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A B S T R A C T   

Associations between per- and polyfluoroalkyl substances (PFASs) and the incidence of type 2 diabetes are 
controversial in epidemiological studies. In addition, limited data are available for assessing the health effects of 
novel PFAS alternatives. Our study evaluated the effects of PFAS exposure on type 2 diabetes by estimating the 
associations of PFASs in human serum with the risk of type 2 diabetes and levels of glycemic biomarkers and lipid 
fractions. The case-control study consisted of 304 participants from Shandong Province, East China, half of which 
were diagnosed with type 2 diabetes. Logistic regression showed that most PFASs were inversely associated with 
the risk of type 2 diabetes after adjusting for age, sex, and body mass index. However, concentrations of per-
fluorooctanoic acid (PFOA) in the control group were positively associated with fasting plasma glucose levels (β 
= 0.04, 95% confidence interval (CI): 0.0003, 0.08), which may promote the development of type 2 diabetes. 
Furthermore, each log-unit increase in the concentrations of perfluorononanoic acid (PFNA), per-
fluoroundecanoic acid (PFUnDA), and 6:2 chlorinated polyfluoroalkyl ether sulfonic acid (Cl-PFESA) were 
associated with a total cholesterol increase (i.e., 17.49% (95% CI: 0.93%, 34.90%), 17.49% (95% CI: 4.71%, 
31.83%), and 17.49% (95% CI: 4.71%, 31.83%), respectively). Positive associations were also observed between 
PFNA, PFUnDA, perfluorooctane sulfonate (PFOS), and 6:2 Cl-PFESA and low-density lipoprotein cholesterol. 
However, no associations between PFASs and hemoglobin A1c, triglycerides, or high-density lipoprotein 
cholesterol reached statistical significance, nor associations between PFAS mixtures and outcomes of interest. In 
conclusion, the significant correlations between serum PFASs and glycemic biomarkers and lipid fractions 
indicated that PFAS exposure may be a potential diabetogenic factor. To the best of our knowledge, this is the 
first study to assess the associations between novel Cl-PFESAs and type 2 diabetes, although the inverse asso-
ciations observed require clarification in future studies.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a class of fluorinated 
chemicals widely used in industrial and consumer products such as 
textile and paper coatings, food packaging, and surfactants (Lindstrom 
et al., 2011). Structures with strong carbon-fluoride bonds make PFASs 
stable and persistent in the environment and biology (Wan et al., 2012). 

The estimated half-lives of perfluorohexane sulfonate (PFHxS), per-
fluorooctane sulfonate (PFOS), and perfluorooctanoic acid (PFOA) in 
human serum were reported to be 7.3, 4.8, and 3.5 years, respectively 
(Olsen et al., 2007). From 2000, 3 M company, the main manufacturer of 
PFOS, begun to phase out the production of PFOS and PFOA (3M 
Company, 2000). In 2009 and 2019, PFOS and PFOA were listed in the 
Stockholm Convention respectively, because of their persistence, 
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bioaccumulation, and toxicity (UNEP, 2019). 
Diabetes is a serious long-term disease, with the prevalence and the 

number of patients continuing to increase worldwide. Globally, 151 
million adults (20–79 years) were estimated to have diabetes in 2000, 
which increased to 463 million in 2019 and is predicted to rise to 578 
million by 2030 and 700 million by 2045 (International Diabetes 
Federation, 2019). Furthermore, the number of deaths resulting from 
diabetes and related complications is also increasing, with an estimated 
4.2 million deaths in 2019 (International Diabetes Federation, 2019). 
Thus, considering the escalation in incidence and adverse health effects, 
diabetes research, especially studies on diabetogenic factors, continues 
to expand. 

Type 2 diabetes is the most common type, accounting for approxi-
mately 90% of diabetes cases worldwide. In addition to traditional risk 
factors, such as genes and lifestyle, environmental chemicals are also 
regarded as potential risk factors (Chatterjee et al., 2017). We previously 
showed that exposure to persistent organic pollutants (POPs) is posi-
tively associated with the incidence of type 2 diabetes (Han et al., 2020a; 
Han et al., 2020b). PFASs are suspected to be endocrine disrupting 
chemicals and may be associated with the development of type 2 dia-
betes. Animal studies have found that PFAS exposure can impair glucose 
homeostasis, leading to insulin resistance (Hines et al., 2009; Lv et al., 
2013; Wan et al., 2014). As is known, insulin resistance was always 
considered as the harbinger of type 2 diabetes (Borggreve et al., 2003; 
Chatterjee et al., 2017). Additionally, experimental studies indicated 
that PFASs can structurally bind to peroxisome proliferator-activated 
receptor α (PPARα) and PPARγ, which link to the regulation of 
glucose metabolism, lipid modulation, and inflammation (Botta et al., 
2018; Sun et al., 2018; Wolf et al., 2012). In spite of that, potential 
mechanisms underlying relationships between PFAS exposure and type 
2 diabetes in human remain unclear. 

Several epidemiological studies have investigated associations be-
tween PFAS exposure and the risk of type 2 diabetes, while findings were 
inconsistent in those studies (He et al., 2018; MacNeil et al., 2009; Sun 
et al., 2018). Furthermore, limited data are available regarding the 
diabetogenic effects of novel chlorinated polyfluoroalkyl ether sulfonic 
acids (Cl-PFESAs), despite 6:2 Cl-PFESA having an even longer half-life 
in human serum than that of PFOS (Shi et al., 2016). In addition, few 
studies have reported on potential outcomes following exposure, e.g., 
changes in triglycerides and cholesterol, which are considered potential 
risks for developing type 2 diabetes (Eriksen et al., 2013; Fu et al., 2014; 
Liu et al., 2018; Zeng et al., 2015). Considering that people are subjected 
to numerous chemicals simultaneously, understanding the effects of 
human exposure to chemical mixtures is also necessary but poorly 
studied. 

Given the above issues, we conducted a case-control study involving 
304 adults from Shandong Province, East China, to assess the diabeto-
genic effects of PFASs. The purposes of the present study were to (1) 
assess the associations between novel and legacy PFASs in human serum 
with the risk of type 2 diabetes, (2) evaluate the relationships between 
PFAS concentrations and glycemic markers, such as fasting plasma 
glucose (FPG) and hemoglobin A1c (HbA1c), (3) investigate the corre-
lations between PFASs and levels of lipid fractions, including total 
cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol 
(HDL-C), and low-density lipoprotein cholesterol (LDL-C), and (4) 
explore the effects of exposure to PFAS mixtures on human health. 

2. Materials and methods 

2.1. Study population 

Participants in this case-control study were recruited during 
2016–2017 from the Shandong Provincial Qianfoshan Hospital, Shan-
dong Province, East China. Details on the study population are available 
elsewhere (Han et al., 2020a). Briefly, the original study sample size was 
507 participants aged 25–74 years, with 265 participants diagnosed 

with diabetes as cases and 242 participants from people undergoing 
physical examinations as controls. A total of 107 diabetics with type 1 
diabetes or with missing information on age, sex, height, and weight 
were excluded from the case group. People as controls were randomly 
matched with cases based on age. And participants were also excluded 
from the control group if they had a FPG level more than 7.0 mmol/L, 
had a history of diabetes or were using lipid-lowering medication. Thus, 
158 participants diagnosed with type 2 diabetes were selected as cases 
and 158 participants without diabetes were selected as controls (Han 
et al., 2020a). In total, we retained 151 cases and 153 controls in this 
study as volumes of 12 samples were not enough to analyze PFASs. 

2.2. Analysis of PFASs 

Native and mass-labeled PFASs standards (PFAC-MXB and MPFAC- 
MXA) were supplied from Wellington Laboratories (Ontario, Canada). 
HPLC-grade methanol, methyl tert-butyl ether (MTBE), and ammonium 
hydroxide solution (≥25%) were purchased from Fisher Scientific Co. 
(Ottawa, ON, CA), Tedia Co., Inc. (Fairfield, OH, USA), and ANPEL 
Laboratory Technologies Inc. (Shanghai, China), respectively. Ammo-
nium acetate (HPLC grade) and acetic acid (HPLC grade) were obtained 
from Dikma Technologies Inc. (Lake Forest, CA, USA). Sodium carbon-
ate (Na2CO3) and sodium hydrogen carbonate (NaHCO3) (analytical 
grade) were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(China). Tetrabutylammonium hydrogen sulfate (TBA) was bought from 
J&K Scientific Ltd. (Beijing, China). 

The analytical procedures for the determination of PFASs in serum 
were based on a previous research, with minor modification (Jin et al., 
2020b). Briefly, 200 μL of serum, 2 ng of internal standards (MPFAC- 
MXA), 1 mL of TBA solution, and 2 mL of sodium carbonate buffer (pH 
= 10) were mixed thoroughly in a polypropylene centrifuge tube (15 
mL), and then heated at 50 ◦C for 30 min. Each sample was extracted 
three times with 5 mL of MTBE by shaking at 350 rpm for 20 min, then 
centrifuged at 3 500 rpm for 10 min at room temperature. The super-
natant was transferred and combined in a new polypropylene centrifuge 
tube, and air dried to 0.2 ~ 0.3 mL under nitrogen. After that, the extract 
was reconstituted to 1 mL with methanol, and frozen at − 20 ◦C for 16 h. 
Subsequently, the extract was centrifuged at 8 000 rpm (0 ◦C) for 10 
min, then transferred and diluted in Milli-Q water to 50 mL. The sample 
was cleaned using Oasis WAX cartridges (6 cm3/150 mg, Milford, MA, 
USA), then eluted using 4 mL of methanol and 4 mL of 0.25% ammo-
nium hydroxide (in methanol). The eluent was concentrated to 1 mL for 
instrumental analysis. 

A total of 21 PFASs, including perfluorobutanoic acid (PFBA), per-
fluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), per-
fluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid (PFNA), 
perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), 
perfluorododecanoic acid (PFDoDA), perfluorotridecanoic acid 
(PFTrDA), perfluorotetradecanoic acid (PFTeDA), perfluorobutane sul-
fonate (PFBS), PFHxS, PFOS, perfluoropentanesulfonic acid (PFPeS), 
perfluoroheptanesulfonic acid (PFHpS), perfluorononanesulfonic acid 
(PFNS), perfluorodecanesulfonic acid (PFDS), 6:2 Cl-PFESA, 8:2Cl- 
PFESA, and 10:2Cl-PFESA were analyzed in the State Key Laboratory 
of Environmental Chemistry and Ecotoxicology, Research Center for 
Eco-Environmental Sciences, China, by high-performance liquid chro-
matography (Ultimate 3000, Thermo Fisher Scientific Co., USA) coupled 
with a triple quadrupole mass spectrometer (API 3200, Applied Bio-
systems/MDS SCIEX, USA). Detailed information on instrumental anal-
ysis has been described elsewhere (Jin et al., 2020b). 

Solvents and analysis containers were examined prior to sample 
analysis, with no detectable PFASs were found. A recovery test was 
performed using spiked plasma as a matrix at three spike concentrations 
(2, 5, and 10 ng/mL). The recoveries of target compounds in the matrix 
samples ranged from 87.9% to 122%. A procedural blank was processed 
in each batch of 23 samples. Concentrations of target analytes detected 
in procedural blanks were all below 5% of the sample concentrations. 
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Thus, the concentrations of PFASs in the results were not blank cor-
rected. The correlation coefficients of calibration curves were higher 
than 0.99 for all target analytes. Instrumental drift was checked by 
injecting a calibration standard (2 ng/L) after every 24 samples, and the 
results were acceptable when these values varied by<20%. Methanol 
was also injected after every 24 samples to check the carryover of PFASs 
from sample to sample. The limit of detection (LOD) of PFASs was 
defined as three times the signal-to-noise ratio. The limits of quantifi-
cation (LOQs) were calculated by the mean values plus three times 
standard deviations of procedural blanks (Table S1). For the undetected 
compounds in blanks, the LOQs were defined as ten times the signal-to- 
noise ratio. LOD and LOQ for PFASs in human serum are summarized in 
Table 1, ranged from 0.02 to 0.09 ng/mL and 0.04 to 0.53 ng/mL, 
respectively. 

2.3. Analysis of clinical chemistry parameters 

We measured FPG, HbA1c, TG, TC, HDL-C, and LDL-C in this study. 
The six clinical chemistry parameters were analyzed in Shandong Pro-
vincial Qianfoshan Hospital, as described in detail previously (Han et al., 
2020b). Quality control was monitored more than 30 times a month. The 
coefficients of variation for standard solutions were 1.38–1.52% for 
FPG, 0.89–2.00% for HbA1c, 4.04–4.68% for TG, 1.08–1.22% for TC, 
1.02–1.37% for HDL-C, and 2.11–2.86% for LDL-C, respectively. 

2.4. Statistical analysis 

Seven PFASs, i.e., PFOA, PFNA, PFDA, PFUnDA, PFHxS, PFOS, and 
6:2 Cl-PFESA, were detected at levels above the LOQ in more than 80% 
of serum samples, and thus were used for further statistical analysis. 
Concentrations of the above seven PFASs below the LOQ were replaced 
by LOQ/2. 

We calculated the median and 25th and 75th percentiles to describe 
continuous variables, and percentages to report categorical variables. 
Mann-Whitney U and chi-square tests were conducted to compare dif-
ferences in variables in different groups. Spearman’s rank correlations 
were adopted to assess correlations among PFAS analytes. 

To assess the associations between PFASs and the risk of type 2 
diabetes, logistic regression analysis was employed by calculating the 
odds ratios (ORs) and their corresponding 95% confidence intervals 
(CI). Multiple linear regression analysis was applied to evaluate the 
associations between the concentrations of PFASs and clinical chemistry 
parameters, including FPG, HbA1c, TC, TG, HDL-C, and LDL-C among 
participants in the control group, as well as the ratio of TC to HDL-C. 
Concentrations of PFASs were log-transformed or categorized into ter-
tiles to fit the regression analysis. Multiple linear regression data for 
clinical chemistry parameters and the TC/HDL-C ratio were also log- 
transformed to improve normality. Quantile-based g-computation (qg- 
computation) was performed to explore the associations between PFAS 
mixtures and outcomes of interest, and further assess the relative 
contribution of the individual PFASs. The qg-computation is a para-
metric, generalized linear model-based implementation of g- 

computation to estimate the mixture effect, which is considered as the 
change in the outcome for one quantile of change in all exposures in the 
mixture. This method was implemented by transforming all the expo-
sures into quantiles, fitting a linear model between exposure, covariates 
and outcomes, and defining weights for each exposure. Unlike weighted 
quantile sum regression, another mixtures approach used commonly, 
both positive and negative relations between individual components and 
outcomes can be simulated by qg-computation without the assumption 
of the directional homogeneity (Fruh et al., 2021; Keil et al., 2020; 
Niehoff et al., 2020). Crude and adjusted models were used for logistic 
regression, multiple linear regression, and qg-computation. Confounder 
variables were retained in the adjusted model if their inclusion changed 
the regression coefficients over 10% (Budtz-Jorgensen et al., 2007; Xu 
et al., 2018). Variables, including age (continuous variable), sex 
(dichotomous variable), and body mass index (BMI, continuous vari-
able), were chosen as confounders in the adjusted model. And ENTER 
was selected as the approach of variables to statistical models in the 
present study. 

Statistical analyses were performed using SPSS v22.0 or R studio 
v3.6.3 and qg-computation was conducted using qgcomp v2.6.0. A two- 
sided p-value of <0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Descriptive statistics 

The study participants included 145 males and 159 females, with 93 
males and 58 females diagnosed with type 2 diabetes. The average ages 
of the diabetics in the case group and non-diabetics in the control group 
were 51.5 ± 12.0 and 49.7 ± 9.8 years, respectively, with no significant 
differences observed between the two groups (p = 0.091). Compared 
with controls, cases were more likely to have higher BMI, FPG, and 
HbA1c, but lower HDL-C, similar to the characteristics of diabetic par-
ticipants in other studies (Son et al., 2010; Sun et al., 2018; Wolf et al., 
2019). Additionally, the TC/HDL-C ratio, which was widely used to 
predict the cardiovascular risk (Yu et al., 2018), was also higher in cases 
than in controls. This was consistent with reports that individuals with 
type 2 diabetes have increased risk of cardiovascular disease compared 
with nondiabetics in previous studies (Mazzone et al., 2008). Detailed 
descriptive statistics are provided in Table S2. 

3.2. PFASs in serum 

The distributions of PFAS serum concentrations in the cases and 
controls are provided in Table 1. PFOA was the dominant PFAS in this 
population, with median values of 10.05 ng/mL and 11.40 ng/mL in 
cases and controls, respectively. The levels of PFOS were slightly lower, 
with median concentrations of 7.60 ng/mL for diabetics and 8.45 ng/mL 
for non-diabetics. Of note, 6:2 Cl-PFESA, which is used as an alternative 
to PFOS in China, was the only Cl-PFESA chemical detected in more than 
80% of serum samples. The median concentrations of 6:2 Cl-PFESA were 
2.21 ng/mL for cases and 3.28 ng/mL for controls, higher than the levels 

Table 1 
Distribution of serum concentrations of PFASs in cases and controls.   

LOD (ng/mL) LOQ (ng/mL) Detection rate (%) Concentration (ng/mL) 

Cases (n = 151) Controls (n = 153) p-value 

25th median 75th 25th median 75th 

PFOA 0.04 0.13 100 6.75 10.05 17.05 9.20 11.40 17.40 0.013 
PFNA 0.07 0.23 100 1.18 1.64 2.18 0.92 1.43 1.95 0.005 
PFDA 0.07 0.23 99.67 0.27 0.49 0.82 0.51 0.74 1.08 <0.001 
PFUnDA 0.07 0.15 100 0.27 0.49 0.76 0.51 0.75 1.11 <0.001 
PFHxS 0.02 0.04 99.67 0.82 1.49 2.03 1.45 1.97 2.87 <0.001 
PFOS 0.02 0.53 100 4.47 7.60 10.55 5.40 8.45 11.95 0.085 
6:2 Cl-PFESA 0.04 0.13 99.01 1.26 2.21 3.34 1.98 3.28 5.10 <0.001  
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found for PFNA, PFDA, PFUnDA, and PFHxS. The concentrations of 
PFASs here are comparable to those reported in the general population 
in the same city (Jin et al., 2020b). For example, the median concen-
trations were 2.53, 6.98 and 12.4 ng/mL for 6:2 Cl-PFESA, PFOS and 
PFOA in human serum among 254 participants aged 19 to 88 years from 
Jinan, respectively (Jin et al., 2020b). PFOS was detected in human 
serum with the median levels of 4.58 ng/mL in Beijing, 9.53 ng/mL in 
Tianjin, 13.2 ng/mL in Shijiazhuang, 8.07 ng/mL in Shouguang, 18.4 
ng/mL in Wuhan, 10.5 ng/mL in Shenzhen (Jin et al., 2020b), 4.9 ng/mL 
in Zhejiang (Jin et al., 2020a) and 10.3 ng/mL in Shenyang (Mi et al., 
2020), which is about 0.60–1.74 times than that in our study. Thus, the 
levels of PFASs in serum detected in our study population may be a 
reflection of the exposure levels of general population in the region. 
Additionally, PFAS concentrations in our study were lower than that in 
occupational population obviously (Gao et al., 2015; Shi et al., 2016). 

In comparison to the control group, case group participants had 
higher concentrations of PFNA, but lower levels of PFOA, PFNA, 
PFUnDA, PFHxS, and 6:2 Cl-PFESA. No significant difference was 
observed in PFOS levels between the case and control groups. Addi-
tionally, results of Spearman’s rank correlations are showed in Fig. S1. 
Levels of PFASs in serum were highly and significantly correlated with 
each other, with correlation coefficients ranging from 0.29 to 0.80. 

3.3. PFASs and type 2 diabetes 

Logistic regressions were constructed to evaluate the associations 
between serum levels of PFAS and the risk of type 2 diabetes (Table 2). 
PFNA was significantly associated with higher risk of type 2 diabetes in 
the crude model. However, the association failed to reach significance 

after adjusting for age, sex, and BMI. Except for PFNA, all other PFASs 
were inversely associated with the prevalence of type 2 diabetes in both 
the crude and adjusted models, with ORs significantly <1. Additionally, 
sex-stratified models were also conducted in the present study 
(Table S3). Results calculated by logistics regression in male and female 
were consistent with the unstratified results. Thus, logistic regression 
did not support the potential diabetogenic effects of PFAS exposure in 
humans. In contrast, some PFASs even showed potential protective ef-
fects against type 2 diabetes. 

Associations between chemical exposure and the incidence of dia-
betes in the general population have been studied widely, but few 
epidemiological studies have examined the effects of PFAS exposure on 
this disease. In particular, no studies have investigated the link between 
novel Cl-PFESAs and type 2 diabetes, although our current results did 
not find that Cl-PFESAs are risk factors for this disease. A cross-sectional 
study of 571 working-aged Taiwanese participants also found that 
exposure to PFOA, PFNA, and PFUnDA is significantly associated with a 
decrease in the prevalence of diabetes, whereas PFOA exposure is 
associated with an increase in the incidence of diabetes (Su et al., 2016). 
Conway et al. (2016) and Donat-Vargas et al. (2019) also found inverse 
associations between PFASs and diabetes in 6 460 individuals from the 
C8 Health Project and in a prospective nested case-control study, 
respectively. The inverse associations between PFASs and diabetes 
might be affected by several factors like sampling procedures, exposure 
levels of PFASs and study population. Due to the limited epidemiological 
researches on the diabetogenic effects of PFASs, it was hard to explain 
the inverse associations between PFASs and diabetes clearly. In addition, 
Cardenas et al. (2017) found that baseline plasma branched PFOA is 
associated with an elevated risk of diabetes, while other PFASs are not. A 
prospective investigation on US women suggested that concentrations of 
PFOS and PFOA in plasma are significantly associated with a higher risk 
of developing diabetes, with ORs in the highest tertile of 1.62 and 1.54, 
respectively (Sun et al., 2018). 

Associations between PFAS exposure and type 2 diabetes are 
inconsistent in epidemiological studies. These varying results may be 
due to differences in demographic characteristics, sample size, study 
design, as well as the distribution of PFASs themselves. For example, a 
small sample size may result in wide confidence intervals and reduced 
statistical power. Furthermore, cross-sectional studies cannot rule out 
the possibility of reverse causality. Researchers have found that dos-
e–response relationships between certain chemicals and outcome may 
be an inverted U shape, suggesting that different distributions of 
chemicals in human serum may show positive, negative, or null asso-
ciations with outcomes (Aimuzi et al., 2020; Kim et al., 2018; Lee et al., 
2014). For example, Mancini et al. (2018) found an inverse U-shaped 
association between PFOA dietary exposure and type 2 diabetes in a 
large E3N prospective cohort. Furthermore, Lind et al. (2014) reported 
that PFNA shows a non-monotonic association with diabetes incidence 
in the elderly. The inverted U-shaped dose–response relationships be-
tween chemicals and outcomes might partly explain the inverse asso-
ciations observed in the present study, as well as the inconsistent results 
among different epidemiological studies. However, future epidemio-
logical studies are needed to confirm whether the associations between 
PFAS exposure and diabetes exhibit an inverted U-shaped dose–response 
curve. 

3.4. PFASs and glycemic biomarkers 

To further identify the effects of PFAS exposure on type 2 diabetes, 
we constructed multiple linear regressions to assess the relationships 
between PFASs and two glycemic biomarkers among populations in the 
control group (Fig. 1). Serum levels of PFOA, PFNA, and PFOS were 
positively associated with FPG in the crude model, while only PFOA 
remained statistically significant with FPG after adjusting for age, sex, 
and BMI. The regression coefficient between PFOA and FPG was 0.04 
(95% CI: 0.0003, 0.08), suggesting that a 10-fold increase in PFOA may 

Table 2 
Associations between PFASs and the risk of type 2 diabetes.  

PFASs Cases Controls Unadjusted OR (95% 
CI) 

Adjusted ORa (95% 
CI) 

PFOA     
Tertile 1 70 52 Reference Reference 
Tertile 2 38 51 0.55 (0.32, 0.96) 0.40 (0.22, 0.74) 
Tertile 3 43 50 0.64 (0.37, 1.10) 0.39 (0.21, 0.73) 
Continuousb   0.40 (0.20, 0.80) 0.21 (0.09, 0.50) 
PFNA     
Tertile 1 33 51 Reference Reference 
Tertile 2 46 51 1.39 (0.77, 2.52) 1.07 (0.57, 2.01) 
Tertile 3 72 51 2.18 (1.24, 3.84) 1.46 (0.79, 2.69) 
Continuousb   3.55 (1.44, 8.78) 1.70 (0.64, 4.54) 
PFDA     
Tertile 1 92 51 Reference Reference 
Tertile 2 29 51 0.32 (0.18, 0.56) 0.25 (0.13, 0.48) 
Tertile 3 30 51 0.33 (0.19, 0.57) 0.21 (0.11, 0.40) 
Continuousb   0.15 (0.07, 0.32) 0.09 (0.04, 0.21) 
PFUnDA     
Tertile 1 94 51 Reference Reference 
Tertile 2 35 51 0.37 (0.22, 0.65) 0.32 (0.18, 0.59) 
Tertile 3 22 51 0.23 (0.13, 0.43) 0.18 (0.09, 0.35) 
Continuousb   0.12 (0.05, 0.28) 0.08 (0.03, 0.20) 
PFHxS     
Tertile 1 87 51 Reference Reference 
Tertile 2 43 51 0.49 (0.29, 0.84) 0.40 (0.22, 0.72) 
Tertile 3 21 51 0.24 (0.13, 0.45) 0.15 (0.08, 0.31) 
Continuousb   0.18 (0.08, 0.40) 0.10 (0.04, 0.25) 
PFOS     
Tertile 1 63 52 Reference Reference 
Tertile 2 48 50 0.79 (0.46, 1.36) 0.47 (0.25, 0.87) 
Tertile 3 40 51 0.65 (0.37, 1.13) 0.30 (0.16, 0.59) 
Continuousb   0.43 (0.20, 0.92) 0.13 (0.05, 0.36) 
6:2 Cl-PFESA     
Tertile 1 78 51 Reference Reference 
Tertile 2 50 51 0.64 (0.38, 1.09) 0.47 (0.26, 0.85) 
Tertile 3 23 51 0.30 (0.16, 0.54) 0.16 (0.08, 0.32) 
Continuousb   0.17 (0.08, 0.36) 0.08 (0.03, 0.20)  

a ORs adjusted for age, sex and BMI. 
b Log-transformed values. 
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result in an approximate 9.65% (95% CI: 0.069%, 20.23%) increase in 
FPG levels. 

The positive associations between certain PFASs and FPG observed in 
this study suggest that some of these chemicals may promote the 
development of diabetes through glucose metabolism perturbation. Sant 
et al. (2017) found that embryonic PFOS exposure can disrupt pancre-
atic organogenesis in zebrafish embryos, similar to the congenital de-
fects found in diabetic humans. Furthermore, Zheng et al. (2017) 
observed increased levels of FPG in the livers of mice after 28 days of 
exposure to PFOA, consistent with the relationship observed in our 
study. Yan et al. (2015) also showed an alternation in the phosphati-
dylinositol 3-kinase-serine/threonine protein kinase (PI3K-AKT) 

signaling pathway, which plays an important role in the metabolism of 
insulin, in mice after PFOA exposure, as well as increased insulin 
sensitivity and reduced hepatic glycogen synthesis. 

Although some experimental evidence has demonstrated a relation-
ship between PFAS exposure and glucose homeostasis, epidemiological 
literature does not show consistent results. For example, higher PFOA 
exposure is reported to be associated with higher 30-min glucose levels 
in young adults and higher 2-h glucose levels in children (8–14 years 
old) (Alderete et al., 2019; Chen et al., 2020). However, most of the 
above study participants were young and overweight or obese, thus 
limiting comparison of their results with other studies. Furthermore, 
while certain research has reported that branched PFOA is positively 

Fig. 1. Multiple linear regression coefficients (95% CI) between PFASs and clinical chemistry parameters (*p < 0.05; **p < 0.01).  
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associated with fasting glucose levels in adults (Liu et al., 2018), other 
studies have found no significant associations between PFOA and 
glucose among other communities (Fisher et al., 2013; MacNeil et al., 
2009). 

We also found no significant correlations between PFASs and HbA1c 
after adjustment for covariates. The joint effects of chemicals on gly-
cemic biomarkers (i.e., FPG and HbA1c), as determined by qg- 
computation, are shown in Table 3. However, the associations be-
tween PFAS mixtures and glycemic biomarkers also failed to reach sta-
tistical significance, indicating no significant joint effects of the seven 
PFASs on glycemic biomarkers in the current study. 

3.5. PFASs and lipid fractions 

The multiple linear regression correlations between PFASs and lipid 
fractions in non-diabetic participants are given in Fig. 2. Results showed 
that PFNA, PFUnDA, and 6:2 Cl-PFESA were positively and significantly 
associated with TC. Each log-unit increase in the concentration of PFNA, 
PFUnDA, and 6:2 Cl-PFESA was associated with an increase in TC (i.e., 
17.49% (95% CI: 0.93%, 34.90%), 17.49% (95% CI: 4.71%, 31.83%) 
and 17.49% (95% CI: 4.71%, 31.83%), respectively). Serum concen-
trations of PFNA, PFUnDA, PFOS, and 6:2 Cl-PFESA were significantly 
and positively associated with LDL-C, with coefficients of 0.11 (95% CI: 
0.02, 0.20), 0.11 (95% CI: 0.04, 0.19), 0.12 (95% CI: 0.03, 0.21), and 
0.12 (95% CI: 0.05, 0.20), respectively. No associations between PFASs 
and TG and HDL-C reached statistical significance after adjusting for 
covariates. Additionally, the relationships between PFAS exposure and 
TC/HDL-C ratio were also calculated by the multiple linear regression 
(Table S4), with positive associations observed between PFOS and 6:2 
Cl-PFESA with TC/HDL-C ratio. 

The associations between serum PFAS concentrations and levels of 
lipid fractions in our study indicated that PFAS exposure may disturb 
lipid metabolism in humans. The effects of PFAS exposure on lipid 
metabolism have been reported in other epidemiological studies, e.g., 
positive associations between PFASs and levels of TC, TG, and LDL-C, 
and negative relationships between PFASs and HDL-C (Eriksen et al., 
2013; Fu et al., 2014; Olsen and Zobel 2007; Wang et al., 2012). Several 
studies have suggested that PFASs can bind with and activate PPARα and 
PPARγ, which are involved in the regulation of lipid and glucose 
metabolism (Botta et al., 2018; Fisher et al., 2013; Sun et al., 2018; Wolf 
et al., 2012). A recent in vivo study found that PFOA exposure can in-
crease the levels of serum lipoprotein cholesterol, activate human 
PPARα and constitutive androstane receptor (CAR) in the liver, and 
modify the expression of multiple genes involved in cholesterol ho-
meostasis at a human-relevant exposure level (Schlezinger et al., 2020). 
However, no significant associations between PFOA and lipid fractions 
were observed in the current study, which may be due to sample size 
limitations or other factors. Although PFOS has been widely studied, the 
toxic effects of Cl-PFESAs as PFOS alternatives remain unclear. Recent 
evidence indicates that 6:2 Cl-PFESA exhibits similar agonistic potency 
as PFOS toward the PPAR signaling pathway, and impacts lipid 

metabolism (Chu et al., 2020; Li et al., 2018; Shi et al., 2019), consistent 
with the positive associations between 6:2 Cl-PFESA and TC and LDL-C 
levels in our results. In addition, exposure to 6:2 Cl-PFESA was also 
found to be associated with TC/HDL-C ratio among controls signifi-
cantly, indicating that 6:2 Cl-PFESA might be related to cardiovascular 
disease. Thus, the potential health risk of 6:2 Cl-PFESA is of concern and 
requires further study. 

Levels of lipid fractions are associated with the risk of type 2 dia-
betes, as reported in both epidemiological and experimental studies 
(Fletcher et al., 2013; Guasch-Ferré et al., 2016; Janghorbani et al., 
2018). For example, elevated TC and TG are considered risk factors for 
the incidence of type 2 diabetes in the Chinese general population 
(Guasch-Ferré et al., 2016), and higher levels of LDL-C are reported to be 
associated with increased incidence of type 2 diabetes in a high-risk 
Iranian population (Fletcher et al., 2013). Therefore, the significant 
associations found between PFASs and lipid fraction levels in the current 
study suggest that exposure to such chemicals may contribute to 
developing type 2 diabetes by perturbing lipid homeostasis. However, 
the potential mechanism linking PFAS exposure, lipid metabolism, and 
type 2 diabetes needs to be clarified in future studies. 

In addition, the effects of PFAS mixtures on lipid fractions were also 
assessed in the present study (Table 3). Significantly positive associa-
tions were observed between mixtures of PFASs and TC and LDL-C. 
However, the associations failed to reach significance after adjustment 
for covariates, suggesting that there were not significant joint effects of 
PFASs on lipid metabolism disturbance in this population. The contri-
butions of PFASs regarding lipid fraction associations, as determined by 
qg-computation, are given in Fig. 2. In the relations between PFASs and 
TC, PFUnDA had the greatest positive contribution to the mixture effect 
on TC, followed by 6:2 Cl-PFESA, PFOA, and PFNA, whereas PFDA, 
PFHxS, and PFOS showed negative contributions. The positive contri-
butions of PFUnDA, 6:2 Cl-PFESA, and PFNA on TC were in accord with 
the results calculated by multiple linear models. Experimental studies 
demonstrated that PFNA and 6:2 Cl-PFESA could interfere with lipid 
metabolism (Shi et al., 2019; Watkins et al., 2015). Although the 
mechanism of the positive contribution of PFUnDA on cholesterol was 
not clear now, the positive association between PFUnDA and cholesterol 
was also observed in other human studies (Kang et al., 2018; Starling 
et al., 2014). Additionally, the inconsistent directions of effect for PFAS 
individuals on outcomes might also explain the non-significant associ-
ations between PFAS mixtures and outcomes (Araki et al., 2020). 

3.6. Strengths and limitations 

We assessed the effects of PFAS exposure on type 2 diabetes in three 
ways, i.e., investigated the associations between PFASs and the risk of 
type 2 diabetes by building a case-control study, evaluated the re-
lationships between PFASs and glycemic biomarkers among controls, 
and examined the correlations between PFASs and lipid fractions. 
Glucose and HbA1c are often used to judge diabetes status, and lipid 
fractions are recognized as potential risk factors for diabetes. Therefore, 
our evaluation of the associations between PFAS exposure and glycemic 
biomarkers and lipid fractions produced relatively powerful results 
regarding the assessment of the diabetic effects of PFASs. As humans are 
exposed to combinations of complex chemicals, we also conducted qg- 
computation to assess the effects of PFAS mixtures on type 2 diabetes 
as well as the contributions of the individual PFASs, which have not 
been explored in previous studies. 

However, there are also some limitations in the current research. As 
discussed in our previous studies, the potential for reverse causality 
cannot be precluded in the case-control study (Han et al., 2020a). The 
lack of information on socioeconomic status like household income, 
marital status and education, smoking and alcohol consumption was 
another limitation, while genetic, environmental and lifestyle factors are 
considered as the main risk factors for type 2 diabetes (Hectors et al., 
2011). For example, observational studies have suggested that smoking 

Table 3 
Associations between mixture of PFASs and glycemic biomarkers and lipid 
fractions.   

Unadjusted β (95% CI) Adjusted β (95% CI) 

Glycemic biomarkers 
FPG 0.01 (− 0.002, 0.02) 0.008 (− 0.006, 0.02) 
HbA1c 0.005 (− 0.004, 0.01) − 0.0002 (− 0.01, 0.01) 
Lipid fractions 
TC 0.02 (0.002, 0.04)* 0.01 (− 0.008, 0.03) 
TG 0.01 (− 0.03, 0.06) − 0.002 (− 0.005, 0.04) 
HDL-C − 0.003 (− 0.02, 0.02) 0.001 (− 0.01, 0.02) 
LDL-C 0.03 (0.007, 0.06)* 0.02 (− 0.004, 0.05) 

Adjusted for age, sex and BMI. 
*p < 0.05; **p < 0.01. 
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might be associated with the incidence of diabetes, as well as POPs levels 
in human serum (Akter et al., 2017; Moon et al., 2017; Will et al., 2001). 
Although the causal biochemical mechanisms in the above associations 
remained largely unknown, we cannot rule out the biases caused by 
uncontrolled confounding. More deep discussion on this part needs more 
statistical data in future studies. Additionally, sex-specific effects of 
PFAS exposure on lipids have been reported in humans (Eriksen et al., 
2013; He et al., 2018). However, we did not construct sex-stratified 
analyses among control subjects due to the limited sample size. 

4. Conclusions 

In this case-control study, exposure to PFASs was positively associ-
ated with levels of glucose and lipid fractions, which may promote the 
development of type 2 diabetes. Those findings supported that PFAS 
exposure is a risk factor for type 2 diabetes. However, some PFASs were 
also found to have potential protective effects against type 2 diabetes, as 
seen from the logistic regression model. Further investigations are 
required to explain this inverse association in future studies. 

Additionally, human studies on the health effects of Cl-PFESAs are also 
needed in the future. 
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