Fasting glucose from 252 participants with an age range from 19 to 87 years old were collected in Tianjin, China. A total of 21
HbAlc

target PFASs were determined to analyze the levels and distribution of novel and legacy PFASs in serum and to
further evaluate the cross-sectional associations of serum PFAS concentrations with two glycemic biomarkers
(i.e., fasting glucose and glycated hemoglobin (HbAlc)). 6:2 chlorinated PFAES (6:2 Cl-PFAES) and tri-
fluoroacetic acid (TFA) were widely detected novel PFASs (greater than90%) with relatively high median
concentrations (8.64 ng/mL and 8.46 ng/mL, respectively), which were second only to the two dominant legacy
PFASs, i.e., perfluorooctanoic acid (PFOA, 14.83 ng/mL) and perfluorooctane sulfonic acid (14.24 ng/mL). The
percentage contributions to the total known PFASs were separately 17.6% and 17.2% for 6:2 Cl-PFAES and TFA.
The levels of 6:2 Cl-PFAES were significantly correlated with age and BMI, and the concentrations of TFA were
also significantly correlated with age. Furthermore, 1% increase in serum PFOA and perfluorononanoic acid
(PFNA) was separately significantly associated with 0.018% [95% confidence interval (CI): 0.004%, 0.033%]
and 0.022% (95% CI: 0.007%, 0.037%) increment in fasting glucose levels. Similarly, 1% increase in serum
perfluorohexanoic acid, PFNA, and perfluorohexane sulfonic acid was significantly associated with 0.030% (95%
CIL: 0.010%, 0.051%), 0.018% (95% CI: 0.003%, 0.033%), 0.007% (95% CI: 0.003%, 0.011%) increment in
HbAIlc levels, respectively. These findings suggested that 6:2 CI-PFAES and TFA showed greater contributions to
PFASs in serum and supported an association of exposure to PFASs with fasting glucose and HbAlc.

Glycemic biomarker

1. Introduction environmental and human samples (Xiao, 2017). Perfluorooctanoic

acid (PFOA) and perfluorooctane sulfonic acid (PFOS) have been re-

Per-/polyfluoroalkyl substances (PFASs) are a group of synthetic
chemicals. According to the differences in physicochemical properties,
PFASs are mainly classified into ionizable PFASs including per-
fluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids
(PFSAs), and neutral PFASs [e.g., flurotelomer alcohols (FTOHs)]. Due
to their high hydrophobicity, lipophobicity, thermal and chemical sta-
bility, and surface activity, PFASs have been widely used in various
industrial and consumer products, such as surfactants, textiles, and
coating materials, which leads to their extensive detection in

ported to be the main PFASs in human serum as well as in other en-
vironmental matrices (Bao et al., 2011; Hurley et al., 2018; Li et al.,
2011; Zhang et al., 2013a; Zhang et al., 2010). Due to their persistence,
bioaccumulation, and toxicity on organisms and human, PFOS and
PFOA were separately added to the Stockholm Convention in 2009 and
2019. As a consequence, some novel PFASs, such as polyfluoroalkyl
ether sulfonates (PFAESs), perfluoroethylcyclohexane sulfonate
(PFECHS, a cyclic PFAS) with similar physicochemical properties as
PFOS, dodecafluoro-3H-4,8-dioxanonanoate (ADONA, one of the
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alternatives of PFOA), and FTOHs with short chain, have begun to be
manufactured and used in the world, which leads to the wide detection
of these novel PFASs in the environmental samples in recent years
(Chen et al., 2019; De Silva et al., 2011; Pan et al., 2018; Xiao, 2017;
Zhou et al., 2019).

However, in China, the production profile of PFASs is a little dif-
ferent from western countries. The total production PFASs has rapidly
increased in China since the production has moved from western
countries to Asian countries. Moreover, the use of PFAS containing
products such as nonstick pans and sport cloth has increased recently
(Bangma et al., 2019; Holmquist et al., 2016). It is reported that China
has become one of the largest countries to produce PFOS and related
chemicals and the annual production was estimated to increase from 30
tons to about 250 tons from 2001 to 2006 (Lim et al., 2011; Wang et al.,
2015; Zhang et al., 2012). The production of PFOA has also been re-
ported to increase in recent years due to the limitation on PFOS since
2009 (Wang et al., 2014). On the other hand, the detection frequency
and level of short chain PFCAs, such as perfluorobutanoic acid (PFBA)
and perfluorohexanoic acid (PFHxA), have increased both in the en-
vironment and human serum in China (Chen et al., 2018; Li et al., 2017;
Tian et al., 2018; Zhang et al., 2013a). Specially, 6:2 chlorinated per-
fluoroalkyl ether sulfonate (6:2 Cl-PFAES), with the commercial name
F-53B, has been used as chrome-fog depressant in the Chinese metal
plating industry since 1970s (Wang et al., 2013). Recently, several
studies have reported 6:2 CI-PFAES and its analogue 8:2 Cl-PFAES in
pregnant women, and the levels of 6:2 CI-PFAES were comparable to
PFOA both in the maternal sera and cord sera (Chen et al., 2017; Pan
et al., 2017). However, few studies have investigated the levels of Cl-
PFAESs in serum of general population (Shi et al., 2016; Wang et al.,
2018).

Besides, ultrashort-chain PFCAs, i.e., trifluoroacetic acid (TFA) and
perfluoropropenoic acid (PFPrA), have varied sources such as the
photodegradation of novel refrigerants in the atmosphere and the
photodegradation or thermolysis of fluoropolymers, which have been
increasingly used in recent years (Scheurer et al., 2017; Solomon et al.,
2016). An increasing number of studies have shown the occurrence of
TFA and PFPrA in various environmental samples, including air, surface
water, sediment, and soil (Chen et al., 2018; Fang et al., 2018; Tian
et al., 2018). However, to the best of our knowledge, TFA and PFPrA
exposure levels in human have not yet been reported.

Diabetes, as a common metabolic disease, is characterized by
chronic hyperglycemia. In 2015, the prevalence of diabetes in adults
was estimated to be 8.8% in the world, rising to 10.4% by 2040 (Cavan
et al., 2015). At present, animal studies have suggested that the ge-
stational and lactational exposure to PFOS could lead to elevated
fasting serum glucose and insulin, impaired glucose tolerance, and in-
sulin resistance in both the offspring of rats and mice (Lv et al., 2013;
Wan et al., 2014). A toxicological research has proven that exposure to
perfluorononanoic acid (PFNA) could disturb glucose metabolism
through inhibiting insulin signal pathway and increasing the output of
glucose and glycogen synthesis in the rat liver (Fang et al., 2012). In
addition, epidemiological studies have shown the associations of ex-
posure to PFASs with glucose homeostasis, insulin resistance, and 3 cell
function, but results are controversial (Cardenas et al., 2017; Koshy
et al., 2017; Lind et al., 2014; Nelson et al., 2010; Timmermann et al.,
2014). The inconsistent results may be owing to that people with dia-
betes or prediabetes who took antihyperglycemic medicines or changed
their lifestyles were easily included in the study population based on
the cross-sectional design in the most previous studies, which may in-
terfere the associations of PFAS exposure with outcomes.

Therefore, in the present study, fasting serum were collected among
the people with normal blood glucose levels and were measured for
PFASs, including the novel and legacy PFASs. The major objectives of
this study were to (1) report the human exposure levels of PFASs,
especially novel PFASs, i.e., TFA, PFPrA, and the two main kinds of Cl-
PFAESs (i.e., 6:2 Cl-PFAES and 8:2 Cl-PFAES); (2) analyze the
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distribution characteristics of PFASs; and (3) assess the associations of
exposure to PFASs with two glycemic biomarkers, including fasting
glucose and glycated hemoglobin (HbA1lc), among Chinese adult men
and women with normal blood glucose levels.

2. Material and methods
2.1. Study population

Two hundred and ninety four volunteers without self-reported
diabetes or prediabetes who were the staff and support workers in
Nankai University were randomly recruited by advertisement in
Tianjin, June 2017. Tianjin is a seashore city along Bohai Bay, and it is
also one of the China's four municipalities with heavy industry and
dense population. Overnight fasting blood samples were drawn by
professional nurses using plastic vacuum blood collection tubes and the
levels of fasting glucose and HbAlc were measured in the school hos-
pital of Nankai University. Afterwards, the serum samples were trans-
ported to the laboratory using polypropylene tubes on ice and stored at
—80 °C before analysis for PFASs. The normal blood glucose levels were
defined as fasting glucose between 3.89 and 6.11 mmol/L and HbAlc
between 3.8% and 5.8% according to the normal reference ranges on
the measurement reports in China (Guo et al., 2017). Finally, 252
subjects with normal blood glucose were selected for the study. All
participants consented for the research and the study also received the
ethical approval from Nankai University.

2.2. Demographic information collection

Data on age, sex, weight, height, education levels, alcohol con-
sumption, exercising, smoking, and family history of diabetes were
collected by questionnaires. Body mass index (BMI) was calculated by
dividing the weight in kilograms by the height in meters squared.
Education levels were classified into four groups, including primary
school diploma or less, middle/high school diploma, undergraduate
degree, and graduate degree. The status of smoking and alcohol con-
sumption was both classified as usually (every day), sometimes (every
few days), never, and ever (greater thanl year since quitting) de-
pending on the frequencies of smoking and drinking. The status of ex-
ercising was categorized into three groups, including never, usually
(every day), and sometimes (every few days).

2.3. Sample preparation and instrument analysis

A total of 21 target PFASs were measured in this study, including
PFCAs with 2 to 12 carbon atoms [i.e., TFA, PFPrA, PFBA, per-
fluoropentanoic acid (PFPeA), PFHxA, perfluoroheptanoic acid
(PFHpA), PFOA, PFNA, perfluorodecanoic acid (PFDA), per-
fluoroundecanoic  acid (PFUnDA), perfluorododecanoic  acid
(PFDoDA)], PFSAs with 4, 6, 8, and 10 carbon atoms [i.e., per-
fluorobutane sulfonic acid (PFBS), perfluorohexane sulfonic acid
(PFHxS), PFOS, and linear-perfluorodecane sulfonic acid (L-PFDS)],
fluorotelomer carboxylic acid [6:2 fluorotelomer unsaturated car-
boxylic acid (6:2 FTUCA) and 8:2 fluorotelomer unsaturated carboxylic
acid (8:2 FTUCA)], and four other novel PFASs [including two main
kinds of PFAESs (i.e., 6:2 CI-PFAES and 8:2 CI-PFAES), PFECHS, and
ADONA]. Twelve isotopically-labeled PFASs (*3C,-PFBA, '3C;-PFPeA,
13C,-PFHxA, '°C4-PFHpA, '°C4-PFOA, '3Cs-PFNA, '3C,-PFDA, '3C,-
PFUnDA, 3C,-PFDoDA, 20,-PFHxS, 3C,-PFOS, and °C,-8:2 FTUCA)
were used as internal standards. Details on the standards were provided
in Table S1 in Supporting Information (SI).

Serum samples were prepared with a modified method according to
the previously described method for water samples (Taniyasu et al.,
2005), which showed good recoveries for a wide range of PFASs.
Briefly, a 0.5-mL serum sample was buffered with ammonium acetate
buffer (pH 4.5) containing p-glucuronidase/sulfatase (glucuronidase
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activity = 100000 units/mL, sulfatase activity < 7500 units/mL) and
spiked with an internal standard solution containing twelve iso-
topically-labeled PFASs (500 ng/mL), and the mixture was incubated at
37 °C overnight. Then, solid phase extraction using Oasis WAX SPE
cartridges (60 mg/3 mL, Waters, USA) and the Agilent 1200 Series high
performance liquid chromatography tandem the Agilent G6460 triple
quadrupole mass spectrometry (Agilent Technologies, USA) were per-
formed to measure PFASs in serum. Further details on sample pre-
paration and instrument analysis are available in the SI.

For each batch of serum samples (34 samples), two procedural blank
samples (i.e., Milli-Q water) were prepared. For analytes that were
detected in the procedural blanks, method detection limits (MDLs) were
derived from three times the standard deviation of the procedural blank
values. For analytes not detected or below the limits of quantitation in
the procedural blanks, MDLs were derived from three times the limits of
detection (LODs). LODs were derived from peak values with the signal-
to-noise ratio (SNR) equaling three. Only PFHxS, PFOA, and PENA were
detected in the procedural blank samples (Table S2), and their con-
centrations in serum samples were subtracted with the blank values.
Recoveries were validated by spiking standard solution containing 21
kinds of non-isotopically-labeled PFASs into the matrix before and after
extraction, ranging from 73.4% for 6:2 FTUCA to 128.4% for TFA. The
MDL values and recoveries are listed in Table S2.

2.4. Statistical analysis

All statistical analyses were performed with SPSS software (version
22.0; SPSS, IL, USA), and a two-sided p < 0.05 was considered sig-
nificant. Due to the low detection rates of some PFASs (< 30%), only
fifteen target chemicals (i.e., TFA, PFPrA, PFBA, PFHxA, PFHpA, PFOA,
PFNA, PFDA, PFUnDA, PFDoDA, PFHxS, PFOS, 6:2 CI-PFAES, 8:2 Cl-
PFAES, and 6:2 FTUCA) were included in the analysis. For the con-
centrations below MDLs, MDLs/were used to substitute for zero values.
The concentrations of TFA and PFPrA were summed to represent the
total concentrations of ultrashort-chain PFCAs (XPFCAScy.c3). The
concentrations of PFBA, PFHxA, and PFHpA were summed to calculate
the total concentrations of short-chain PFCAs (XPFCASc4.c7). And the
concentrations of long-chain PFCAs (XPFCAscg.c12) were the sum of
PFCAs with 8 to 12 carbon atoms. The four target chemicals with sul-
fonic acid groups (i.e., PFHxS, PFOS, 6:2 CI-PFAES, and 8:2 Cl-PFAES)
were summed to represent the total concentrations of PFSAs (XPFSAs).
The concentrations of ¥PFCASco.c3, ZPFCASc4.c7, YPFCAScg.c12, and 6:2
FTUCA were summed as the total concentrations of PFCAs (XPFCAs).
All the fifteen target compounds were summed to calculate the total
concentrations of PFASs (¥PFASs). In the descriptive analyses, the
concentrations of PFASs in serum are presented as geometric means,
medians, 25th percentiles, and 75th percentiles. Differences in the
concentrations of PFASs categorized by age, sex, and BMI were assessed
using the nonparametric Mann-Whitney U test. Due to the concentra-
tions of PFASs didn’t conform to normal distributions (p < 0.05) de-
pending on the Kolmogorov-Smirnov test, Spearman correlation coef-
ficients were calculated for the levels of PFASs in serum. Pearson
correlation analyses were conducted to explore the relationship of
PFASs with age and BMI after the log transformations for PFASs, which
ensured that PFASs conformed to normal distributions. Principal com-
ponent analysis (PCA) was conducted to determine the similarity of
sources of PFASs and the first three principle components with eigen-
value greater than 1 were extracted.

Linear regression models were conducted to assess the association of
the levels of PFASs with fasting glucose and HbAlc in both crude and
multi-adjusted models. The multiple linear regression models were used
to adjust for potential confounders, including age (continuous), sex
(male, female), BMI (continuous), exercising status (categorical),
smoking and alcohol-drinking status (categorical), education level
(categorical), and family history of diabetes (yes, no). The categorical
variables were transformed into dummy variables for analysis. A
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Table 1
The characteristics of study population (n = 252).

Characteristics Number (%)  Characteristics Number (%)
Age categories (years) Usually 33(13.1)
19 to 39 35(13.9) Sometimes 16 (6.3)
40 to 54 136 (54.0) Ever 17 (6.7)
55 to 69 73 (29.0) Missing 3(1.2)
70 to 87 8(3.2) Status of drinking
Sex Never 130 (51.6)
Male 95 (37.7) Usually 20 (7.9)
Female 157 (62.3) Sometimes 91 (36.1)
BMI categories (kg/m?) Ever 9 (3.6)
Underweight (< 18.5) 6 (2.4) Missing 2 (0.8)
Normal (18.5 to 24.9) 160 (63.5) Status of exercising
Overweight (25 to 29.9) 76 (30.2) Usually 70 (27.8)
Obese (=30) 9 (3.6) Sometimes 148 (58.7)
Missing 1(0.4) Never 34 (13.5)
Education Family history of
diabetes
Primary school diploma 20 (7.9) Yes 35(13.9)
or less
Middle/High school 136 (54.0) No 215 (85.3)
diploma
Undergraduate degree 60 (23.8) Missing 2(0.8)
Graduate degree 34 (13.5) Glycemic
biomarkers®
Missing 2(0.8) Fasting glucose 4.7 (4.4,5.1)
(mmol/L)
Status of smoking HbAlc (%) 4.5 (4.2, 4.8)
Never 183 (72.6)

Note: BMI: body mass index.
# Data are medians (interquartile ranges) for fasting glucose and HbAlc.

stepwise method was used to judge which variables should be included
in the models. Log transformation was performed for PFASs, fasting
glucose, and HbAlc to ensure normal distribution of residuals. In ad-
dition, the interaction tests for covariates (i.e., age, BMI, and sex) and
PFASs on two glycemic biomarkers were conducted. Due to significant
interactions between age and nearly half of PFASs on HbAlc (Table S3),
the associations of PFASs with HbAlc were analyzed in the population
stratified by age (< 55 and = 55 years of age) to explore whether as-
sociations differed between subgroups. Given that PFASs were regarded
as endocrine disrupting chemicals and the associations of exposure to
PFASs with glycemic biomarkers may be disturbed by the endogenous
hormone levels, 55 years of age (paralleling the menopausal age) was
selected as the boundary point.

3. Results
3.1. Population characteristics

The average age and BMI of the study population were
51 + 10years and 24.2 * 3.0kg/m? respectively. Demographic
characteristics are shown in Table 1. Among the study population, fe-
males and people with normal weight separately accounted for 62.3%
and 63.5%. And 54% of the participants were 40 to 54 years old or with
middle/high school diploma. The people who never drank accounted
for 51.6% and people who sometimes took exercise accounted for
58.7% of study population, respectively. A majority of people were
never smokers (72.6%) and without family history of diabetes (85.3%).

3.2. Levels of PFASs in human serum

A total of 21 kinds of PFASs were determined in the study. The
detection rates of PFPeA, PFBS, L-PFDS, 8:2 FTUCA, PFECHS, and
ADONA were low (29.7%, 17.1%, 0%, 7.1%, 2.0%, and 16.7%, re-
spectively), while, the remaining PFASs were detected above the MDLs
in most serum samples. Table 2 shows the geometric means, medians,
25th percentiles, 75th percentiles, and detection rates of the PFASs.
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Table 2
Concentrations (ng/mL) and detection rates of PFASs in serum of Chinese adult men and women®.
TFA PFPrA  PFBA PFHxA PFHpA PFOA PFNA PFDA PFUNDA  PFDoDA  6:2 FTUCA
Geometric mean 7.21 0.46 0.34 0.54 0.06 14.82 3.14 1.82 2.31 0.10 0.09
25th percentile 5.36 0.24 0.31 0.41 n. d. 8.45 1.99 0.96 1.71 0.07 n. d.
Median 8.46 0.48 0.60 0.57 0.11 14.83 3.17 2.08 2.28 0.12 0.09
75th percentile 12.55 0.82 0.89 0.76 0.18 26.76 5.20 4.11 3.02 0.21 0.18
Detection rate (%) 97.0 77.0 85.7 99.6 66.7 100 100 99.2 100 88.9 70.2
PFHxS  PFOS 6:2 CI-PFAES  8:2 CI-PFAES  XPFCAScocs  XPFCAscscy;  ZPFCAscgcia  XPFCAs  XPFSAs YPFASs
Geometric mean 0.06 14.01 9.12 0.09 8.02 1.21 23.53 37.01 24.99 66.80
25th percentile n. d. 8.69 3.39 n. d. 5.66 0.90 14.48 25.36 13.23 40.68
Median 0.33 14.24 8.64 0.06 8.98 1.28 23.28 36.31 23.81 62.22
75th percentile 0.83 22.92 22.30 0.26 13.25 1.72 39.37 52.16 45.21 107.83
Detection rate (%) 61.5 99.6 100 69.8 98.4 100 100 100 100 100

Note:

& ¥PFCAScy.ca: the mass sum of the concentrations of TFA and PFPrA; ZPFCAsc,.c7: the mass sum of the concentrations of PFBA, PFHxA, and PFHpA; ZPFCAScg.c12:
the mass sum of the concentrations of PFOA, PFNA, PFDA, PFUnDA, and PFDoDA; ¥PFCAs: the mass sum of the concentrations of ¥PFCAScs 3, XPFCASc4.c7,
YPFCAscg.c12, and 6:2 FTUCA,; YPFSAs: the mass sum of the concentrations of PFHxS, PFOS, 6:2 CI-PFAES, and 8:2CL-PFAES; XPFSAs: the mass sum of the

concentrations of 15 PFAS concentrations. n. d. = Not detectable.

[ Jtra [ |pFBA [ PrupA [ ] PFNA [l PFUnDA [l PFHxS [ 6:2 CI-PFAES [ 6:2FTUCA
I preeA [ PrHxA [ PFOA [ PFDA [ PEDoDA [ PFOS [l 8:2 CI-PFAES

Y PFASs 17.2% 24.8%

5.1%

60 80 100

Percentage (%)

Fig. 1. The composition profiles of PFASs in serum among the total study population of Tianjin, China.

Among them, TFA, PFHxA, PFOA, PFNA, PFDA, PFUnDA, PFOS, and
6:2 CI-PFAES were detected in more than 90% of samples, followed by
PFDoDA (88.9%), PFBA (85.7%), PFPrA (77.0%), 6:2 FTUCA (70.2%),
8:2 CI-PFAES (69.8%), PFHpA (66.7%), and PFHxS (61.5%). PFOA was
the primary compound with the median concentration at 14.83 ng/mlL,
followed by PFOS at 14.24 ng/mL, 6:2 CI-PFAES at 8.64 ng/mL, TFA at
8.46 ng/mL, PFNA at 3.17 ng/mL, PFUnDA at 2.28 ng/mL, PFDA at
2.08 ng/mL, PFBA at 0.60 ng/mL, PFHxA at 0.57 ng/mL, and PFPrA at
0.48 ng/mL, whereas the concentrations of PFHpA, PFDoDA, 6:2
FTUCA, PFHxS, and 8:2 Cl-PFAES were two or three orders of magni-
tude lower than PFOA. The composition profiles of PFASs are shown in
Fig. 1. PFOA, PFOS, 6:2 CI-PFAES, and TFA accounted for 24.8%,
22.9%, 17.6%, and 17.2%, respectively, whereas other compounds
constituted lower than 10%. Besides, the concentrations of long-chain
PFCAs (i.e., PFCAscs.c12) accounted for nearly 70% of ¥PFCAs, and
the proportions of ultrashort-chain PFCAs (i.e., 2PFCAscs_c3) and short-
chain PFCAs (i.e., YPFCAsc4.c7) relative to XPFCAs were 28.4% and
4.1%, respectively.

Spearman correlation analyses showed that PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, PFOS, 6:2 CI-PFAES, and 8:2 CI-PFAES were sig-
nificantly correlated with each other, with correlation coefficients (p)
ranging from 0.452 to 0.878 (Table S4). Similarity, in the PCA, the first
principal component (PC1) explained 39.3% of the total variance and
PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFOS, 6:2 CI-PFAES, and 8:2
Cl-PFAES showed the high loading on PC1 (Fig. S1). For 6:2 FTUCA,
there were significant positive correlations with PFHxA, PFOA, PENA,
PFDA, PFUnDA, PFHxS, PFOS, and 6:2 CI-PFAES (p = 0.126 to 0.616),
but a negative correlation with PFHpA (p = -0.181) (Table S4). The
second principal component in PCA explained 14.5% of the variability
in PFASs and grouped 6:2 FTUCA, PFHxA, and PFHxS (Fig. S1). In
addition, Spearman correlation analyses showed that TFA was sig-
nificantly correlated with PFPrA (p = 0.455) and PFBA (p = 0.288)
(Table S4). In similar, the third principal component (PC3) in PCA
explained 10.0% of the variability in PFASs and TFA, PFPrA, and PFBA
were found with high loading on PC3 (Fig. S1).

3.3. PFAS exposure with age, sex, and BMI

Table S5 shows the concentrations of PFASs categorized by age, sex,
and BMI. Compared to people with age lower than 40 years, older
people had higher concentrations of TFA, PFBA, PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, PFHxS, PFOS, 6:2 Cl-PFAES, and 8:2 Cl-PFAES.
Similarly, Pearson correlations analyses showed that the concentrations
of TFA, PFOA, PFNA, PFDA, PFUnDA, PFHxS, PFOS, and 6:2 Cl-PFAES
were significantly positively correlated with age (r = 0.227,p < 0.001
for TFA; r = 0.220, p < 0.001 for PFOA; r = 0.296, p < 0.001 for
PEFNA; r=0.157, p = 0.013 for PFDA; r = 0.240, p < 0.001 for
PFUnDA; r = 0.318, p < 0.001 for PFHxS; r = 0.306, p < 0.001 for
PFOS; r = 0.239, p < 0.001 for 6:2 CI-PFAES) (Fig. 2).

In general, no significant differences were observed between males
and females for the concentrations of PFASs, except for that PFUnDA
showed significant greater concentrations and PFBA showed significant
lower concentrations in females than males (Table S5).

For BMI, compared to people with normal weight, there were lower
concentrations of PFOA, PFNA, PFDA, PFDoDA, 6:2 CI-PFAES, and 8:2
CI-PFAES in the sera of underweight people. For overweight and obese
people, the concentrations of PFOA, PFNA, PFDA, PFUnDA, PFDoDA,
PFOS, 6:2 CI-PFAES, and 8:2 CI-PFAES were greater than those in
people with normal weight (Table S5). In similar, Pearson correlations
analyses showed that the concentrations of PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, 6:2 FTUCA, PFHxS, PFOS, 6:2 CI-PFAES, and 8:2 CI-
PFAES were significantly positively correlated with BMI (r = 0.275,
p < 0.001 for PFOA; r=0.313, p < 0.001 for PFNA; r = 0.327,
p < 0.001 for PFDA; r = 0.202, p = 0.001 for PFUnDA; r = 0.177,
p = 0.008 for PFDoDA; r = 0.160, p = 0.034 for 6:2 FTUCA; r = 0.200,
p = 0.014 for PFHxS; r =0.325, p < 0.001 for PFOS; r = 0.352,
p < 0.001 for 6:2 CI-PFAES; r = 0.163, p = 0.031 for 8:2 CI-PFAES)
(Fig. 3).
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Fig. 2. Pearson correlations between serum several PFAS concentrations and
transformation was performed for the concentrations of PFASs and age.

3.4. PFAS exposure with fasting glucose and HbAlc

Crude and adjusted associations between concentrations of PFASs
and fasting glucose are presented in Table 3. Significant positive asso-
ciations were observed for several PFASs with fasting glucose levels.
Specifically, 1% increase in the concentrations of TFA, PFBA, PFHxA,
PFOA, PFNA, PFHXS, ZPFCASCz_Cg, ZPFCASc4_C7, ZPFCASCg_Clz, ZPFCAS,
and YPFASs was associated with 0.024% [95% confidence interval (CI):
0.012%, 0.035%], 0.013% (95% CI: 0.005%, 0.021%), 0.031% (95%
CL: 0.008%, 0.054%), 0.017% (95% CIL 0.002%, 0.033%), 0.022%
(95% CI: 0.007%, 0.038%), 0.011% (95% CI: 0.007%, 0.014%),
0.025% (95% CI: 0.012%, 0.039%), 0.056% (95% CI: 0.031%,
0.081%), 0.018% (95% CI: 0, 0.035%), 0.036% (95% CI: 0.014%,
0.058%), and 0.018% (95% CI: 0, 0.036%) increment in fasting glucose
levels, respectively. After adjustment for covariates, only 1% increase in
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the concentrations of PFOA, PFNA, XPFCAsc4.c7, XPFCAscg.cio,
YPFCAs, and YXPFASs was associated with elevated levels of fasting
glucose [0.018% (95% CI: 0.004%, 0.033%) for PFOA, 0.022% (95%
CIL: 0.007%, 0.037%) for PFNA, 0.027% (95% CI: 0.002%, 0.053%) for
YPFCASscs.c7, 0.021% (95% CI: 0.004%, 0.038%) for XPFCAscg ci2,
0.029% (95% CI: 0.008%, 0.050%) for £PFCAs, and 0.020% (95% CI:
0.002%, 0.038%) for XPFASs].

Associations between PFAS concentrations and HbAlc levels are
shown in Table 4. In the crude models, although the concentrations of
PFPrA and 8:2 CI-PFAES were inversely associated with HbAlc levels,
1% increase in the concentrations of PFBA, PFHxA, PFHxS, and
YPFCAsc4.c7; was associated with 0.010% (95% CI: 0.002%, 0.018%),
0.047% (95% CI: 0.025%, 0.069%), 0.013% (95% CI: 0.009%,
0.017%), and 0.052% (95% CI: 0.027%, 0.076%) increment in HbAlc
levels, respectively. After adjusted for covariates, only 1% increase in
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Table 3

Percentage increments (95% CI) in fasting glucose levels with 1% increase in serum PFAS concentrations in linear regression models.
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Fasting glucose

Unadjusted

Multiple adjusted®

% increment (95% CI) P % increment (95% CI) P
TFA 0.024 (0.012, 0.035) < 0.001 0.010 (—0.002, 0.021) 0.092
PFPrA —0.009 (—0.026, 0.007) 0.253 —0.007 (—0.021, 0.008) 0.380
PFBA 0.013 (0.005, 0.021) 0.001 0.005 (—0.003, 0.013) 0.232
PFHxA 0.031 (0.008, 0.054) 0.009 0.013 (—0.008, 0.035) 0.226
PFHpA —0.003 (—0.012, 0.006) 0.494 —0.001 (—0.010, 0.007) 0.752
PFOA 0.017 (0.002, 0.033) 0.028 0.018 (0.004, 0.033) 0.014
PFNA 0.022 (0.007, 0.038) 0.005 0.022 (0.007, 0.037) 0.005
PFDA 0.002 (—0.009, 0.013) 0.751 0.009 (—0.002, 0.020) 0.116
PFUnDA 0.031 (0.000, 0.062) 0.053 0.025 (—0.004, 0.054) 0.096
PFDoDA 0.002 (—0.010, 0.014) 0.763 0.006 (—0.006, 0.017) 0.319
6:2 FTUCA 0.001 (—0.014, 0.015) 0.905 0.001 (—0.013, 0.014) 0.913
PFHxS 0.011 (0.007, 0.014) < 0.001 0.004 (—0.001, 0.009) 0.087
PFOS 0.012 (—0.001, 0.026) 0.077 0.013 (—0.001, 0.026) 0.062
6:2 CI-PFAES 0.002 (—0.008, 0.012) 0.665 0.008 (—0.003, 0.018) 0.144
8:2 CI-PFAES —0.007 (-0.015, 0.001) 0.103 —0.001 (-0.010, 0.007) 0.721
YPFCAS ca.c3 0.025 (0.012, 0.039) < 0.001 0.010 (—0.004, 0.023) 0.154
%PFCAS c4.c7 0.056 (0.031, 0.081) < 0.001 0.027 (0.002, 0.053) 0.033
YPFCAS cg.c12 0.018 (0.000, 0.035) 0.047 0.021 (0.004, 0.038) 0.014
YPFCAs 0.036 (0.014, 0.058) 0.001 0.029 (0.008, 0.050) 0.007
%PFSAs 0.007 (—0.006, 0.019) 0.291 0.010 (—0.002, 0.022) 0.112
YPFASs 0.018 (0.000, 0.036) 0.049 0.020 (0.002, 0.038) 0.029

2 Adjusted for sex, age, body mass index, smoking and alcohol-drinking status, exercising status, education level, and family history of diabetes.

the concentrations of PFHxA, PFNA, PFHxS, Y¥PFCASc4.c; was asso-
ciated with elevated levels of HbAlc [0.030% (95% CI: 0.010%,
0.051%) for PFHxA, 0.018% (95% CI: 0.003%, 0.033%) for PFNA,
0.007% (95% CI: 0.003%, 0.011%) for PFHxS, and 0.026% (95% CI:
0.002%, 0.050%) for PFCASc4.c7]. In addition, there was a significant
negative association between ¥PFCAsc,cs3 and HbAlc [-0.014%
(95%CIL: —0.027%, —0.001%)]. In the stratified analyses by age, the
concentrations of PFHXA and ¥PFCAsc4.c; were only significantly po-
sitively related to HbAlc levels in the age =55 years subgroup (Fig.
S2). Different from the age < 55 years subgroup, PFNA, PFDA, PFOS,
YPFCAscg.c12, 2PFSAs, and XPFASs showed significant positive asso-
ciations with HbAlc only in the age =55 years subgroup (Fig. S2).

Table 4

4. Discussion

Our study for the first time reported the levels and the contributions
of novel PFASs, i.e., ultrashort-chain PFCAs, two CI-PFAESs, and 6:2
FTUCA to the total known PFASs in the serum of Chinese adult men and
women with a moderate sample size. 6:2 Cl-PFAES and TFA showed
great contributions to PFASs in serum, second only to the legacy PFOA
and PFOS. Most PFASs (including TFA, PFOA, PFNA, PFDA, PFUNDA,
PFDoDA, 6:2 FTUCA, PFHxS, PFOS, 6:2 CI-PFAES, and 8:2 CI-PFAES) in
serum showed increasing levels with age or BMI. In addition, significant
positive associations were observed for several serum PFASs (including
PFHxA, PFOA, PFNA, PFHxS) with two glycemic biomarkers (i.e.,
fasting glucose and HbA1lc) among the people with normal blood glu-
cose levels.

Percentage increments (95% CI) in HbA1c levels with 1% increase in serum PFAS concentrations in linear regression models.

HbAlc Unadjusted Multiple adjusted”
% increment (95% CI) P % increment (95% CI) P

TFA 0.005 (—0.007, 0.017) 0.402 —0.009 (—0.021, 0.002) 0.098
PFPrA —0.018 (—0.033, —0.002) 0.026 —0.012 (—0.026, 0.002) 0.099
PFBA 0.010 (0.002, 0.018) 0.013 0.001 (—0.007, 0.009) 0.817
PFHXA 0.047 (0.025, 0.069) < 0.001 0.030 (0.010, 0.051) 0.004
PFHpA —0.001 (—0.009, 0.008) 0.868 0.002 (—0.006, 0.010) 0.557
PFOA 0.009 (—0.006, 0.024) 0.248 0.013 (—0.001, 0.027) 0.074
PFNA 0.015 (—0.001, 0.030) 0.062 0.018 (0.003, 0.033) 0.022
PFDA —0.006 (—0.016, 0.005) 0.279 —0.003 (—0.014, 0.007) 0.542
PFUnDA 0.015 (—0.016, 0.045) 0.346 0.013 (—0.016, 0.041) 0.388
PFDoDA —0.007 (—0.019, 0.005) 0.249 —0.002 (—0.013, 0.010) 0.777
6:2 FTUCA 0.001 (—0.013, 0.015) 0.905 0.003 (—0.010, 0.016) 0.681
PFHxS 0.013 (0.009, 0.017) < 0.001 0.007 (0.003, 0.011) 0.002
PFOS 0.008 (—0.005, 0.022) 0.209 0.012 (—0.001, 0.025) 0.076
6:2 Cl-PFAES —0.001 (—0.011, 0.009) 0.838 0.003 (—0.008, 0.013) 0.624
8:2 CI-PFAES —0.008 (—0.016, 0.000) 0.047 —0.003 (—0.011, 0.005) 0.459
ZPFCAS co.c3 0.004 (—0.010, 0.017) 0.599 —0.014 (—-0.027, —0.001) 0.037
YPECAS c4.c7 0.052 (0.027, 0.076) < 0.001 0.026 (0.002, 0.050) 0.031
YPECAS cg.c12 0.008 (—0.009, 0.025) 0.342 0.015 (—0.001, 0.032) 0.071
TPFCAs 0.011 (—0.011, 0.032) 0.333 0.008 (—0.013, 0.028) 0.462
YPFSAs 0.004 (—0.008, 0.016) 0.548 0.010 (—0.002, 0.022) 0.114
XPFASs 0.005 (—0.012, 0.023) 0.563 0.010 (—0.007, 0.028) 0.244

# Adjusted for sex, age, body mass index, smoking and alcohol-drinking status, exercising status, education level, and family history of diabetes.
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Most previous studies, which were conducted before or around the
year of 2009 when PFOS was phased out, have reported that PFOS was
the dominant PFAS, whereas the levels of PFOA were 2—-60 times lower
than those of PFOS in the general population in China (Guo et al., 2011;
Yeung et al., 2006; Zhang et al., 2011; Zhang et al., 2010; Zhang et al.,
2013b). However, in recent years, studies have reported that the levels
of PFOA have increased and were comparable with those of PFOS in
human serum (Wang et al., 2018), which is consistent with the results
of the present study. Compared to another study collecting human
blood samples at 2009 in Tianjin (Zhang et al., 2011), the present in-
vestigation showed slightly increased levels of PFOS (14.24 ng/mL vs.
12.2ng/mL) and sharply increased levels of PFOA (14.83 ng/mL vs.
0.22ng/mL) in general population. This could be due to that in recent
10 years, the living standard of Chinese people has raised, which leads
to much more using of commercial products including Telflon pans and
sport coats that contain PFASs. The sharp increase in PFOA is a result
that PFOS and its salts were added to the Stockholm Convention in
2009 and as an alternative, the production of PFOA and its precursors
has increased in recent years. In the present study, the concentrations of
most legacy PFASs, including PFOA, PFOS, PFNA, PFUnDA, PFDA,
PFHpA, and PFDoDA, were higher than those in human serum samples
collected in Nanjing between 2017 and 2018 (Wang et al., 2018),
suggesting a higher exposure to PFASs for people in Tianjin. The dif-
ferences of PFAS levels in serum from the two cities may be due to the
different diet habits, and people in Tianjin, which is on the seashore of
Bohai Sea, regularly eat fish and seafoods that have been regarded as
the major pathway of human exposure to PFOS (Zhang et al., 2011).

Moreover, high concentrations of 6:2 CI-PFAES and TFA were de-
tected in human serum, with median concentrations of 8.64 ng/mL and
8.46 ng/mL, second only to PFOA and PFOS. The composition profiles
showed that 6:2 CI-PFAES and TFA separately accounted for 17.6% and
17.2%, suggesting a relatively larger contribution to the total PFASs.
The levels of 6:2 CI-PFAES in the present study were 2—4 times greater
than those reported in pregnant women from China (Chen et al., 2017;
Pan et al., 2017), indicating that there may be a higher exposure risk for
the general people in Tianjin. 6:2 CI-PFAES, with the commercial name
F-53B, has been used as a commercial mist suppressant for over
40 years in China (Wang et al., 2013). The long time usage led to the
accumulation of 6:2 CI-PFAES in Chinese people. To our knowledge,
this is the first study to report the levels of TFA in human, which sug-
gested widespread exposure of TFA to people. TFA has a wide range of
sources. On one hand, TFA itself is used in the chemical industry and as
a laboratory reagent; on the other hand, aside from as by-product in the
chemical synthesis process, there are some increased indirect sources
for TFA in recent years, including atmospheric oxidation of novel re-
frigerants, the photodegradation or thermolysis of fluoropolymers, and
degradation of pharmaceuticals and plant protecting agents with tri-
fluoromethyl moieties (Boutonnet et al., 1999; Scheurer et al., 2017).
These indirect sources could increase the release of TFA to the en-
vironment and further result in widespread human exposure.

8:2 CI-PFAES, usually regarded as the impurity of F-53B, was also
detected in 69.8% of the serum samples, although the median con-
centration was more than 100 times lower than that of 6:2 Cl-PFAES.
Besides TFA, another ultrashort-chain PFCA, PFPrA, was widely de-
tected in the human serum, and the concentration of PFPrA were ap-
proximately 20 times lower than TFA. Previous studies have reported
that the photodegradation of neutral PFAS precursors such as FTOHs
and perfluorooctane sulfonamides/ethanols, could produce PFPrA in
the atmosphere (D'Eon et al., 2006; Ellis et al., 2004; Martin et al.,
2006). In particular, the levels of 6:2 FTUCA were for the first time
reported among general population in the present study, with a median
concentration of 0.09 ng/mL and a detection rate of 70.2%. Pharma-
cokinetic modeling and metabolism studies on rodents and hepatocytes
have demonstrated that 6:2 FTOH was first metabolized to form some
transient intermediates, including 6:2 fluorotelomer aldehyde, 6:2
fluorotelomer saturated carboxylic acid, and 6:2 FTUCA, in the Phase I
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metabolism process, and then were combined with glucuronide, sulfate,
and glutathione by Phase II conjugation reactions (Kabadi et al., 2018).
In addition, a small fraction of transient intermediates may be meta-
bolized to terminal products such as PFBA, PFPeA, PFHxA, and PFHpA,
via another metabolic pathway (Kabadi et al., 2018). In the present
study, a significant positive correlation between 6:2 FTUCA and PFHxA
and a significant negative correlation between 6:2 FTUCA and PFHpA
were observed, which agreed with the metabolic pathways of 6:2
FTOH, suggesting that 6:2 FTUCA, in part at least, may have come from
the metabolism of 6:2 FTOH in human body. Some studies have re-
ported the occurrence of 6:2 FTUCA in cold cuts and microwave pop-
corn bags, indicating that there may also be direct human exposure
sources for 6:2 FTUCA (Ostertag et al., 2009; Zabaleta et al., 2016).
Toxicological investigations have found that fluorotelomer acids were
more toxic than PFCAs to aquatic organisms (Mitchell et al., 2011;
Phillips et al., 2007). Therefore, more studies are needed to verify the
occurrence of 6:2 FTUCA in human serum and explore the toxic effects
on human health.

According to the percentage composition profiles, long-chain PFCAs
were in the majority of PFCAs, which accounted for approximately 70%
of the total PFCAs, whereas the proportions of ultrashort-chain PFCAs
and short-chain PFCAs relative to the total PFCAs were only 28.4% and
4.1%. Compared to the ultrashort-chain PFCAs and short-chain PFCAs,
the greater proportion of long-chain PFCAs in serum was related to
their stronger lipophilic property (Sanchez Garcia et al., 2018). In the
PCA, PFOS, 6:2 CI-PFAES, and 8:2 CI-PFAES and long-chain PFCAs
showed similar loading on PC1 (Fig. S1), which was consistent with the
significant positive correlations among them in Spearman correlation
analyses (Table S4), indicating a common source for them (e.g., food or
indoor dust due to degradation of fluoropolymers). Different form the
long-chain PFCAs, the ultrashort-chain PFCAs (i.e., TFA and PFPrA) and
PFBA showed higher loading in PC3 (Fig. S1), indicating additional
sources such as atmospheric oxidation of novel refrigerants mentioned
above.

Both the nonparametric Mann-Whitney U test and Pearson corre-
lations analyses presented increased concentrations of PFCAs (mainly
long-chain PFCAs), PFSAs, and CI-PFAESs with age and BMI (Table S5,
Figs. 2 and 3), which was consistent with previous studies (Fu et al.,
2014; Li et al., 2011; Seo et al., 2018; Zhang et al., 2010). These results
suggested the bioaccumulation and long half-lives of PFASs in human
body. Specially, although TFA had high water solubility and low Ko,
(log Kow = —2.1), there was a significant positive correlation between
TFA and age (Fig. 2). Previous studies have reported that TFA, with the
similar structure to acetate, which is a major biosynthetic molecule,
could be incorporated into biomolecule fractions such as protein, lipid,
and so on, which results in the bioaccumulation of TFA in micro-
organisms, invertebrates, and plants (Boutonnet et al., 1999). However,
the bioaccumulation mechanisms of TFA in human are worthy to fur-
ther explore. In addition, the differences in the concentrations of PFBA
and PFUnDA between females and males may be due to different pat-
terns in exposure sources or routes of PFASs.

Several epidemiological studies have investigated the associations
of several PFASs with fasting glucose and HbAlc levels, mostly focusing
on PFOA, PFNA, PFUnDA, PFHxS, and PFOS, but with inconsistent
results (Cardenas et al., 2017; Karnes et al., 2014; Lin et al., 2009; Lin
et al., 2011; Liu et al., 2018; Su et al., 2016). For example, in a cross-
sectional study on the general American people from National Health
and Nutrition Examination Survey (NHANES) 1999-2000 and
2003-2004, a positive association was observed for the concentrations
of PFNA with hyperglycemia in adolescents, but not for PFOA, PFHXxS,
and PFOS (Lin et al., 2009). However, an analysis on the NHANES
2013-2014 cycle found that PFOA was inversely associated with fasting
glucose and HbAlc (Liu et al., 2018). In a combined cohort study on the
community residents living in places with drinking water contaminated
by high levels of PFOA in the C8 Health Project and DuPon employees
from a previous retrospective research, no association was observed for
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the estimated PFOA concentrations with fasting glucose levels (Karnes
et al., 2014). Similarly, a study on the young people in Taiwan showed
no cross-sectional associations between the concentrations of PFOA,
PFNA, PFOS, and PFUnDA with glucose homeostasis (Lin et al., 2011).
Inversely, in another study on working-aged Taiwanese adults, which
excluded the people with clinically diagnosed diabetes, the concentra-
tions of PFOS were associated with impaired glucose homeostasis and
increased HbAlc levels, whereas PFOA, PFUnDA, and PFNA showed
opposite trends for the associations with fasting glucose and HbAlc (Su
et al., 2016). Interestingly, a study on the U.S. people with prediabetes
from the Diabetes Prevention Program found that at baseline, plasma
PFOS, PFOA, and PFNA concentrations were cross-sectionally related to
increased fasting glucose and the concentrations of PFOS and PFOA
were positively associated with HbAlc. However, during the follow-up
period when people accepted intensive lifestyle intervention and pla-
cebo treatment, no associations were observed for plasma PFAS con-
centrations with prospective change in glycemic biomarkers (Cardenas
et al., 2017), which may result from that the changes of lifestyle could
confound the associations of PFAS exposure with glycemic indicators.
Therefore, in the present study, we systematically evaluated the asso-
ciations of various PFASs, including PFCAs, PFSAs, and Cl-PFAESs, with
two glycemic biomarkers (i.e., fasting glucose and HbAlc) in people
with normal blood glucose levels, which avoided the potential inter-
ference from people with prediabetes or diabetes who may control their
blood sugar by changing their lifestyle or taking antihyperglycemic
medicines. The results of the multivariate linear regression analyses
showed significant positive associations for the concentrations of PFOA,
PFNA, ZPFCASC4_C7, ZPFCASCg_Clz, ZPFCAS, and YPFASs with fast_ing
glucose levels, but not for PFSAs and CI-PFAESs (Table 3), which sug-
gested that compared to PFASs with sulfonic acid group, the PFASs with
carboxylic acid group might be more tightly associated with fasting
glucose. In addition, serum PFHxA, PFNA, PFHxS, and ZPFCAscs.c;
concentrations were positively related to HbAlc, but XPFCAscs.c3
showed inverse association with HbAlc (Table 4). The reasons for the
inverse association between YPFCAscs.cs and HbAlc were unknown,
which need to be confirmed and elucidated in the prospective epide-
miological studies and mechanism research. At present, several studies
have evaluated the toxicity effect of TFA on aquatic organisms, and this
compound shows relatively high no observed effect concentrations
(NOEC) for water fleas, zebra fish, duckweed, and several algae, mostly
higher than 100mg/L, except for Selenastrum capricornutum with a
NOEC of 0.12mg/L (Berends et al., 1999; Hanson and Solomon, 2004).
In addition, mechanism studies have reported that exposure to PFNA in
rats could result in increased serum glucose levels and hepatic glycogen
through changing the expression levels of genes involved in hepatic
glycogen metabolism and the protein levels related to insulin signal
pathway in the liver (Fang et al., 2012), which was consistent with the
present study that the concentrations of PFNA in serum were sig-
nificantly positively associated with fasting glucose and HbAlc levels.

In the stratified analyses by age, significant positive associations of
serum PFAS concentrations with HbAlc mainly were observed in the
people with age =55 years (Fig. S2), which suggested that older sub-
group may be more susceptible to the effect of PFAS exposure on HbAlc
due to the increased levels of PFASs with age. Few studies have re-
ported the age difference for the associations of PFAS exposure with
glycemic biomarkers. The cross-sectional study basing on the data from
NHANES 1999-2000 and 2003-2004 only showed a significant positive
association for serum PFNA with hyperglycemia in adolescents, but not
in adults (Lin et al., 2009). Further studies are needed to confirm the
difference by age to explore the underlying mechanisms.

It should be noted that there were some limitations in this study.
First, due to the nature of cross-sectional study, our study only could
conclude that PFAS exposure were cross-sectionally related to glycemic
biomarkers, but causality could not be inferred. Therefore, prospective
studies are needed to be conducted to verify the influence of exposure
to PFASs on the glucose homeostasis. Moreover, we included the people
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with fasting glucose between 3.89 and 6.11 mmol/L and HbAlc be-
tween 3.8% and 5.8% as the study population. Therefore, the scopes of
fasting glucose and HbA1lc were narrow, which resulted in weak cor-
relation coefficients though they were statistically significant
(p < 0.05). Further, although many demographic variables were in-
cluded in the adjusted analyses, residual confounders may remain.

In conclusion, the occurrence of 6:2 CI-PFAES and TFA with rela-
tively high levels and percentage compositions in serum suggested a
widespread human exposure to these novel PFASs among general po-
pulation in China. The presence of 6:2 FTUCA in human serum was also
for the first time reported in our study. Our results provided support for
future studies which need to further explore human exposure pathways
and toxic effects on human health for these compounds. Furthermore,
significant positive associations between serum PFAS concentrations
and glycemic biomarkers were observed among the people with normal
blood glucose levels in the present study. Prospective epidemiological
and toxicological studies are necessary to verify and evaluate the po-
tential effects of PFASs on glucose homeostasis.
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