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ABSTRACT: The potential estrogenic activities of perfluoroalkyl
substances (PFASs) are controversial. Here, we investigated the
estrogenic/antiestrogenic activities of PFASs and explored the
corresponding interaction mode of PFASs with the estrogen
receptor (ER) by combining in vitro assays and in silico modeling.
We found that three PFASs (perfluorobutanoic acid, perfluor-
obutane sulfonate, and perfluoropentanoic acid) exerted antiestro-
genic effects by inhibiting luciferase activity, whereas perfluorohex-
ane sulfonate (PFHxS) and perfluorooctane sulfonate (PFOS)
exerted estrogenic effects by inducing luciferase activity. When
coexposed to 17β-estradiol (E2), all tested PFASs attenuated the
E2-stimulated luciferase activity; unexpectedly, each PFAS could
further attenuate the luciferase activity generated by the cotreatment with ICI 182,780 and E2, with a minimal effective
concentration comparable to that found in human serum. PFHxS and PFOS significantly induced the gene expression of TFF1;
additionally, all PFASs inhibited the E2-induced gene expression of TFF1 and EGR3. Furthermore, the results of the blind docking
analyses suggested that the interaction with the coactivator-binding region on the ER surface should be included as a pathway
through which PFASs exert estrogenic and antiestrogenic activities. Finally, we revealed the critical molecular property of the zero-
order molecular connectivity index (MCI) (0χ) that affects the antiestrogenic activity of PFASs.

■ INTRODUCTION

Perfluoroalkyl substances (PFASs) have been widely employed
in the synthesis and production of surface-active products, such
as surfactants, textile coatings, polishes, and fire-retardant
foams, for nearly 70 years.1 Their use has led to the pervasive
presence of these chemicals in the ambient environment and,
subsequently, exposure to wildlife and humans, resulting in
adverse effects.1,2 Consequently, perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA) have been listed
as persistent organic pollutants (POPs) by the Stockholm
Convention.3 Given their environmentally persistent, bio-
accumulation/biomagnification, and toxic properties, PFASs
have attracted scientific and public concern.2,4,5 Indeed, PFASs
are still detected in wildlife and humans, indicating ongoing
exposure to these chemicals.6−8

PFASs have shown diverse toxicities, such as a potential
carcinogenic nature, developmental toxicity, and endocrine-
disrupting activities.9−11 Nevertheless, limited data indicate
that some PFAS compounds may have ER activity. Medium-
and/or long-chained PFASs, such as PFOA, perfluorononanoic
acid (PFNA), and perfluorodecanoic acid (PFDA), induced
the expression of the estrogen-responsive biomarker protein

vitellogenin (Vtg) in trout,12 and PFOA and PFOS increased
the ERα expression in the uterus of rats.13 However, based on
in vitro assays, the potential estrogenic activities of certain
PFASs are still controversial. For example, PFOA and PFOS
have been reported to induce Vtg expression in tilapia
hepatocytes14 and the proliferation of MCF-7 human breast
cancer cells;15 however, when cotreated with 17β-estradiol
(E2), PFOA and PFOS exhibited antiestrogenic activities by
inhibiting E2-induced Vtg production14 and attenuating the
E2-induced proliferation of MCF-7 cells.15 Although PFOS
and PFOA were assessed as weak ER agonists that directly
bind the ER,16 PFOA did not exert proliferative effects on
MCF-7 cells,17,18 indicating that there is a lack of consistent
results among investigations of the potential estrogenic
activities of certain PFASs. In fact, previous studies have
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indicated that PFASs could directly interact with the ER in the
ligand-binding domain (LBD) to induce transcription;12,19,20

in addition, PFASs were susceptible to the intracellular
microenvironment within various cell lines.19 Specifically,
using in silico modeling, PFASs, whose main chain carbon
number ranges from C-4 to C-8, were found to be able to
interact with the ligand domain of the ER, with different
binding modes observed between the human ER (hER) and
rat ER, and were more sensitive to hERα than rat ERα;13

furthermore, a recent study reported that the protonation
states of His524 play a vital role in determining the binding
mode of PFOS and PFOA at the ligand pocket of the ER and
subsequently influence coactivator recruitment and subsequent
transcription. This finding provides supporting evidence
regarding the discrepancy in the estrogenic and/or nonestro-
genic effects of PFOS and PFOA.19 Collectively, the above
evidence suggests that some PFASs are environmental
xenoestrogens and that the estrogenic mechanism of most
PFASs is ER-dependent. However, why some PFASs exert
positive estrogenic activities when presented alone but confer
antiestrogenic activities when coexposed with E2 remains
unknown.
Given that E2 is the natural ligand of the ER, the binding

affinity between E2 and the ER is far stronger than that
between other xenoestrogens and the ER. Specifically, using
radioligand competitive binding assays that set the binding
affinity between E2 and the ER in trout hepatic tissue as 100%,
the calculated relative binding affinity values of E2 were more
than 10,000-fold higher than those of PFASs.12 The blood
concentrations of PFASs are usually at a nanomolar range and
micromolar range in the general population and occupational
workers, respectively,21,22 while the levels of E2 in human
blood are in the range of 40−100 pmol/L; thus, it is reasonable
to expect that xenoestrogens, such as PFASs, cannot
completely displace E2 from the ER in the human body. We
speculate that PFASs might interact with the ER at other
surface domains in addition to the E2-binding pocket. Thus,
the above information provoked our curiosity regarding the
bilateral estrogen behaviors of PFASs, including their estro-
genic potential and corresponding interaction mode when the
ER is already occupied by E2. Therefore, it is highly desirable
to uncover the interactions between PFASs and hERα under
conditions that mimic human conditions.
In the present study, we conducted in vitro investigations to

determine the estrogenic/antiestrogenic behaviors of 10 PFASs
(chain carbon number ranging from C-4 to C-10);
correspondingly, the expression levels of estrogen-regulated
genes were also assessed. Furthermore, we explored the
interaction between individual PFASs and the hERα protein
under conditions mimicking real human conditions using a
blind docking model and an MVLN cell assay. Finally, a
quantitative structure−activity relationship (QSAR) model was
developed to interpret the influence of the structural features
of the target PFASs on their estrogenic activities.

■ MATERIALS AND METHODS
Chemicals. The molecular structures of the compounds

investigated in this study are listed in Table S1. We purchased
perfluorobutanoic acid (PFBA; 98% purity), perfluorobutane
sulfonate (PFBS; 98% purity), perfluorohexanoic acid
(PFHxA; 97% purity), perfluorohexane sulfonate (PFHxS;
98% purity), PFOA (96% purity), PFOS (98% purity), PFNA
(97% purity), PFDA (98% purity), 17β-estradiol (E2; 99%

purity), and fulvestrant (ICI 182,780; 99% purity) from Sigma
Chemical Company (St. Louis, MO). Perfluoropentanoic acid
(PFPeA; 97% purity) and perfluoroheptanoic acid (PFHpA;
98% purity) were purchased from Alfa Aesar (Ward Hill, MA).
The other PFASs, E2, and ICI 182,780 were dissolved in
dimethyl sulfoxide. All stock solutions were stored at −20 °C.

Cell Culture. MCF-7 BUS human breast adenocarcinoma
cells (provided by A.M. Soto and C. Sonnenschein; Tufts
University School of Medicine, Boston, MA) and MVLN cells
(a generous gift from Prof. John P. Giesy; University of
Saskatchewan, Saskatoon, Canada) were cultured in 100 mm
culture dishes in Dulbecco’s modified Eagle’s medium
(DMEM) (Cellgro, Manassas, VA) containing 10% fetal
bovine serum, 100 U/mL streptomycin−penicillin, 2 mM L-
glutamine, and 1% insulin−transferrin−selenium supplement
(all obtained from Gibco, Grand Island, NY). The cells were
maintained in a humidified atmosphere of 5% CO2 at 37 °C.

LC−MS/MS Analysis of PFASs in Exposure Solutions.
High-performance liquid chromatography−tandem mass spec-
trometry (HPLC−MS/MS) was used to determine the actual
concentration of PFASs present in the culture medium
treatments. Four of the 10 PFASs that range from C-4 to C-
10 (PFBS, PFOS, PFOA, and PFDA) in the low-, medium-,
and high-exposure solutions were randomly chosen for the
analysis according to the methods described in a previous
study.23 The exposure solution was analyzed at the beginning
(0 h) and end (48 h) of the exposure. Three replicates were
carried out in each analysis.

MVLN Cell Assay. The MVLN cell assay is based on the
human breast cancer cell line MCF-7 BUS stably transfected
with the luciferase reporter gene and estrogen-responsive
element derived from the Xenopus vitellogenin A2 gene. Thus,
ER agonists/antagonists can induce/inhibit the production of
luciferase in the MVLN cells.24,25 To minimize the basal
hormonal activity, the cells were starved in a steroid-free (SF)
medium for 24 h before each experiment. The SF medium
consisted of phenol red-free DMEM (Cellgro) supplemented
with 5% dextran/charcoal-treated fetal bovine serum (Hy-
Clone, Logan, UT), 100 U/mL streptomycin−penicillin, and 2
mM L-glutamine. Subsequently, the cells were seeded in the
interior 40 wells of a 96-well ViewPlate (Packard Instrument
Company, Boston, MA) at a density of 4 × 104 cells/well in
the SF medium and serum-starved for another 24 h. E2 was
used as a positive control (ranging from 0.1 pM to 10 nM) and
induced the maximal estrogen response element (ERE)-
luciferase value at 1 nM. Accordingly, 1 nM E2 was used for
cotreatment with individual PFAS compounds in the
coexposure assays. The exposure concentration range of the
test PFASs was 0.0001−5 mM, which approximately
corresponds to the high residue levels of these chemicals in
human serum reported in our previous study.22 After an
incubation period of 48 h with the tested compounds, the cells
were rinsed with phosphate-buffered saline (pH 7.4) and lysed
with passive lysis buffer (25 μL/well). Then, the luciferase
activity was measured with a Luciferase Reporter Assay Kit
(Promega, Madison) according to the manufacturer’s protocol.
The luminescence was measured by a microplate reader for a
10 s luminescence signal (Varioskan Flash). The Bradford
assay (Tiangen, Beijing, China) was used to measure the total
protein content to normalize the luminescent units. The results
of the present study are presented as the relative luminescent
units per microgram of protein. We set the maximal
luminescence induction of the positive control (corrected for
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solvent control, 0.1% dimethyl sulfoxide (DMSO)) as 100%,
and the responses of the other test chemicals were converted
to a percentage of the maximum level. We used a WST-1 Assay
Kit (Roche Diagnostics, Mannheim, Germany) to assess the
cell viability of the test chemicals in parallel and routinely
observed the samples under a microscope to ensure that the
exposure concentration range was nontoxic. The absorbance of
the WST-1 solution was measured at a wavelength of 450 nm
with the reference at 690 nm by a microplate reader
(Varioskan Flash, Thermo Fisher Scientific, Waltham, MA).
The cell viability calculation was carried out according to a
published method.26 Each assay was carried out with three
replicates in this study.
RNA Isolation and Reverse Transcription Polymerase

Chain Reaction (RT-PCR). MCF-7 BUS cells were plated in
six-well plates (1 × 106 cells/well), starved for 48 h in the SF
medium, and incubated with the test compounds for another
48 h. The complete methods of RNA isolation and RT-PCR
are provided in the Supporting Information (SI).
Molecular Docking and Molecular Dynamics (MD)

Simulations. Prior to the docking simulation study, the
geometry optimizations of the PFASs were performed by
Gaussian 09W using the B3LYP hybrid functional (6-311+
+G(d,p)) basis set with the IEFPCM solvent model in water.
The MD simulations were performed to estimate the binding
stabilities of the PFASs utilizing AMBER16 software. The
complete methods of the molecular docking (blind docking)
and MD simulation experiments are provided in the SI.
Structural Molecular Descriptors and Development

of Predictive Relationships. The negative log of the median
effective concentration (−log EC50 or pEC50) of the luciferase
activity in the coexposure assay was defined as the activity data
in our model. All molecular simulation studies were performed

using a Dell Precision 370 workstation, and the molecular
descriptors were obtained using Dragon 6.0. Since the tested
compounds share a common skeleton, their high structural
similarity inevitably resulted in identical or zero values in many
types of molecular descriptors, and molecular descriptors with
lower standard deviations (SD) were excluded. Finally, only
molecular connectivity indices (MCIs) and solvation con-
nectivity indices of the tested compounds were included. The
effect of the structural characteristics on cell proliferation was
explored by a simplified QSAR model established using the
logistic modeling method.27,28 The relationship between the
biological activity data and molecular structure descriptors was
obtained by the stepwise linear regression method with a
confidence interval of 95%. Considering that the test set used
in the present study was too small to be divided into two parts
for the robustness testing of the QSAR model, full sets of data
were adopted for the regression analysis with no compulsory
estimation of the degree of freedom.29 Moreover, the statistical
significance of the QSAR model was verified by a Monte Carlo
simulation, and the reliability of the model was determined by
comparing the correlation coefficient of the model with that of
a pseudoregression equation.

Statistical Analysis. The data were analyzed to determine
statistical significance using a one-way analysis of variance
(ANOVA) and Tukey’s multiple range test. All data are
expressed as the mean ± SD. The differences were considered
significant at a p-value ≤ 0.05.
The four-parameter logistic curve regression analysis method

was used to analyze the dose−response relationship according
to the following model

x

response value minimum (maximum minimum)

/ 1 ( /EC )50
Hill slope

= + −

[ + ] (1)

Figure 1. Concentration−response luciferase activity following exposure to individual compounds alone in the MVLN cell assay. (A) Positive
control of E2; (B) negative control of ICI 182,780; (C) PFBA, PFBS, and PFPeA acting as ER antagonists; (D) PFOS and PFHxS acting as ER
agonists. The relative luciferase activities are expressed as the mean ± SD, and the error bar represents the standard deviation of three independent
experiments.
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In this equation, x is the log concentration of the test
compound and EC50 is the median effective concentration.
The EC50 values were obtained from this nonlinear regression
model. The EC20 values were calculated as follows

x xEC /(100 ) ECx
(1/Hill slope)

50= [ − ] × (2)

In eq 2, x represents 20% of the maximum effective
concentration and the Hill slope and EC50 values were
obtained from eq 1. All statistical analyses were performed
using Sigma Plot (version 12.5; Systat Software Inc., San Jose,
CA).

■ RESULTS
Quantification of PFASs in Exposure Solutions. To

determine the actual concentration of the PFASs in the culture
medium treatments, PFBS, PFOS, PFOA, and PFDA exposure
solutions were chosen for the analysis. As shown in Table S2,
the actual concentration at the beginning of the exposure (0 h)
was close to the nominal concentration of all compounds,
indicating that the PFASs were well dissolved in the culture
medium solution. The solution concentrations of these four
PFASs at the beginning (0 h) and the end (48 h) of the
exposure slightly changed to different degrees. Specifically,
after the 48 h exposure, the detected extracellular concen-
trations of PFBS were 0.250, 89.7, and 2.78 × 103 μM,
corresponding to the respective nominal exposure levels of
0.300, 100, and 3.00 × 103 μM, respectively. The results
suggest that the actual intracellular concentrations of PFBS
might be less than 5.00 × 10−2, 10.3, and 216 μM in the low-,
medium-, and high-exposure scenarios, respectively. Consis-
tently, a similar concentration difference was observed in
PFOA, PFOS, and PFDA in the cell culture media. This
finding indicates that the effective concentration in the cells
was far lower than the nominal exposure concentration. Our

findings highlight the importance of understanding the
difference between nominal and effective concentrations in
bioassays.

Transactivation in MVLN Cells. In the present study, we
used the MVLN cell assay to investigate the estrogenic
activities of 10 PFASs. To avoid cell toxicity by the PFASs, a
WST-1 assay was performed to test the cytotoxic effects of
each compound before the MVLN cell assay. Compared with
the solvent control, no significant difference in cell morphology
was observed, and the cell viability decreased by <10%,
indicating that the exposure to the PFASs within the exposure
concentration ranges did not cause significant cytotoxicity in
the MVLN cells. In this testing system, E2 was used as a
positive control and induced the maximal ERE-luciferase value
at 1 nM, with an EC50 of 67.1 PM and an EC20 of 14.8 PM. As
a result, the luciferase activity in the MVLN cells induced by
E2 was observed with a maximal response nearly sevenfold
compared to that in the control group, indicating the high
sensitivity of this testing system. PFBA, PFBS, and PFPeA
significantly inhibited luciferase activity in a dose-dependent
manner, whereas PFHxS and PFOS significantly induced
luciferase activity in a dose-dependent manner (Figure 1), and
the induction of luciferase activity by PFHxA, PFHpA, PFOA,
PFNA, and PFDA was at the basal level (<5%) (Figure S1).
Notably, regarding the chemicals that did not show maximum
induction compared with the positive control (E2), the relative
induction potency based on EC20 was considered more reliable
than that derived from EC50.

30 Accordingly, PFOS (EC20 =
12.0 μM) showed higher estrogenic activity than PFHxS (EC20
= 22.8 μM) in the MVLN cells, with maximum induction
values of 25.7 and 9.7%, respectively. Meanwhile, the pure
steroidal antiestrogen drug ICI 182,780 was used as a negative
control. As shown in Figure 1B, ICI 182,780 inhibited
luciferase activity in a dose-dependent manner with an EC50

Figure 2. ERE-luciferase assay of PFASs and ICI 182,780 in MVLN cells after cotreatment with E2. The assay was carried out with various
concentrations of chemicals in the presence of 1 nM E2. Luciferase activity in the presence of E2 (1 nM) alone is shown as 100%. The cell viability
was assessed following exposure to individual PFAS compounds in combination with 1 nM E2 by the WST-1 assay, and no significant differences in
cell morphology were found under a microscope, while the cell viability decreased by <10% compared with that of the solvent control. Each point
represents the mean ± SD of three independent experiments in triplicate.
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of 30.1 PM and a maximum inhibition value of −19.8%. Our
results showed that PFBA, PFBS, and PFPeA inhibited
luciferase activity with maximum effects of −10.1, −9.2, and
−10.9%, respectively, and no significant differences were
observed among these three compounds. These results suggest
that short-chain (C-4 and C-5) PFASs are potential ER-related
estrogen antagonists and that other PFASs with carbon chains
above five and a sulfonic substitution at the end of a
fluorinated chain, such as those found in PFHxS and PFOS,
may act as estrogen agonists by enhancing the ER-mediated
estrogenic potency of PFASs.
Coexposure Assay with E2 in the MVLN Cell Assay.

Endogenous estrogens, such as E2 and diethylstilbestrol, exist
in almost all living organisms; thus, PFASs naturally tend to
coexist with estrogen-like compounds rather than alone in the
natural environment. Here, further experiments based on
MVLN cells were performed to determine whether the
estrogenic or antiestrogenic effects of each compound could
be observed after cotreatment with E2. Before the MVLN cell
assay, the WST-1 assay was used to detect the cytotoxic effects
of each compound in the presence of 1 nM E2. Within the
exposure concentration ranges, no significant differences in cell
morphology were observed under a microscope, and the cell
viability decreased by <10% compared with that of the solvent
control (Figure 2). As a result, ICI 182,780 significantly
inhibited E2-induced luciferase activity in a dose-dependent
manner with an EC50 of 12.1 nM, and the maximum inhibition
value was −20.1% (Figure 2). Short-chained PFASs, such as
PFBA, PFBS, and PFPeA, were able to antagonize the effect of
E2 in a dose-dependent manner, with EC50 values of 3.2, 0.81,
and 2.46 mM and maximum effects of 47.1, 9.4, and 5.3%,
respectively (Figure 2). Notably, PFHxS and PFOS, which
conferred estrogenic activities when present alone, were able to
attenuate the luciferase induction by E2. Interestingly, PFOS
caused a dose-dependent decrease in luciferase activity at the
0−50 μM concentration range, while this antiestrogenic effect
decreased as the exposure concentration range increased to
50−100 μM (Figure 2). This biphasic curve of PFOS is
supported by our finding that when presented alone, PFOS
sharply induced luciferase activity at exposure levels above 50
μM. However, PFASs, such as PFHxA, PFHpA, PFOA, PFNA,
and PFDA, did not exert antiestrogenic activity along but could
suppress luciferase induction by E2 in a dose-dependent
manner (Figure 2). PFDA was the most potent antagonist,
with an EC50 of 20.3 μM, whereas the EC50 values of PFHxA,
PFHpA, PFOA, and PFNA were 246.4, 98.9, 101.4, and 28.1
μM, respectively. In total, 10 PFASs conferred antiestrogenic
effects by inhibiting E2-induced luciferase activity under the
coexposure conditions, further implying that these chemicals
can activate the ER. In addition, these results further confirm
that the perfluorinated alkyl chain and sulfonic substitution are
important structural features in the estrogenic effects of PFASs.
Coexposure Assay with E2 and ICI 182,780 in the

MVLN Cell Assay. As the abovementioned ICI 182,780 is a
complete estrogen antagonist, we used ICI 182,780 to block
the ER in the MVLN cell assay. In this assay, 1 μM ICI
182,780, which is the maximal inhibition concentration in the
MVLN cell assay, was chosen to cotreat the cells with E2 and
individual PFASs. The results showed that all PFASs were able
to significantly attenuate E2-induced luciferase activity, which
was already inhibited by ICI 182,780 (1 μM), at concen-
trations ≥1 μM (Figures 3 and S2). These results further
confirm that the estrogenic effects of PFASs were ER-

mediated. We noticed that the minimal effective concentration
at which the individual PFASs produce “further-inhibition”
effects was equal to the level of ICI 182 780 in this system. To
verify this finding, we conducted further testing using 0.1 μM
ICI 182,780 and 0.1 μM individual PFASs coexposed with 1
nM E2. Subsequently, we found that all PFASs could
maximally reduce the luciferase activity caused by ICI
182,780 at a concentration of 0.1 μM (Figure 3). Notably,
this concentration of PFASs, such as PFHxS, PFOA, and
PFOS, is comparable to or even lower than that found in
human serum.22,31

Expression Alterations in Estrogen-Responsive
Genes. We performed further experiments to determine
whether the PFAS treatment resulted in a disruption in ER-
mediated transcription. Thus, we treated MCF-7 cells with
either 1 nM E2 and neat PFASs or 1 nM E2 plus the
corresponding individual PFASs for 48 h, and real-time PCR
was utilized to analyze the expression of estrogen-regulated
genes (TFF1/pS2 and EGR3). The TFF1 gene participates in
cell proliferation and acts as a biomarker gene that responds to
the induction of estrogens.32,33 EGR3 is a member of the early
growth response gene family and plays a vital role in the
estrogen-mediated activation of the immune evasion system.34

Generally, in MCF-7 cells, the expression levels of TFF1 and
EGR3 are upregulated by endogenous and exogenous estro-
gens.35 Our results showed that except for the treatment with
PFHxS and PFOS, the mRNA levels of TFF1 and EGR3 were
not significantly changed after the treatment with the
individual PFASs alone. PFHxS and PFOS significantly
induced the expression of TFF1 (3.1- and 1.6-fold,
respectively); the levels of EGR3 mRNA were also increased
by 1.8- and 1.2-fold following exposure to PFHxS and PFOS,
respectively, but these changes did not reach statistical
significance. Apparently, PFHxS and PFOS activated the ER,
followed by elevated expression of estrogen-responsive genes.
Notably, the expression of TFF1 and EGR3 was potentiated by
the E2 treatment with levels elevated by 8.7- and 7.6-fold,
respectively, whereas the cotreatment with the PFASs
attenuated the E2-induced responses within multiple ranges
(Figure 4). Particularly, PFBA, PFBS, PFPeA, PFHxA, PFHxS,
PFHpA, PFOA, PFOS, PFNA, and PFDA significantly
downregulated the estradiol-mediated genes by 4.2-, 4.9-,
4.4-, 4.1-, 2.7-, 3.9-, 2.5-, 1.6-, 2.9-, and 3.6-fold (TFF1) and
0.30-, 0.31-, 0.65-, 1.95-, 2.6-, 2.1-, 0.95-, 1.6-, 1.51-, and 1.6-

Figure 3. ERE-luciferase assay of PFASs in MVLN cells after
cotreatment with E2 (1 nM) and ICI 182,780 (0.1 μM or 1 μM).
Luciferase activity in the presence of E2 alone is shown as 100%. Each
point represents the mean ± SD of three independent experiments in
triplicate. ANOVA and Tukey’s multiple range test were used to
assess the significance of the mean differences, *p < 0.05.
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fold (EGR3), respectively (Figure 4). Taken together, these
data show that PFASs attenuate endogenous ER signaling
when E2 is coadministered, resulting in the disruption of
estrogen-modulated endogenous gene expression in MCF-7
cells.
Docking Analysis. An in silico computational model was

generated to explore the binding mode of PFASs with the
hERα protein under different conditions. In particular, a blind
docking strategy was utilized to investigate the binding mode
of PFAS molecules to hERα under the condition that E2 was
already bound to the hERα LBD. The results showed that all
tested PFASs could bind the ER surface domain at sites
distinct from the E2-binding pocket; in addition to PFDA, the
PFASs could also bind in the groove where coactivators bind
(Figures 5, S3, and S4). These results first indicated that the
PFASs might disturb the binding mode of coactivators, which
are closely related to subsequent ER-mediated transcription
activation. Furthermore, the structure of the ERα−E2−PFOS
complex from the docking analysis was chosen as a
representative and subjected to molecular dynamics simu-
lations to evaluate the stability of the ternary complex. The
results indicate that PFOS could steadily bind the surface site
(cofactor site), which does not affect the binding of E2 in the

active pocket of the endogenous ligand (Figure S5). Addi-
tionally, the results of the binding free calculations further
suggest that PFOS has a favorable binding affinity to the
surface site (−14.86 kcal/mol) (Table S3). Based on this
finding, it is expected that the ternary complex from the
docking analysis has high stability.

Development of Predictive Relationships. To shed
more light on the potential mechanism underlying the
estrogenic effects, a QSAR study was performed to identify
underlying clues regarding the tested compounds. Here, only
MCIs were maintained due to the high structural similarity of
the tested compounds. Specifically, all candidates share the
common characteristics of normal-chain saturated alkyl acids,
except for fluorinated status, chain length, and acidic group.
The activity data and molecular descriptors of the 10 PFASs
are shown in Table S4. Accordingly, the pEC50 of the luciferase
activity in the coexposure assay was defined as the dependent
variable, and the molecular structural parameters were defined
as the predictor variables, resulting in the following optimal
QSAR model

Figure 4. Effects of PFASs on the mRNA expression of the estrogen-responsive genes TFF1 (pS2) and EGR3 in MCF-7 cells. (A) Cells exposed to
0.1% DMSO (control), 4 mM PFBA, 2 mM PFBS, 4 mM PFPeA, 500 μM PFHxA, 200 μM PFHxS, 200 μM PFHpA, 100 μM PFOA, 50 μM
PFOS, 50 μM PFNA, 50 μM PFDA, or 1 nM E2; *p < 0.05, compared with the control. (B) Cells were cotreated with the above individual PFASs
and 1 nM E2 for 48 h. *p < 0.05, compared with E2. The results are expressed as the mean ± SD of triplicate experiments. ANOVA and Tukey’s
multiple range test were used to assess the significance of the mean differences.

Figure 5. Results of the EA-blind docking of 10 tested PFAS molecules. The representative ligand poses in all putative sites of the entire agonist
conformation hERα-LBD (PDB ID: 1ERE) are depicted in red (E2-binding site), purple (coactivator site), and green (other surface sites). H12 is
depicted in orange. The figure was generated using the USFC Chimera software package.
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n R
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pEC 0.165( 0.013) 0.606( 0.257), 10,

0.951, 0.946, SE 0.198, 157, 0.001
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0 2
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2

χ= ± + ± =

= = = = <
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where n is the number of observations, R is the correlation
coefficient of determination, SE is the standard error of
estimates, F is the F-test value, and p is the statistical
significance level of eq 3. 0χ is a descriptor of the MCIs
entering the final model and positively interrelated to the chain
length. The Monte Carlo simulation showed that the
pseudocoefficient of the correlation at the 95% confidence
interval (R*2) was 0.474, which was much lower than the
original R2 (Figure S6). Therefore, it can be confirmed that the
difference between the model prediction capacity and random
prediction is statistically significant and a chance correlation is
avoided. 0χ is a zero-order Kier−Hall MCI that interprets
molecular size- and/or bulky volume-dependent properties.
This result indicates that the volume and solute-accessible
surface area mainly determined the inhibitory effects of the
target PFASs. In addition, the chain-length-dependent ER
activities of these chemicals were observed.

■ DISCUSSION
In this study, we first report the ability of PFBA, PFBS, and
PFPeA to act as ER antagonists. Perfluorinated fatty acids are
structurally similar to endogenous fatty acids. In fact, previous
studies have indicated that the antiestrogenic effects of short-
chain fatty acids might be a shared feature of the short-chain
fatty acid family.36 Short-chain fatty acids, such as butyrate acid
and methoxyacetic acid, were able to inhibit proliferation and
decrease endogenous hERα expression in MCF-7 cells,
showing antiestrogenic effects.36,37 This finding is analogous
to our findings that short-chain (C-4 to C-5) PFASs, including
PFBA, PFBS, and PFPeA, inhibited luciferase activity in the
MVLN cell assay. Actually, the results of previous studies13,19

have shown that PFBA, PFBS, and PFPeA could not form
stable complexes with the ER in the ligand-binding pocket
(LBP), implying that these compounds could not activate the
transactivation of the ER, providing further evidence
supporting a positive association between short-chain per-
fluorinated fatty acids and antiestrogenic activity.
Additionally, a structure−activity relationship was observed

among the PFASs, and the optimum chain length for the
estrogenic effects was six and eight carbon sulfonates.
Specifically, we found that PFHxS and PFOS conferred
estrogenic effects by inducing ERE-luciferase activity, whereas
the other PFASs (PFOA, PFHxA, PFHpA, PFNA, and PFDA)
had minor responses. In support of our finding, Jørgensen et
al.38 also found that PFOS and PFHxS induced ER
transcriptional activity in an MVLN cell assay, and PFNA
and PFDA did not have a significant effect on ER function. In
addition, previous studies have indicated that PFOS is the
most potent ER agonist among the PFASs with a carbon chain
ranging from C-4 to C-10.13,19 However, contradictory data
concerning the estrogenic potential of PFASs exist. For
instance, previous evidence suggests that 8−10 carbon
perfluoroalkyl acids (PFOS, PFOA, PFNA, PFDA, and
PFUnDA) significantly induce the transactivation of hERα in
a gene reporter assay (based on HEK-293T cells with
instantaneous transcription) and PFOS was the most effective
compound tested, whereas relatively short-chain perfluoroalkyl
acids, such as PFBS, PFPeA, and PFHxA, did not.12 The

reason remains unclear; however, the use of different testing
systems might provide clues for future verification studies.
Interestingly, the combined exposure of the individual

PFASs with E2 did not result in an additive response but
attenuated the luciferase induction by E2, exerting antagonized
estrogenic effects. These luciferase gene reporter findings were
corroborated by the real-time PCR analyses. We found that all
tested PFASs could inhibit E2-induced luciferase activity and
significantly antagonize the E2-stimulated expression of
estrogen-responsive genes (TFF1 and EGR3), further confirm-
ing that the PFASs could attenuate the estradiol-induced
effects by disrupting ER-mediated transcription. In support of
our findings, evidence has indicated that fatty acids and
perfluorinated fatty acids could attenuate E2-induced estro-
genic activities.18,36,39 For example, fatty acids, such as sodium
butyrate (NaBu) and methoxyacetic acid, could lower E2-
stimulated gene expression, including TFF1, in MCF-7 cells
but at fairly high exposure concentrations (micromolar
range).36,39 Perfluorinated fatty acids, such as PFOS and
PFOA, could significantly induce Vtg production12,14,40 but
exert antiestrogenic effects by inhibiting E2-mediated Vtg
induction when E2 was combined with the individual tested
chemicals, and the possible reason might be attributed to the
allosteric interaction between PFASs and (E2) ligand-binding
sites.14 This theory can be supported by earlier findings
showing that certain xenoestrogens may directly interact with
the ER without disturbing classical ligand binding.41 Thus, it is
reasonable to speculate that in addition to interacting directly
with the traditional pocket in the LBD of the ER, PFASs might
disturb the estrogenic activity via an undetermined mechanism
of action that differs from classical ER activation. However, the
potential mechanism underlying the allosteric interaction
between xenoestrogen and ER remains unclear.
From a structural perspective, two ligand-dependent

mechanisms are particularly important for nuclear receptor
activation. One mechanism involves disturbing the ligand-
binding process of endogenous chemicals to traditional LBP
for nuclear receptor via competitive LBP interaction of
exogenous chemicals, while the other mechanism involves
disturbing the allosteric effect of protein complexes by the
surface binding of exogenous chemicals.42−46 Obviously, in the
presence of ICI 182,780 (fulvestrant), exogenous chemicals
targeting ER-LBP cannot act as antagonists because fulvestrant
is an antagonist of the ER with high affinity. However,
regarding chemicals targeting the surface sites of the ER rather
than ER-LBP, a further/additional inhibition effect is expected.
Therefore, a major aim of the present investigation was to
understand the potential molecular interactions between
PFASs and the entire surface of the hERα protein. Since
blind docking has been successfully employed to search for
putative ligand-binding sites in entire proteins,47 we utilized
blind docking analyses to verify the hypothesis. The results
indicated that all tested PFASs could bind the ER at its surface
sites with high stability, including the coactivator-binding site,
when the ER-LBP was already occupied by E2. These
interaction patterns might lead to interactions with the
coactivator-binding region or disturb the dimerization of ER.
In support of our results, a previous study reported that royal
jelly fatty acids could inhibit E2-activated ERE-mediated
transactivation in MCF-7 cells, and more importantly, based
on molecular docking, these compounds were found to prefer
binding hERα at the coactivator-binding site rather than the
LBP.48 Additionally, methoxyacetic acid could attenuate
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endogenous hERα expression and inhibit the E2-stimulated
expression of hERα target genes but did not compete with the
E2 for binding hERα.36,49 This evidence further suggests that
certain fatty-acid-like chemicals could inhibit E2-induced
estrogenic activities without binding the ER-LBP. Moreover,
the large value of R2 (0.951) in the established QSAR model
implies that an identical binding site/binding mode between
the tested PFASs and the ER exists. Taken together, these
results indicate that PFASs, which possess a carbon chain
structure similar to fatty acids, could attenuate E2-induced
estrogenic activities by competing with the coactivator for
binding the ER surface region instead of binding ER-LBP
directly. Such surface binding induces further antagonism,
which is of great significance since chemicals always coexist in
the environment, which is a rule rather than an exception.
However, we cannot exclude the possibility that the ER
activation observed in this study involves nuclear receptor
crosstalk or crosstalk with other signaling pathways. Moreover,
an uncontrolled cell proliferation effect may not be observed,
even using ERα agonists, such as compound Way-169916,
although it is assumed that ERα agonists should lead to a cell
proliferation effect.50 For example, diethylstilbestrol (DES), an
ER agonist, was associated with increased risks of breast
cancer, while genistein, a partial agonist of ER found in soy,
appeared to reduce the risk of breast cancer.51−53 The different
binding modes and motion features of the protein complex
after chemical binding can result in differentiated health
outcomes;54,55 or, in other words, the same target protein and
the binding pocket of contaminants may result in different
biological activity due to diverse signaling patterns, not to
mention that the cell proliferation effect is not exclusively
mediated by ER activation.
In the past decade, considerable attention has been paid to

PFASs because of their ubiquitous presence and persistence in
the environment, wildlife, and humans. PFASs, such as PFHxS,
PFOS, and PFOA, can also alter sex hormonal levels in animals
and humans.23,56−58 In particular, a study investigating the
public health implications of exposure to PFASs reported that
there was a positive association between PFAS (PFOS, PFOA,
PFNA, and PFHxS) concentrations and menopause,10 and a
positive correlation between PFAS (PFHxS and PFOS)
exposure and thyroid-stimulating hormone (TSH) levels was
observed.1 Additionally, PFHxS and PFOA exposure could
affect human semen quality.4,59 Here, in this study, we first
report that each PFAS could further inhibit luciferase activity
when coexposed with ICI 182,780 and E2 in an MVLN cell
assay with a minimal effective concentration of 0.1 μM, which
is comparable to that found in human serum. Notably, we
found that the concentration needed for PFASs to produce
“further-inhibition” effects is equal to that of the absolute
antagonist of ICI 182 780 in the MVLN testing system. Given
that endogenous estrogens and antiestrogens exist in all living
organisms, it is reasonable to consider that once PFASs
accumulate in human blood, even at low concentrations, they
could cause the abovementioned “further-inhibition” effects,
which might result in a disturbance in the ER signaling
pathway. Notably, these in vitro results were obtained based on
genetically modified cancer cells; therefore, an in vivo
investigation of ER modulation by the target PFASs is still
needed for further verification.

■ IMPLICATIONS
In the present study, both the estrogenic and antiestrogenic
effects of PFASs were observed by combining in vitro assays
and in silico analyses. A fluorinated chain length-specific
relationship was found in which the short-chain (C-4 and C-5)
PFASs acted as ER antagonists, and the optimum chain length
for the estrogenic effects was six and eight carbon sulfonates.
This investigation first revealed that the interaction with the
coactivator-binding region on the ER surface should be
included as a pathway by which PFASs exert estrogenic/
antiestrogenic activities; moreover, PFASs might disturb the
ER signaling pathway at environmentally relevant levels. This
finding is meaningful since it provides data from a new
perspective for the evaluation of the exposure risk of PFASs.
Furthermore, we elucidated the critical molecular property of
0χ that affects the antiestrogenic activity of PFASs. Taken
together, the results of our study provide new insight into the
interaction mode linking the estrogenic and antiestrogenic
activities of PFASs to hERα based on mimicking human
conditions and can provide clues for further mechanism-based
studies.
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