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ABSTRACT

The potential causal relationship between exposure to environmental
contaminants and diabetes is troubling. Exposure of perfluoroalkyl substances (PFASs)
is found to be associated with hyperinsulinemia and the enhancement of insulin
secretion by islet B cells in humans, but the underlying mechanism is still unclear.
Here, by combining in vivo studies with both wild type and gene knockout mice and
in vitro studies with mouse islet  cells (B-TC-6), we demonstrated clearly that
one-hour exposure of perfluorooctane sulfonate (PFOS) stimulated insulin secretion
and intracellular calcium level by activating G protein-coupled receptor 40 (GPR40),
a vital free fatty acid regulated membrane receptor on islet B cells. We further showed
that the observed effects of PFASs on mouse model may also exist on human by
investigating the molecular binding interaction of PFASs with human GPR40. We
thus provided evidence for a novel mechanism for how insulin-secretion is disrupted

by PFASs in human.

Key Words: perfluoroalkyl substances; GPR40; insulin secretion; intracellular

calcium; islet B cells
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INTRODUCTION

Perfluoroalkyl substances (PFASs) are a class of persistent organic pollutants with
great threat to environmental and human health. Perfluorooctane sulfonate (PFOS) is
one of the most concerned members of PFASs. It was detected in the serum of the
general public at concentrations around 0.05 pg/mL (0.1 pM)', while the
concentrations for occupationally exposed workers were recorded to exceed 10 pg/mL
(20 uM)?. Although strict global regulation has restricted the production and usage of
PFOS™, human exposure to PFOS will persist for many years since the half-life of
PFOS is around 5.4 years in the human body’. In addition, many other PFASs
including perfluoroalkyl carboxylic acids have also been detected in various

. . o1 q1q- 1.6.7
environmental media, wildlife and humans >

. Their levels are expected to increase
over time since they are not yet listed in the Stockholm Convention.

Recently, the relationship between PFASs and diabetes has gained great
concerns” . Insulin level is a crucial indicator for diagnosis of diabetes. Many
epidemiological investigations demonstrated significant positive associations between
PFOS and perfluorooctanoic acid (PFOA) exposure with B cell function, insulin

. . . . . . 12-15
resistance, fasting proinsulin and insulin levels

. For example, Lin et al. found that,
according to the data from NHANES 1999-2000 and 2003-2004, the increased serum
PFOS level was accompanied with higher fasting insulin level and higher insulin
secretion activity of B cells among U.S adolescents and adults'’. More specific data

indicated that an increase of serum PFOS concentration by 10 ng/mL was associated

with 16% rise of serum insulin level and 12% increase of B cells insulin secretion
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activity among overweight children in a subset of the European Youth Heart Study'*,
Reasons for the abnormal serum insulin level may be complex, which may
include disruptive insulin secretion function of pancreas as well as the abnormal
insulin response function of hepatic or adipose tissue'®. Previous toxicological studies
of PFASs on experimental animals mainly focused on the hepatic and adipose

. 17-23
tissues .

However, metabolic regulations in these tissues are downstream
responding signal pathways of insulin. Pancreas is the only known organ to release
insulin®*, but few studies have been performed on this upstream regulation. PFOS has
been detected in the pancreatic tissue of human®, indicating that PFOS can reach
human B cells. It is therefore reasonable to speculate that the insulin disorder
associated with PFASs exposure may be due to the dysfunction of B cells.
Unfortunately, up to now studies on the effects of PFASs on pancreas B cells are
limited to the adverse effects on pancreas organogenesis in mice and zebrafish,
without a clear mechanism?*>*,

G protein-coupled receptor 40 (GPR40) - also known as the free fatty acid
receptor 1 (FFARI) - is highly expressed on the membrane of islet § cells®. GPR40
can be activated by medium- and long-chain free fatty acids (FFAs), leading to the

29,30 .
=", Previous

increase of intracellular calcium level and the secretion of insulin
studies demonstrated that PFASs could mimic the functions of FFAs due to their
structural similarity. PFASs were showed to bind with and activate peroxisome

proliferator-activated receptors (PPARs) and affect the cellular functions regulated by

these receptors®' 2. We therefore speculate that PFASs could also activate GPR40 in p
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cells and stimulate insulin secretion. However, other studies have also demonstrated
that structure-based predictions are not reliable. For example, PFASs are structurally
very different from thyroid hormones (T3, T4) and estrogens (17f-estradiol), and yet
they have been shown to activate thyroid hormone and estrogen receptors™ -°.
Therefore, experimental verification for the predicted PFOS effects on GPR40 is vital.

In this study, we investigated and verified the role of GPR40 in the PFOS effects
on insulin secretion activity of B cells by using a combined approach of in vivo, in
vitro and in silicon experiments. We also investigated the interaction of PFOS with
human GPR40 so as to provide support for our assumption that the mechanism
revealed in the mouse model might also exist in humans. In addition, the binding

interaction of 14 other PFASs with GPR40 was investigated to assess their potential

effects on the insulin secretion activity of  cells via GPR40.

EXPERIMENTAL SECTION

Reagents. 15 PFASs (purity > 98%) used in this study are listed in the Table 1 and
their full names and structures are shown in the Table S1. 3 PFASs (PFOS, PFHxDA
and PFOcDA) were purchased from Alfa Aesar (USA). Other 12 PFASs (PFBA,
PFBS, PFHxA, PFHxS, PFHpA, PFOA, PFNA, PFDA, PFUnA, PFDoA, PFTriDA,
PFTeDA) were purchased from Sigma (USA). Lauric acid (LA, purity > 98%) and
GW1100 (purity > 97%) were purchased from Sigma-Aldrich (USA). TAK-875
(purity > 99%) was purchased from Selleckchem (USA). All the chemicals were

dissolved in DMSO and stocked in -20 °C.
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Animal Treatments. C57BL/6 (6-7 weeks old) mice were purchased from
Beijing Vital River Laboratory (China). GPR40 knock out (GPR40-KO) C57BL/6
mice were constructed by Beijing Biocytogen (China). After 12-hour fasting, mice
were weighted by an electronic balance and administered 0, 0.5, 1, 5 and 10 mg PFOS
per kilogram body weight by gavage®'~’. After one hour, mouse serum was collected
for insulin detection by ultrasensitive insulin ELISA kit (Mercodia, Sweden). All the
experimental operations were carried out according to the institutional guidelines for
the care and use of laboratory animals. The details of operation process are shown in
the supporting information.

Cell lines and culture condition. Mouse islet B cancer cells (B-TC-6) and human
embryonic kidney 293 cells (HEK293) were purchased from Shanghai Cell Bank of
Chinese Academy of Sciences. B-TC-6 cells were maintained in high glucose
Dulbecco's modified Eagle's medium (DMEM, Invitrogen, USA) supplemented with
20% fetal bovine serum (FBS, HyClone, USA), 100 U/mL penicillin and 100 pg/mL
streptomycin  (Invitrogen, USA). HEK293 cells were cultured in DMEM
supplemented with 10% FBS, 100 U/mL penicillin and 100 pg/mL streptomycin. All
the cells were cultured at 37°C in a humidified 5% CO, atmosphere. GPR40 protein is
highly expressed in B-TC-6 cells, while undetectable in HEK293 cells
(https://www.proteinatlas.org). B-TC-6 cells were used to verify the insulin-secretion
disruption of PFOS on B cells and explore its mechanism underlying this biological
effect. HEK293 was used to exogenously express human GPR40 protein by transient

transfection, which then was applied for studying the binding effects of chemicals
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with human GPR40 protein. HEK293 transfected with flag plasmid served as blank
control.

Detection of Insulin Secretion Activity of p Cells. B-TC-6 cells (3x10° cells/mL)
were seeded in 24-well plates and allowed to adhere for 48 hours. Cells were changed
into Krebs-Ringer bicarbonate HEPES buffer (KRBH, Leagene, China) with or
without 0.1% bovine serum albumin (BSA) for 30 min. Then, the supernatant was
removed and replaced by new assay buffer containing different concentration of
glucose (Sigma, USA) and tested chemicals in KRBH buffer (with or without 0.1%
BSA) for 60 min®®. Next, the supernatant of each well was collected into a new tube
separately; cells that adhered on the bottom of each well were lysed by RIPA
(Solarbio, China) for 20 min and then the cell lysate of each well was collected into
another tube. Finally, the insulin level of supernatant or cell lysate was detected
separately by the rat/mouse insulin ELISA kit (Milipore, USA) after dilution into the
detection range; the protein content of cell lysate was quantified by a BCA protein
assay kit (Beyotime, China). The detail of operation process is shown in the
supporting information.

Detection of the Intracellular Calcium Level of B-TC-6 Cells. Intracellular
calcium was detected by using a fluorescence indicator Fura-2AM (Invitrogen,
USA)*. B-TC-6 cells were harvested and incubated with 5 pM Fura-2 AM and 0.05%
pluronic acid (Invitrogen, USA) in phenol-free DMEM at 37 °C for 30 min. Cells
were washed twice and incubated for another 30 min in phenol-free DMEM. Cells

were re-suspended in phenol-free DMEM at a density of 1x10’ cells/mL. Then, 10 pL
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harvested cells were mixed uniformly in 90 pL Hank’s balanced salt solution buffer
(HBSS, Invitrogen, USA). Next, the intracellular calcium signal was determined by a
Horiba Fluoromax-4 Spectrofluorometer (Edison, USA) before and after exposure of
tested chemicals. The detail of information is shown in the supporting information.

Human GPR40 Fluorescence Competitive Binding Assay. The binding
affinities of PFASs with human GPR40 (NM_005303) were measured by using a
fluorescence competitive binding assay according to our previous work®. Briefly,
HEK293 cells were transfected with GPR40 plasmid by using lipofectamine 3000
transfection reagent (Life Technologies, USA). After 48 hours, cells were harvested in
phenol-free DMEM (1x10° cells/mL) and kept on ice. Then, 50 pL harvested cells,
100 nM F-TAK-875A (a specific GPR40 fluorescence probe) and one of tested
compounds (TAK-875, LA or PFASs) were mixed in phosphate buffered saline (PBS)
buffer in a total volume of 500 pL. After incubation for 2 min at 37°C, the
fluorescence signal of cells in the fluorescein isothiocyanate (FITC) channel for each
sample was detected by NovoCyte flow cytometer (ACEA Biosciences, USA). At
least 10,000 cells were analyzed according to the forward scatter and side scatter.
Percentage values of special binding region of ligands to GPR40 were fitted with a
sigmoidal model (Origin Lab, USA) to calculate the half-inhibitory concentration
(ICsp). The relative binding affinity (RBA) compared with LA of each PFASs was
obtain by dividing the ICsy value with that of LA.

Molecular Docking Simulation. The binding interaction between PFASs and

human GRP40 was simulated by Autodock Vina v1.1.2 (San Francisco, USA). A
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crystal structure of human GPR40 (4PHU) was extracted from the RCSB Protein Data
Bank (http://www.rcsb.org/pdb). The docking process was similar to our previous
work™. Rigid docking mode was used to simulate the binding pattern of tested
compounds with human GPR40 at the TAK-875 binding pocket in crystal complex.
For each complex, 10 independent docking runs were conducted, and the binding
mode with the lowest binding energy was chosen for comparison.

Statistical Analysis. The results of experiment were analyzed by Microsoft Excel
and SPSS software. Data were represented as means + standard deviation (n > 3).
Differences between two treatment groups were evaluated by student’s t test. The
comparisons among more than two groups were evaluated by two-way analysis of
variance (ANOVA). Results were considered as statistically significant if the p value

<0.05.

RESULTS AND DISCUSSION

PFOS Stimulates Insulin Secretion of Male Mice via GPR40. We aimed to
investigate whether PFOS stimulates insulin secretion by B cells in vivo. After
administrating 10 mg/kg PFOS for one hour, the fasting serum insulin level of wild
type (WT) male mice (0.9 + 0.5 ng/mL, n = 5) was significantly (p < 0.05) higher
than that of solvent control group (0.2 £ 0.1 ng/mL, n = 5). However, no difference
was observed (p > 0.05) between the PFOS treated group and the control group
among the female mice (Figure 1A). The sex-biased effect of PFOS on mice is likely

due to the protective effect of female estrogen levels, which protects pancreatic § cells

10
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against exogenous stimulation and injuries via interacting with estrogen receptors

(ERs) and G-protein estrogen receptor (GPER)*'™

. Xing et al. reported that the
concentration of PFOS in mouse serum was around 200 pg/mL after treatment with
10 mg/kg/d PFOS for 30 days®’, which was about twenty folds higher than that in
human. In order to reveal the toxicological mechanism of tested compounds within a
short-term exposure, we used 10 mg/kg PFOS for one-time gavage in our experiment,
and this exposure dose showed a stimulated insulin secretion effect on male mice.

To examine whether GPR40 is involved in the PFOS induced effect, we also
employed GPR40-KO mice in our study. As shown in Figure 1B, there was no
significant difference (p > 0.05) in the fasting serum insulin level between the 10
mg/kg PFOS treated group (0.5 = 0.2 ng/mL, n = 6) and the control group (0.4 + 0.2
ng/mL, n = 7) for the male mice. No obvious difference (p > 0.05) was observed
between PFOS treated group (0.6 + 0.1 ng/mL, n = 4) and control group (0.4 + 0.2
ng/mL, n = 4) among the female GPR40-KO mice (Figure 1B) neither. The above
results suggested that short-term administration of PFOS stimulated insulin secretion
by P cells in the male mice and that GPR40 might be involved in producing this
effect.

PFOS Enhances Insulin Secretion Activity and Intracellular Calcium Level
of p Cells via GPR40. To further investigate the effect of PFOS on the insulin
secretion activity of [ cells, we detected the insulin level of supernatant on the
glucose-stimulated insulin secretion (GSIS) by using mouse B-TC-6 cells in vitro. In

previous studies, KRBH buffer with BSA was used in the GSIS experiment™***,

11
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BSA is a common protein used in cell related experiments. It can increase cell
adhesion and prevent mechanical damage. In addition, BSA is also a good carrier
which can bind small molecules such as water, salt and hormones to strengthen
cell-to-cell communication®’. Therefore, in our GSIS experiment, KRBH buffer with
0.1% BSA was also used initially to keep in line with the previous studies. Our results
showed that 1.4 mM glucose had the highest activity in the GSIS of B-TC-6 cells with
1.7-fold higher than the control group (Figure S7A). This result was consistent with a
previous study showing that B-TC-6 cells were more sensitive to 1.4 mM glucose®®.

In the presence of 1.4 mM glucose, one-hour treatment of 50 uM or 100 pM
PFOS enhanced the secretion of insulin by 2.8 or 3.7 folds respectively by
comparison with the control group (Figure 2A, 1.4 mM glucose with 0.1% BSA).
Since it has been previously demonstrated that BSA can bind with PFOS*™°, this
binding effect might reduce the concentration of free PFOS. KRBH buffer without
BSA was used when we studied the insulin-secretion disruption effects of PFASs. Our
results showed that the enhancement was further amplified by removing BSA from
the KRBH buffer in the GSIS experiment. Compared with the control, 50 uM or 100
uM PFOS enhanced the GSIS of 1.4 mM glucose by 8.3 or 10.6 folds respectively
(Figure 2A, 1.4 mM glucose, without BSA). Moreover, the lowest observed effect
concentration (LOEC) was lowered from 50 uM to 5 uM when BSA was removed
(Figure 2A). We also detected the intracellular insulin content of B-TC-6 cells after

the treatment of PFOS. The result of this experiment showed that the enhancement of

GSIS by PFOS induction was unassociated with a change of intracellular insulin

12
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content (Figure S7B).

The insulin secretion stimulation effect of PFOS was further demonstrated by
determining the upstream signal — intracellular calcium’'. The increase of intracellular
calcium levels promotes the fusion of insulin-containing vesicles to plasma, resulting
in the secretion of insulin®”>. Therefore, the change of intracellular calcium levels in
B-TC-6 cells after PFOS exposure could be used to prove that PFOS disrupts insulin
secretion function of B-TC-6 cells. As shown in Figure 2B, in the presence of 1.4 mM
glucose, addition of PFOS triggered an increase of intracellular calcium level in
B-TC-6 cells in a concentration-dependent manner with a LOEC of 5 pM. Combining
these above results, we demonstrated that PFOS enhanced the insulin secretion
activity of B-TC-6 cells by triggering the increase of intracellular calcium level.

Insulin secretion of B cells is mainly regulated by the serum glucose level
through the GSIS pathway”. We also investigated the effects of different
concentration of glucose on the enhancement of PFOS on B-TC-6 cells. As shown in
Figure 2C, 50 uM PFOS was sufficient to stimulate the insulin secretion by B-TC-6
cells in the absence of glucose. Compared with the effect induced by 50 uM PFOS
alone, co-exposure of 1.4 mM or 5.5 mM glucose with PFOS resulted in more insulin
secretion by 2.1 or 1.9 folds respectively, while 11.1 mM glucose did not (Figure 2C).
The intracellular calcium level induced by PFOS in the absence or present of glucose
showed a correspondence with the insulin secretion activities of B-TC-6 cells (Figure
2D). Our results showed that PFOS activates the B-TC-6 cells in a glucose-sensitive

manner.
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In the present study, we aimed to reveal the possible mechanism for the PFOS
induced insulin secretion effect of B cells. Two GPR40 agonists (TAK-875°* and LA™)
and one GPR40 antagonist (GW1100°°) were used to investigate whether GPR40 is
involved in the effect of insulin secretion stimulation activity of PFOS on B-TC-6
cells. TAK-875 and LA also enhanced the GSIS and trigger the intracellular calcium
increase of B-TC-6 cells in a concentration-dependent manner (Figure S8). When the
B-TC-6 cells were pre-incubated with 10 uM GW 1100, GSIS induced by TAK-875 or
LA was significantly (p < 0.05) inhibited by 63% or 88% respectively. Similar to
these two GPR40 agonists, the enhancement of GSIS induced by 50 pM PFOS was
also inhibited by 49% (Figure 2E). With the addition of 10 pM GW1100, the
intracellular calcium levels also declined when compared with the cells exposed to
TAK-875, LA and PFOS only (Figure 2F). These results suggested that the interaction
of PFOS with mouse GPR40 is a possible molecular initiating event for its effects on
mouse B cells. So far, our work on mice and mouse-derived cell lines has firstly
identified GPR40-mediated pathway as a likely mechanism of PFOS disruption on
insulin secretion.

Studying the Interaction of PFOS with Human GPR40. The demonstrated
interaction of PFOS with mouse GPR40 can in principle be the molecular event that
initiates the observed effects of PFOS on mouse B cells. However, due to significant
species differences, this mechanism cannot be extrapolated directly to humans to
provide causal linkage between PFOS exposure and health effects. We therefore

studied this likely interaction of PFOS with human GPR40 by quantitatively

14
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determining its binding affinity with human GPR40 and computationally simulating
its interaction with this receptor.

HEK293 cells originate from human without GPR40 expression. After transient
transfection for 48 hours, HEK293 cells exogenously expressed human GPR40
protein, which was used to study the binding effects of PFOS with human GPR40. We
employed a competitive binding assay previously established in our lab*’, which used
a specific fluorescent probe F-TAK-875A designed on the basis of the crystal
structure of human GPR40/TAK-875 complex’’. As the concentration of LA (used as
a positive control) increased, more fluorescent probes were displaced from human
GPRA40, indicating the binding of LA to human GPR40 (Figure 3A). Using this assay,
PFOS similarly displaced the probe from human GPR40 in a concentration-depended
manner (Figure 3A), suggesting that PFOS also binds with human GPR40. By
comparing the ICs value of PFOS (4.4 uM) with that of LA (7.4 uM), we discovered
that PFOS had 1.7-fold greater binding potency than LA.

The result of the molecular docking also supported our finding that PFOS binds
with human GPR40. LA was docked into the human GPR40 with its carboxylic acid
substituent targeting the inner part of the receptor and forming hydrogen bonds with
arginine (Arg) 183, tyrosine (Tyr) 2240, while with its carbon chain being positioned
towards the entrance of the binding pocket (Figure 3C). PFOS was docked into
human GPR40 with the same binding mode as LA (Figure 3B), with its sulfonic acid
substituent targeting the inner part of human GPR40 and forming hydrogen bonds

with Arg 183, Tyr 2240, and Arg 2258, while with its carbon chain being positioned

15
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towards the entrance of the binding pocket (Figure 3D). This is a sensible result since
they have similar chemical structures. Some previous studies based on molecular
docking also showed PFOS and LA had similar binding mode in the nuclear receptors
of FFAs, for example PPARs®'*2. Based on the above results, we demonstrated that
PFOS binds with human GPR40, which might be the initiating event for the
insulin-secretion disruption effect of human f3 cells.

Previously, several epidemiological studies showed that the serum PFOS level
was positive associated with hyperinsulinemia (higher fasting serum insulin level) in

11-14
human

. For occupationally exposed workers, serum PFOS concentrations were
reported to be in the range of 1 uM to 20 pM>. In the present study, we found that 5
uM PFOS was sufficient to enhance the GSIS and increase the intracellular calcium
level of B-TC-6 cells (Figure 2A-B). Moreover, based on the human GPR40
competitive binding assay, 5 uM PFOS binds with human GPR40 (Figure 3A). These
results suggested a possible risk of PFOS for some occupational workers with up to
micromolar serum PFOS concentrations. Thus, our study provided a possible
mechanism for this observed insulin-secretion disruption effect of PFOS in human,
which is by interacting with the GPR40 on the human f cells.

Predicting the insulin-secretion disruption risks of other PFASs via the
GPR40 pathway. Considering the structural similarity of other PFASs with PFOS,
the effects induced by PFOS are likely shared with other PFASs®'***** We therefore

predicted the risk of insulin-secretion disruption caused by other 14 PFASs on 3 cells

by studying their interactions with human GPR40 using competitive binding assay

16
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and molecular docking.

As shown in Table 1, Figure 4A-B and Figure S9, among these tested PFASs, 6
compounds (PFHxS, PFOA, PFNA, PFDA, PFUnA and PFDoA) can also bind with
human GPR40 with ICsy values ranging from 167.7 pM to 0.7 uM. Compared with
LA (setting the binding affinity of LA with human GPR40 as 1), PFDA [with relative
binding affinity (RBA) of 1.5], PFUnA (RBA=2.6) and PFDoA (RBA=10.6) had
higher binding affinity with human GPR40. However, the ICsy values could not be
obtained for the PFASs compounds with the alkyl chain length less than 6 carbons
(Table 1). As the length of alkyl chain increases from 7 carbons to 11 carbons, the
RBA increased from 0.1 to 10.6 (Table 1). The RBA of the compounds with chain
length greater than 11 carbons did not excess this maximum value (Table 1). In
addition, we found that PFOS (RBA = 1.7) had much higher binding affinity than
PFNA (RBA = 0.3), which have the same length of fluorinated alkyl chain but with
different substituents. These results demonstrated that the binding affinity of the
PFASs to GPR40 is dependent on the alkyl chain length and the terminal acid group
of PFASs, which is similar to the dependence observed for the binding affinity of
PFASs with other proteins, such as PPARS”, ERS36, thyroid hormone receptor33 ,
transthyretin®, and fatty acid binding protein™.

The docking results also well explained the relationship between the binding
affinity and the alkyl-chain length. 14 PFASs fitted within the ligand binding pocket
of human GPR40 with similar binding geometry as LA (Figure 3B, Figure 4C-D and

Figure S10). All of their sulfonic or carboxylic acid substituents were oriented
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372

373

towards the inner part of GPR40 and formed hydrogen bonds with Arg 183, Tyr 2240,
or Arg 2258 (Table 1). Their hydrophobic fluorinated alkyl chains were positioned
towards the entrance of the binding pocket. However, their exact binding geometry
was slightly different from each other. For the PFASs with chain length shorter than
11 carbons, they were enclosed within the binding core of the receptor (Figure 4C-D
and Figure S10). As the chain length increased, hydrophobic interaction between
PFASs and GPR40 also increased, leading to higher binding affinity. For the PFASs
with chain lengths longer than 11 carbons, their molecular sizes were larger than the
volume of the ligand binding pocket. The acid end group and neighboring fluorinated
alkyl moiety of the long-chain PFASs occupied the binding core fully, while the
remaining alkyl chain extended outside the binding pocket (Figure S10). This may
destabilize the binding between PFASs and human GPR40. This dependency of
binding affinity on carbon-chain length is in good accordance with our previous study
on the binding affinity of 18 FFAs (C5- C23) with human GPR40*’. The above results
obtained from the competitive binding assay and molecular docking demonstrated
that some PFASs other than PFOS could also bind to human GPR40, suggesting the
possibility of the disruption effect of these PFASs on the insulin secretion activity of 3
cells.

To evaluate the predictability of the above GPR40 binding results for the
potential insulin-secretion disruption of PFSAs, we then investigated their effects on
GSIS of B cells. It is better to carry out this study by using human origin f cells, but

this cell line is not available for us currently. B-TC-6 cell line that endogenously
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395

expresses mouse GPR40 can be a good alternative. PFOA (the most commonly found
PFAS in the environment) and PFDoA (having the greatest human GPR40 binding
affinity according to our study) were tested. Our results show that both PFOA and
PFDoA enhanced the insulin secretion by B-TC-6 cells (Figure 4E-F). In the presence
of 1.4 mM glucose, the treatment of 50 uM or 100 uM PFOA enhanced the secretion
of insulin by 1.5 or 1.6 folds respectively, and the treatment of 10 uM or 20 uM
PFDoA enhanced the secretion of insulin by 1.4 or 1.6 folds respectively. Our results
suggested that, in addition to PFOS, the potential disruption effect of other PFASs to

the insulin secretion activity of B cells (possibly in humans) should not be ignored.
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Figure 2 Effects of PFOS on the insulin secretion activity (A, C, E) and intracellular
calcium level (B, D, F) of B-TC-6 cells and the inhibitory effects of GW1100. (A)

Effects of different concentration of PFOS on the insulin secretion activity of B-TC-6
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cells in presence of 1.4 mM glucose, with or without 0.1% BSA in the KRBH buffer.
(B) Effects of different concentration of PFOS on intracellular calcium level of
B-TC-6 cells in the presence of 1.4 mM glucose. (C, D) Effects of 5 uM and 50 uM
PFOS on the insulin secretion activity and intracellular calcium level of B-TC-6 cells
in the absence of glucose, and the effects of 50 pM PFOS on the insulin secretion
activity and intracellular calcium level of B-TC-6 cells in the presence of different
concentration of glucose. (E, F) Effects of 10 uM TAK-875, 250 uM lauric acid (LA)
and 50 pM PFOS on the insulin secretion activity and intracellular calcium level of
B-TC-6 cells in the presence of 1.4 mM glucose, and the inhibitory effects of 10 pM
GW1100 on them. * means p < 0.05 and ** means p < 0.01, compared with the
corresponding control group, ## means p < 0.01 compared with the groups not

pre-treated with GW1100.
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Figure 3 Studies of the interactions of lauric acid (LA) and PFOS with human GPR40
by competitive binding assay and molecular docking. (A) Competitive binding curves
of LA and PFOS with human GPR40. (B) Molecular docking simulation of LA and
PFOS into the binding pocket of human GPR40. (C, D) Interactions of LA (C) and
PFOS (D) with amino acid residues of GPR40. LA and PFOS are shown as stick (C:
magenta or green, F: cyan, S: yellow, O: red, H: white); GPR40 is shown as
marine-blue helix; amino acid residues of GPR40 are shown as marine-blue stick and

hydrogen bonds are indicated by green dotted lines.
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Figure 4 Predictions of the insulin-secretion disruption risks of PFOA and PFDoA via
GPR40 pathway. (A, B) Competitive binding curves of PFOA and PFDoA with
human GPR40. (C, D) Molecular docking analysis of PFOA and PFDoA to human
GPR40. (E, F) Effects of PFOA and PFDoA on the insulin secretion activity of
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B-TC-6 cells in the present of 1.4 mM glucose. * means p < 0.05, ** means p < 0.01,

compared with the control group (0.1% DMSO).
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664  Table 1 Abbreviation (Abbre.), highest tested concentration (HTC), half inhibitory
665  concentration (ICsp), relative binding affinity (RBA) values, and docking results of

666 lauric acid (LA), TAK-875 and 15 PFASs with human GPR40.

HTC 1ICs
Compound Abbre. RBA  Hydrogen bond
(rM)  (xM)
Ci2H240, LA 200 7.4+0.6 1 Argl83, Tyr2240
CyH3,0;S  TAK-875 2 <0.1 616.7 Argl83, Arg2258
C4HF-0, PFBA 400 ND ND Argl83, Arg2258
C4HFyO3S  PFBS 400 ND ND Tyr 2240
CeHF;;0,  PFHxA 400 ND ND Tyr 2240, Arg2258

CeHF 3058 PFHxS 400  167.749.8 <0.1  Argl83, Arg2258

C;HF 50, PFHpA 400 ND ND  Tyr 2240, Arg2258

CsHF 150,  PFOA 400  119.3+193 0.1 Arg183, Tyr2240, Arg2258
CsHF,0;S  PFOS 100 4.4+0.7 1.7 Argl83, Tyr2240, Arg2258
CHF;0, PFNA 100  24.3+185 03  Argl83, Tyr2240, Arg2258
CioHF 10, PFDA 50  5.0+1.0 1.5 Tyr2240, Arg2258
CiiHF»,0, PFUnA 10 29406 2.6  Tyr2240, Are2258
C,HF30, PFDoA 10 0.7+0.1 10.6  Tyr2240, Arg2258

Ci3HF250,  PFTriDA 10 ND ND Tyr2240, Arg2258
Ci4sHF,;0, PFTeDA 10 ND ND Argl83, Tyr2240
CisHF3,0, PFHxDA 10 ND ND Argl83, Tyr2240, Arg2258
C] 8HF3502 PFOcDA 10 ND ND Tyr2240

667

668

669

670

37



