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GRAPHICAL ABSTRACT

« The first report of PFAAs mixture
effects of environmentally relevant
contaminants.

« The inhibitory effect of PFAAs
increased with the elongation of the
carbon chain.

« Volume and solute accessible surface
area dominated the cytotoxic effects
of PFAAs.

« Synergistic effects occurred under ICo,
ICy0, and ICsg in binary mixtures.
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Some perfluoroalkyl acids (PFAAs) are highly persistent and bioaccumulative, resulting in their broad
coexisting distribution in humans and the environment. Our aim was to investigate the individual and
joint effects of PFAAs on cellular viability of a human liver cell line (HL-7702) using the MTT assay. Equi-
partition ray design and equivalent-effect concentration ratio (EECR) mixtures were used to investigate
the binary and multiple effects of PFAAs, respectively. All tested PFAAs mixtures and the individuals
(except perfluorododecanoic acid (PFDoDA) and perfluorotetradecanoic acid (PFTeDA)) showed obvious
non-monotonic J-shaped concentration-response curves (CRC) on HL-7702. The inhibitory effect of indi-
vidual PFAAs increased with the elongation of the carbon chain and was dominated by their molecular
volume. The three binary mixtures (PFOA/S, PFHxA/S and PFBA/S) showed that synergistic effects
occurred under effective inhibitory concentrations (IC) of ICq, IC1, and ICsq in mixtures, while for IC_5q
the synergistic effect only occurred under higher PFSA proportion in mixtures. Furthermore, EECR mix-
tures of the nine individual PFAAs with J-shaped CRC also showed synergistic effects. However, mixtures
of the eleven individual PFAAs including those with S-shaped CRC resulted in partial addition effects on
HL-7702. Our results indicated that the individual stimulatory responses of HL-7702 to PFAA may pro-
duce adverse effects in mixtures at relevant dose levels.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Perfluoroalkyl acids (PFAAs), including perfluoroalkyl carbox-
ylic acids (PFCAs) and perfluoroalkane sulfonic acids (PFSAs) (Buck
et al,, 2011), are a family of perfluorinated chemicals consisting
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typically of a 4-14 carbon length backbone (Kowalczyk et al., 2012;
Filipovic et al., 2013). Many PFAAs, which are highly resistant to
degradation and are environmentally persistent (Conder et al.,
2008), have been widely used in commercial and industrial prod-
ucts (Renner, 2001). Because of their wide industrial application
and common global use in consumer products in recent decades,
PFAAs have been detected in the liver, fat, and serum of wildlife
(De Silva and Mabury, 2006), and in human serum and blood (Kan-
nan et al., 2004), breast milk (Karrman et al., 2006), and umbilical
cord blood (Apelberg et al., 2007). Perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS) both dominate in human
serum (Lau et al., 2004) and a number of PFSAs and PFCAs of vary-
ing chain length (C4-C14) have also been detected in human body
fluids, though at lower levels (Olsen et al., 2005). Studies have
shown that PFAAs with longer fluorinated carbon chains (>7 fluo-
rinated carbons) mainly accumulate in the liver (Lau et al., 2004;
Houde et al., 2006) and thus lead to both in vivo and in vitro hepatic
morphological and biochemical changes in laboratory animals
(Seacat et al., 2003; Son et al., 2008; Wolf et al., 2008; Zhang
et al., 2008; 2012; Albrecht et al., 2013). Although these studies
suggest that the peroxisome proliferators activated receptor o
(PPARa)-dependent mode of action proposed for hepatic tumor
induction in rodents is not relevant to humans (Bjork and Wallace,
2009), recent epidemiological data found significant positive asso-
ciations between PFOA and PFOS concentrations and all lipid out-
comes (except high density lipoprotein-cholesterol), with a
relatively lower serum level of PFOA (median, 27 ng/mL) and PFOS
(median, 20 ng/mL) in 46,294 community residents from a West
Virginian chemical plant (C8 Health Project) (Steenland et al.,
2009). In addition, researchers have found a linear association be-
tween PFOA/PFOS serum concentrations and alanine transferase (a
marker of hepatocellular injury) (Gallo et al., 2012). Thus, the ubig-
uitous presence and persistence of PFAAs in the environment and
within the human body have led to efforts to understand adverse
effects that may be associated with exposure, in particular scien-
tific and regulatory concerns.

While previous studies have investigated the individual toxic
effects and mechanisms of PFAAs, few studies have assessed the
combined effects of PFAAs in multi-component mixtures. Pollu-
tants always coexist in the environment and mixtures represent
the prevailing form of environmentally occurring contaminants
(Guida et al., 2008). The interactions between different chemical
components in a mixture may result in either antagonistic or syn-
ergistic combined effects rather than the additive effect only as ex-
pected from the toxicity and mode of action of each individual
compound. Various PFAAs commonly coexist in the environment
as well as in organisms (Kannan et al., 2004; De Silva and Mabury,
2006). The uncertainty regarding the combined effects and interac-
tions between different PFAAs has hampered the hazard identifica-
tion and risk assessment of PFAAs. Therefore, studies investigating
the combined effects of various PFAAs and the interaction among
chemicals under co-exposure are required.

The 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT) assay measures cellular metabolic activity via reduced
nicotinamide-adenine dinucleotide phosphate (NAD(P)H)-depen-
dent cellular oxidoreductase enzymes and reflects the number of
viable cells. This assay has attractive features including easy han-
dling, high sensitivity, short assay time, and non-radioactivity.
Therefore, MTT assay has been widely used to measure cytotoxicity
or cytostatic activity of potential medicinal agents and toxic chem-
icals (Berridge et al., 2005).

In the present study, eleven straight-chain PFAAs with back-
bones from 4 to 14 carbon atoms in length were used to explore
potential toxicity to a human liver cell line (HL-7702). The inhibi-
tory concentration of cellular viability (IC,) by individual PFAAs
and their mixtures as endpoints were detected using the MTT

assay. The direct equipartition ray (EquRay) was used to character-
ize the concentration composition of various binary mixtures (Dou
et al., 2011) and equivalent-effect concentration ratio (EECR) to
analyze multi-component mixtures (Ge et al.,, 2011; Liu et al,,
2012). The aims of this study were to (a) investigate the concentra-
tion-response relationships of individual PFAAs and compare their
toxic effects on human liver cell line; (b) explore their structural
characteristics of individual PFAAs in relation to their inhibitory ef-
fects on human liver cell line using the quantitative structure—
activity relationship (QSAR) method; and (c¢) examine the joint ef-
fects of binary and multiple mixtures of PFAAs on human liver cell
line. Our research will improve the understanding how they inter-
act with each other using human liver cell line as an alternative
in vitro test.

2. Materials and methods
2.1. Chemicals

Perfluorobutyric acid (PFBA), perfluorohexanoic acid (PFHxA),
PFOA, perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), perfluoroundecanoic acid (PFUnDA), PFDoDA, PFTeDA,
potassium perfluorobutane sulfonate (PFBS) and potassium per-
fluorohexane sulfonate (PFHXS) were purchased from Sigma (St.
Louis, MO, USA), and all information including the purity (>95-
98%) of the chemicals is given in the supporting information
(Table S1). Chemical solutions were made as stock solutions and
prepared fresh on the day of treatment. We dissolved PFNA, PFDA,
PFUNnDA, PFDoDA, PFTeDA, PFBS, PFHxS, and PFOS in ethanol and
the highest final concentration of ethanol was less than 0.5% in
the stock solutions. Solvents at the highest concentration (0.05%)
in working solutions did not cause cytotoxicity to the human liver
cell line. All other PFAAs were dissolved directly in serum-free
RPMI-1640 medium. Both MTT and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich (USA). Fetal calf serum was
obtained from Hangzhou Sijiqing Co., Ltd. (Hangzhou, China), and
RPMI-1640 medium was obtained from Gibco (Glasgow, UK).

2.2. Cell culture, treatment and MTT assay

The immortalized fetal human liver cell line (HL-7702) was ob-
tained from the Shanghai Institute of Cell Biology, Chinese Acad-
emy of Sciences. They were cultured in RPMI-1640 complete
culture medium in a humidified atmosphere of 5% CO, at 37 °C.
For experimental purposes, cells were trypsinized and seeded on
96-well plates at a density of 1 x 10 cells/well in appropriate cul-
ture medium. Cells were allowed to attach for 24 h before the
experiments were performed. Afterwards cells were treated with
PFAAs at a range of concentrations (Table S1) for 48 h. Cellular via-
bility as the endpoint was determined using MTT assay (5 mg/mL)
dissolved in PBS and stored at 4 °C. After an incubation period,
20 pL of MTT was added to each well followed by incubation at
37 °C for 4 h. Supernatants were then removed from the plates
and the produced formazan was dissolved in 150 pL of DMSO
and measured at 550 nm using a spectrophotometer (BioTek, Syn-
ergy H1 Hybrid Microplate Reader, USA). The inhibition of cellular
viability (%) was calculated as follows: Inhibition (%) = (1-OD¢reated/
ODuntreated) x 100%.

2.3. Binary mixtures of PFAAs and direct equipartition ray design

We selected PFCAs (PFOA, PFHxA, and PFBA) and PFSAs (PFOS,
PFHxS, and PFBS) as the binary mixture components using EquRay
procedure as described previously (Dou et al., 2011). Briefly, in the
two-dimension (X-Y) concentration plane constructed by the PFCA
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and PFSA axes, the ICso point at the X-axis (e.g. PFOS) was con-
nected to the IC5¢ point at the Y-axis (e.g. PFOA) to form a line seg-
ment on which five equidistance points were set. From the origin
(0), fiverays (R1, R2, R3, R4, and R5) were drawn through five equi-
distance points (supporting information, Fig. S1). Twelve concen-
tration points (x;, y;, i=1, 2, ..., 12) on each of the five rays were
then designed using a proper dilution factor (fray) where the ratio
of x/y was fixed for twelve concentration points of a ray. Finally,
the cellular viability of the points (binary mixtures) of HL-7702
were determined using the above MTT procedure to build five mix-
ture concentration-response curves (m-CRCs), where one ray cor-
responded to one m-CRC.

2.4. Experimental design for multi-component mixtures

Eleven or nine individual PFAAs were selected to study the joint
effect of various combinations of PFAAs mixtures that may coexist
in the environment. Four EECR mixtures (Mixso, Mix o, MiXq, and
Mix_5o ratio) were designed as described previously (Ge et al.,
2011). In the mixtures, the concentration percentages of various
PFAAs were percentages of their individual PFAA’s ICsg, ICyg, IC,
and IC_,g to the total concentration of the mixtures, respectively.
The Mix, was especially designed for the non-monotonic J-shaped
CRCs to compare the joint effect of PFAAs with J-shaped CRCs to
those with classical S-shaped CRCs. To compare the joint effect of
those EECRs, mixtures with ICy; concentrations of individual PFAAs
(each PFAA induces no inhibitory effect singly) were also designed.

2.5. Mixture toxicity evaluation

Three indicators were proposed to quantify and analyze the
joint effects, specifically Toxic Unit (TU), Additive Index (AI), and
Mixture Toxicity Index (MTI) (Xu and Nirmalakhandan, 1998;
Koutsaftis and Aoyama, 2007). The expected toxicity (toxic
strength) of the mixtures (based on the non-additive hypothesis)
was expressed as toxic units (TU). The toxicity of the mixtures
(M), conducted similarly to the single-chemical tests, was de-
scribed by the sum of TUs, according to the equation:

TU; = ¢i/1Cs0sM = Y TU;; Mo = M/ max(TUy);

where ¢; is the concentration of individual chemical i; ICsg; is
the ICsq of individual chemical i; and ICsq is 50% effective concen-
tration. Further, M=1: simple addition; M> M,: antagonism;
M < 1: synergism; M= Mj: independent action; and My>M > 1:
partial addition.

The additive index (Al) and the mixture toxic index (MTI) were
calculated according to the equation:

Al=1/M-1M<1);Al=1-MM > 1)
where Al < 0: antagonism; and Al > 0: synergism
MTI =1 — log M/logM,,

where MTI < 0: antagonism; MTI > 1: synergism; MTI = 0: inde-
pendent action; and 1 > MTI > 0: partial addition.

2.6. Calculation of molecular descriptors

Molecular descriptors were obtained using Dragon 6.0 (Talete
srl, Milano, Italy). There was no need to attempt all molecular
descriptors provided by Dragon 6.0 because the tested compounds
shared a common skeleton. High structural similarity inevitably re-
sulted in identical or zero values for many kinds of descriptors, and
the descriptors with lower standard deviations were excluded.
Only molecular connectivity indices (MCls) and solvation connec-
tivity indices for tested compounds were maintained, respectively.

The relationship between biological activity data and chemical
structure descriptors was obtained by stepwise linear regres-
sion with a confidence interval of 95% (Zhu et al., 2009). The
parameters included in the regression equation are listed in
Table S2.

2.7. Calculation of inhibitory concentration (ICso) and data analysis

To calculate half-maximal inhibitory concentration (ICsg) as
well as the IC_5 (20% stimulatory effect concentration) IC;q, and
ICs values in individual PFAAs, binary mixtures and multi-compo-
nent mixtures, BiPhasic and DoseResp models were used to fit the
J-shaped and S-shaped curves using Origin pharmacology in Ori-
gin8.0 (Origin Lab Corporation, Northampton, USA), respectively.
The J-shaped CRC is described by Eq. (1) derived from a BiPhasic
equation:

(Amaxl - Amin) (Amaxz - Amin)
1+ 10(()(7)(0,1)*’11) 1+ 10((){0727)()#12)
where Apax1 and Anmaxz are the first and second top asymptotes,
Xo_1 and Xxq - are the first and second top medians, h; and h, are
slopes, and Ap,, is the bottom.
The S-shaped CRC is described by Eq. (2) derived from a Dos-
eResp equation:

A2 — Al
1 + -10(L0Gx0—x)p

y= Amin +

(1)

y=A1+ (2)
where A1 and A2 are the bottom and top asymptotes, x0 is the
center point of the curve and p is the hill slope.

Regression analysis was performed using non-linear least-
squares fit. The higher the coefficient of determination (R?) and
the lower the Chi-Sqr, the better was the fit. As a quantitative mea-
sure of uncertainty, the observation-based 95% confidence interval
was also determined.

3. Results and discussion
3.1. Concentration-response relationships of individual PFAAs

To investigate the concentration response relationships of indi-
vidual PFAAs, we exposed HL-7702 cells to PFAAs for 48 h, with the
concentration-response curve (CRC) of the eleven PFAAs presented
in Fig. 1. In the present study, nine individual PFAAs (C4-C11)
showed ]-shaped non-monotonic CRCs and two long-chain PFCAs
(C12, C14) showed S-shaped CRCs. The J-shaped CRCs were fitted
with the biphasic concentration-response models while the mono-
tonically S-shaped CRCs were fitted using the DoseResp concentra-
tion-response models (Fig. 1). The fitted CRC models and resulting
parameters including half-inhibitory concentration (ICsq), as well
as ICy, ICqo, and IC_,q are listed in Table 1. Results showed that
PFNA presented the highest stimulatory effect (E,,=—-85%) at
1.36 x 107*M (maximal stimulatory effect concentration) and
PFHxS had a wide zone ranging from 52x10°M to
6.7 x 107* M, with a maximum stimulatory effect of E,, = —54%.
The values of ICso ranged from 9.23 x 10°3M (PFBA) to
3.47 x 10> M (PFTdDA), indicating that PFTdDA was the most
toxic compound. With the same carbon chain length, PFSAs
showed higher stimulatory effects than PFCAs and the values of
IC_,o for PFBA, PFHxA, and PFOA were 45.67, 15.76, and 6.37-fold
higher, respectively, to corresponding PFSAs.

3.2. Quantitative structure—activity relationship of PFAAs

To further explore the relationship of PFAA chain length with
inhibitory effects, we performed a linear regression, whereby we
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Fig. 1. J- and S-shaped concentration-response relationship for the inhibitory effect of individual PFAAs on human liver cell line after 48 h of exposure. B refers to the
experimental data, the solid line (—) is the fitted concentration response curve (CRC).

Table 1

Concentration-response models of individual PFAAs on the inhibitory effect in human liver cell line at 48 h.
Abb. Model Chi-Sqr R? IC_20 ICo IC1o ICso Oy Xosol
PFBA BiPhasic 30.9629 0.9809 153 x 1073 7.03 x 1073 745 x 1073 9.23 x 1073 11.077 4.992
PFHxXA BiPhasic 7.9350 0.9979 2.60 x 107 333x10°3 3.51 x 103 4.40 x 103 16.077 6.406
PFOA BiPhasic 38.7675 0.9902 7.14 x107° 521x107* 542 x 107 6.47 x 1074 21.077 7.820
PFNA BiPhasic 27.4615 0.9933 3.84x107° 314 x 107 329 x 107 4.09 x 1074 23.577 8.527
PFDA BiPhasic 17.7496 0.9951 2.20 x 107> 4.02 x 1074 419 x 1074 4.85 % 1074 26.077 9.234
PFUnDA BiPhasic 441727 0.9874 1.54 x107° 1.96 x 1074 2.04 x 107 237 x 1074 28.577 9.941
PFDoDA DoseResp 9.5947 0.9928 - - 9.19 x 107 7.51 x107° 31.077 -
PFTdDA DoseResp 3.6815 0.9975 - 7.28 x 107 1.44 x 107° 347 x107° 36.077 -
PFBS BiPhasic 38.7976 0.9918 335x10°° 481 x103 5.07 x 1073 6.49 x 1073 15.207 8.578
PFHxS BiPhasic 49.2899 0.9892 1.65 x 107> 1.62 x 1073 1.71 x 1073 2.14x 1073 20.207 9.993
PFOS BiPhasic 170.0378 0.9608 1.12x 107 423 x 1074 441 x 1074 516 x 1074 25.207 11.407

R? is the coefficient of determination. The units of ICy, IC;, ICso, and IC_,, are mol/L. - represents no data available. ®y: connectivity index of order 0 (Kier-Hall molecular
connectivity indices), Xoso1: Solvation connectivity index of order zero.

defined the number of carbon atoms in a backbone as N;,.. A statis-
tically significant negative linear correlation was observed be-
tween loglCs, and N, (R>=0.972) for the eleven PFAAs,
indicating that the longer the perfluorinated chain, the stronger
the inhibitory effect (Fig. 2A).

To explore the determinant factors of the inhibitory effect of
PFAAs, we calculated their chemical descriptors and developed a
QSARs model using stepwise linear regression (Li et al., 2010), in
which molecular connectivity index of order zero (°y) entered
the final model.
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Fig. 2. Linear regression plots showing (A) the relationship between inhibitory effect of individual PFAA and the number of backbone carbon atoms (Nm). The points
represent the concentration of ICso of PFAA. (B) The linear regression relationship between Kier-Hall molecular connectivity index of order zero (°y) and the number of
backbone carbon atoms (N,,). The regression formula (Y = aX + b) to estimate the °y for each compound is given in the graph. (C) The relationship between the inhibitory
effect of perfluoroalkyl acids (red points) and sulfonates (black points) and the number of backbone carbon atoms (N,,;) on the concentration of IC_5,. The regression formula
(Y =aX+ b) to estimate the IC_,q for each compound is given in the graph. (D) The linear regression relationship between solvation connectivity index of order zero (Xoso;) and
the number of backbone carbon atoms (N,,). The regression formula (Y = aX + b) to estimate the X, for each compound is given in the graph.

—logICso = 0.103(£0.007) x °% + 0.770(+0.163) (3)

n=11,R = O.963,R§dj =0.959,SE = 0.157,F = 233.278,P = 0.000
where n is the number of observations, R is the correlation coeffi-
cient, SE is the standard error of estimates, F is the F-test value,
and p is the significance level of the whole equation. A statistically
significant linear correlation between logICsy and °y indicated that
ICso could be predicted by models based on molecular connectivity
descriptors (Table S2). In addition, ® was positively correlated with
Ny, (R? =0.94, n = 11) for the PFAAs in our study (Fig. 2B). Generally,
a Kier-Hall molecular connectivity index of order zero (°y) symbol-
izes molecular size or bulky volume related property. These results
showed that the volume and solute accessible surface area domi-
nated the inhibitory effect of tested PFAAs and that protein affinity
might play a key role in toxicity.

Previous research has shown that the expression of gene targets
related to cell injury in primary rat hepatocytes caused by PFAAs is
related to the length of each compound’s carbon chain and concen-
tration (Bjork and Wallace, 2009). In addition, transthyretin bind-
ing affinity of PFAAs is associated with the length of each
compound’s carbon chain (Weiss et al., 2009). Our results indicated
that the longer the perfluorinated chain, the stronger was the
inhibitory effect on cellular viability. The model developed by sim-
ple descriptors based on molecular connectivity indices of the
compounds could predict the inhibitory effect of PFAAs.

As for the stimulation effect, the relationship between logIC_,q
and N,, was different from that of the inhibition effect. For IC_5, a
negative correlation was observed in six PFCAs (R? =0.981) when
shielding the PFSAs (Fig. 2C). Stimulation reached maximum at
N, of 9-10, while PFDoDA and PFTdDA showed no stimulation ef-
fect under the experimental concentrations (3.90 x 10~ M and
1.56 x 107% M, respectively). The decrease in activity enhancement
caused by increases in N,, helped to differentiate perfluorinated

alkyl sulfonic acids from perfluorinated alkyl carboxylic acids.
With the same carbon chain length, the PFSAs had lower IC_;, than
PFCAs (Table 1 and Fig. 2C), which suggested that the stimulatory
effect was governed, to some degree, by the contribution of func-
tional groups as well as carbon chain length.

To gain further information on the stimulation effect of the low
dose effect in our test system, a structure-based model study was
performed. Solvation connectivity index of order zero (Xoso) €n-
tered the final model by stepwise linear regression.

—10gIC 50 = 0.348(£0.035) x ¥, + 1.331(:0.304) (4)

n=9,R = O.935,R§dj =0.925,SE =0.192,F = 100, P = 0.000

In Eq. (4), a statistically significant linear correlation between
logIC_5q and Xpso indicated that IC_,o could be predicted by solva-
tion connectivity index based models (Table S2). In addition, Xoso,
was positively correlated with chain length (R*=0.94, n=11) for
the PFAAs (Fig. 2D). As a solvation connectivity index, Xoso could
be considered as the entropy of solvation, which indicates disper-
sion interactions in solutions (Zhao et al., 2008). Our results showed
that both non-polar interactions, as indicated by N,, and electro-
static-like forces provided by acidic groups, might predominate in
the stimulation effect.

3.3. Non-monotonic concentration-response relationships of binary
mixtures

Most reports on non-monotonic concentration-response rela-
tionships have focused on individual chemicals, with few studies
exploring the joint effect of multiple chemical mixtures (Ge et al.,
2011; Wang et al., 2011; Keiter et al., 2012). We first selected PFOA
and PFOS to investigate the joint effects of binary mixtures because
of their predominant detection in human serum and liver. Two
other binary mixtures, namely PFHxA-PFHxS and PFBA-PFBS, were
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Fig. 3. (A) Mixture concentration response relationship of five rays for the inhibitory effect of PFOA/S, PFHXA/S, and PFBA/S binary mixtures on human liver cell line after 48 h
of exposure where the points (HOAV<) refer to one ray of the experimental points, and the solid line (—) to CRC fitted. (B) Joint effects (MTI) of five rays for each binary
mixture at the effective concentrations of IC_5g, ICq, IC;0, and ICs with various concentration ratios. ICo, IC;, ICsq, or IC_5o means 0%, 10%, 50% inhibitory effect concentration

or 20% stimulatory effect concentration in the mixture.

Table 2

Concentration-response models of PFC mixtures and their joint effects on human liver cell line at 48 h.

IC 5o 1Co ICyo (@) M TU Al MTI
Mo Effect Al Effect MTI Effect
*Mixp11 7.50 x 10-5 2.69 x 1073 249 x 1073 3.61x103 1.32 9.83 Partial addition -0.32 Antagonism 0.88 Partial addition
Mix;011 967 x107°  199x103 181x10> 280x10> 104 1027  Partial addition = —0.04  Antagonism 098  Partial addition
Mixso11 744 x107° 216x10> 193x103 316x10> 141 1047  Partial addition =~ —-0.41  Antagonism  0.85  Partial addition
5Mixo9 339x10°  119x102 129x102 179x10> 057 9.00  Synergism 0.74  Synergism 125  Synergism
"Mix;09 416x10° 141x102 153x1032 209x103 0.70 9.00  Synergism 043  Synergism 1.16  Synergism
"Mixse9 878x10° 129x103 140x103 189x10>  0.69 9.00  Synergism 044  Synergism 1.17  Synergism
PMix_509 3.03x10%  314x103 342x103 476x103 136 9.00  Partial addition =~ —0.36  Antagonism  0.86  Partial addition
€ Mix_507 181 x107° 547x10% 576x10™* 727x10* 061 7.00  Synergism 0.65  Synergism 1.26  Synergism

TU: toxic units, M = >_TU;; Mo = M/max (TU;); Al: additive index; MTI: mixture toxic index.
2 Eleven PFAAs (PFBA, PFHxA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTdDA, PFBS, PFHxS, and PFOS).

b Nine PFAAs (PFBA, PFHXA, PFOA, PENA, PFDA, PFUNDA, PFBS, PFHxS, and PFOS).
¢ Seven PFAAs (PFOA, PFNA, PFDA, PFUNDA, PFBS, PFHxS, and PFOS).

also chosen to determine if similar interactions were taking place
between PFSA and its corresponding PFCA mixture. Overall, three
binary mixtures with J-shaped concentration-response curves
were observed (Fig. 3A). The fitted CRC models and resulting
parameters for the binary mixtures are listed in Table S3 and the
fitted models and details of the experiment are given in the sup-
porting information (Table S4). All ICy, ICqo, and ICso values in the
three binary mixtures were less than that of individual PFSA or
PFCA, respectively. The index values of M, Al, and MTI for the bin-
ary mixtures of PFSA and PFCA implied that a synergistic action
took place under the effective concentrations of ICq, IC;q, and ICsq
with various concentration ratios (Fig. 3B and Fig. S2). For the three
binary mixtures, PFHXA/S showed the strongest synergistic effect
with MTI values from 2.30 to 8.08 for five rays, followed by
PFOA/S with MTI values from 1.40 to 3.59 for five rays. For the
effective concentration of IC_,g, however, the joint effects were
quite different among the three binary mixtures (PFBA/S, PFHxA/
S, and PFOA/S). Only the higher proportion of PFSA in the mixtures
(PFOS > 59.7%, PFHxS >48.9%, and PFBS>57.7%, respectively)
showed a synergistic effect for IC_,q. For the effective concentra-
tion of IC_,o in the PFSA/PFCA mixture, the strongest synergistic

effect of the binary mixture was observed with a MTI value of
24.09 at 0.68 for the ratio of PFOA/PFOS.

The mixture of PFHxS and PFHxA showed the highest synergis-
tic effect among the three mixtures, especially at the high propor-
tion of PFHxS (70%), and indicated that PFHxS had the highest
contribution to the synergistic effect.

3.4. Non-monotonic concentration-response relationships of multiple
PFAA mixtures

We exposed HL-7702 cells to mixtures of eleven and nine indi-
vidual PFAAs to determine the joint effects of PFAA mixtures. In the
mixtures, the concentration ratios of various PFAAs were the ratios
of their individual IC, to the total concentration of the mixtures
(Tables S5 and S6). Two sets of mixtures were composed of the ele-
ven individual PFAAs (C4-C14) with both J-shaped and S-shaped
curves, while the mixtures of the nine individual PFAAs with ]J-
shaped curves only (C4-C11). Resulting parameters for the fitted
CRC models are listed in Table 2 and the fitted models and details
are given in Table S7. All PFAA mixtures presented non-monotonic
J-shaped CRCs (Fig. 4A and Fig. S3A).
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Fig. 4. (A) J-shaped CRC for the inhibitory effect of nine PFCs mixtures on human liver cell line after 48 h of exposure where the point (M) refers to the experimental points,
and the solid line (—) to CRC fitted. (B) Comparison for the inhibitory effect of nine individual PFCs with mixtures of nine PFCs on human liver cell line after 48 h of exposure
where the concentrations of PFCs corresponded to 1/9 of individual IC_5, 1/9 of individual ICy, 1/9 of individual IC;o and 1/9 of individual ICsq, respectively. Obs is the
observed mixture effect. The Mixo, MiX;o, MiXs0 and MiX_,o means Mixy9, Mix;09, Mix509 and Mix_,09 which were listed at the footnote of Table 2. (C) The mixture of nine
and eleven PFAAs caused a significant inhibitory effect where the concentrations of individual PFAAs were ICo,; and each PFAA induced no effect singly.

To test the hypothesis that a n-component mixture, whose con-
centration equals the sum of IC,;/n of the individual components,
will exactly produce an effect of x%, we calculated the effect of indi-
vidual PFAAs at concentrations of ICq,;/n, IC;q,;/n, and ICsq,i/n (n=9
or 11) based on their individual CRCs (Fig. 1). The results of the
mixtures (MiXo, MiX;o, and Mixsg) of the eleven PFAAs showed that
each PFAA at concentrations of IC_,,;/11 induced a stimulatory ef-
fect singly and the mixture at the concentration of XIC,/11 did
not produce an inhibitory effect (Fig. S3B). However, the concen-
trations of individual PFAAs for 1Co,;/9, 1C10,i/9, and ICsg,i/9 with J-
shaped curves only induced a stimulatory effect singly; the three
mixtures (Mixo, Mix;9, and Mixsg) at concentrations of XICy/9,
31Cq0/9, and XICs/9 produced significant inhibitory effects based
on each mixture’s CRCs (Fig. 4B).

In addition, the mixture with ICy; for the concentration of indi-
vidual PFAA caused a significant inhibitory effect; however, no
PFAA at ICy; concentration induced an inhibitory effect singly
(Fig. 4C).

As it is not possible to determine ICy from a typical S-shaped
CRC, no-observed-effect concentration (NOEC) can be regarded as
an approximation of ICy. Certain evidence has indicated that ad-
verse effects of mixtures could be induced from exposure to many
compounds at or below NOEC (Silva et al., 2002; Rajapakse et al.,
2002; Ge et al., 2011). We assessed the joint effects of the eleven
and nine individual PFAAs at ICy concentration corresponding to
a true zero effective concentration in our test system. The ICy mix-
tures (Mixo11 and Mixq9) for the eleven and nine individual PFAAs
produced a 92.86% and 83.47% inhibitory effect on human liver cell
line, respectively. Our results implied that the individual

stimulatory responses were cumulative and produced adverse ef-
fects in mixtures at low dose levels. This finding also demonstrated
that the ICq value of individual chemicals should not be regarded as
a safe level in risk assessment of environmental mixtures.

All three mixtures (Mixg, Mix;9, and Mixsg) of the eleven PFAAs
presented a partial addition effect as evaluated by Toxic Unit (TU),
Additive Index (Al), and Mixture Toxicity Index (MTI) (Table 2). We
next chose nine individual PFAAs with J-shaped curves only (C4-
C11) to study the four concentration effects of EECR mixtures
(MiX,zo, MiXO, MiX10, and MiXSO). All MiXO, MiX1o, and MiX50 mix-
tures presented a synergistic effect with MTI values ranging from
1.16 to 1.25. However, the mixtures of Mix_,q for nine individual
PFAAs showed partial addition. Since the concentrations of IC_5q
for PFBA and PFHXA were much higher than other PFAAs, we next
excluded them to form another mixture set of seven individual
PFAAs. The results showed that a synergistic effect took place,
and the MTI values of the mixtures for MiXx_,o of nine and seven
individual PFAAs were 0.86 and 1.26, respectively (Table 2). This
indicated that the composition of mixture with the parallel CRCs
may have similar mechanisms and behave synergistically. Our re-
search provides evidence that synergistic or partial addition effects
of PFAAs in the human body may occur.

In conclusion, individual and mixtures of PFAAs (C4-C11) had
an obvious non-monotonic concentration-response relationship
on human liver cells. Results of the three binary mixtures of PFAAs
showed that synergistic effects occurred under effective concentra-
tions of ICy, ICqq, and ICso in mixtures while under IC_,, the syner-
gistic effect only occurred under a higher proportion of PFSA. The
EECR mixtures of nine individual PFAAs with non-monotonic
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J-shaped curves showed synergistic effects. Our results implied
that the individual stimulatory responses to PFAA at relevant dose
levels may produce adverse effects in mixtures.
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