Paper presentation

pubs.acs.org/est

Neurotoxic Effects of Mixtures of Perfluoroalkyl Substances (PFAS)
at Environmental and Human Blood Concentrations

Karla M. Rios-Bonilla, Diana S. Aga, Jungeun Lee, Maria Konig, Weiping Qin, Judith R. Cristobal,

Published: September 11, 2024

Gunes Ekin Atilla-Gokcumen, and Beate 1. Escher™

B8
Corresponding Author aa
Beate 1. Escher — Department of Cell Toxicology, Helnholtz- HE 6
Centre for Environmental Research — UFZ, Leipzig 04318,

B a

Germany; ® orcid.org/0000-0002-5304-706X;
Email: beate.escher@ufz.de

Authors

Karla M. Rios-Bonilla — Department of Chemistry, University
at Buffalo - The State University of New York, Buffalo, New
York 14260, United States; ©® orcid.org/0009-0000-7051-
1744

Diana S. Aga — Department of Chemistry, University at
Buffalo - The State University of New York, Buffalo, New
York 14260, United States; ® orcid.org/0000-0001-6512-
7713

In vitro
mixture
toxicity

Atrayee Datta
16t November,2024



Terminologies

1. PFAS or Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic chemicals that are resistant to heat, water, oil, and
grease, and hence have raised concerns regarding their impact on health and the environment.

2. Cytotoxicity is a measure of how a substance can cause damage to or kill cells in general.

3. Neurotoxicity specifically refers to the toxic effects of substances on nerve cells (neurons) and the nervous system. In this study

neurotoxicity was assessed by:

a. Oxidative stress response occurs when there is an imbalance between free radicals and antioxidants in the body, leading to
cellular damage. It is a significant factor in various health issues.

b. Mitochondrial toxicity refers to the harmful effects that substances can have on the mitochondria, leading to decreased
energy production, impaired cellular metabolism, and increased production of reactive oxygen species (ROS).

c. Neurite outgrowth refers to the process by which developing neurons extend their axons and dendrites, which are essential

for forming connections with other neurons.
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Aimv of study

The present study, evaluated mixture toxicity of PFAS
at concentration ratios relevant in the environment and in
human blood, focusing on their impacts on two cell lines
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Neurotoxicity Assay

Human neuroblastoma (SH-SY5Y) cells differentiated into

neuron cells were used as a

cytotoxicity and neurite outgrowth, serving as proxies for

neurotoxicity.

MItoOxTox Assay

Oxidative stress response, mediated via the nuclear factor
erythroid 2-related factor 2-Antioxidant Response Element (Nrf2-
ARE) pathway, was quantified using the reporter protein
luciferase, while mitochondrial toxicity was assessed using the
mitochondrial membrane potential (MMP) indicator in the
reporter gene cell line AREc32.
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Lee, J.; Kbnig, M.; Braun, G.; Escher, B. |. Water Quality Monitoring with the Multiplexed Assay MitoOxTox for Mitochondrial Toxicity, Oxidative Stress Response, and Cytotoxicity in AREc32 Cells.
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Table 1. PFAS Included in This Study, Design of the Environmental Mixture (Envmix), the Blood Mixture (Bloodmix), the
Mixtures of Wastewater Activated Sludge (WASmix) and Primary Solid (PSmix)

environmental mixture (envmix)

concentration  concentration C;in  molar fraction molar fraction p; molar fraction p; molar fraction

chemical name abbreviation C; (ng/L) molar units (pM) p; in envmix in bloodmix” in WASmix” p; in PSmix*

perfluorobutanoic acid PFBA 8.1 38.1 0.139
perfluoropentanoic acid PEPeA 6.1 23.1 0.086
perfluorohexanoic acid PFHxA 5.6 18.3 0.066 0.127 0.207
perfluoroheptanoic acid PFHpA 7.4 20.3 0.075
perfluorooctanoic acid PFOA 11.0 26.6 0.098 0.289 0.181 0.249
perfluorononanoic acid PENA 8.0 17.2 0.064 0.107
perfluorobutane sulfonic acid PEBS 4.9 16.3 0.061
perfluoropentane sulfonic acid PEPeS sl 13.7 0.051
perfluorohexane sulfonic acid PFHxS 5.9 14.7 0.055
perfluorooctanoic sulfonic acid PFOS 20 42.3 0.150 0.477 0.612 0.751
6:2 fluorotelomer sulfonic acid 6:2 FTS 10 23.4 0.086
2,3,3,3-tetrafluoro-2- HPFO-DA 5.8 17.6 0.065

(heptafluoropropoxy)

propanoic acid

“Mean of detected cnncentratmns in children’s serum: 96 ug/L (4.7 pM) PFOA, 0.81 ug/L (1.8 pM) PFNA, 0.83 ug/L (2.1 pM) PFHxS and 3.90

ug/L (7.8 pM) PFOS. “Mean of detected concentrations in WAS: 4.2 ng/g.s (10.1 pmol/g.;;) PFOA, and 15.3 ng/g. ;s (30.6 pmol/g, ;)
PFOS.™ “Mean of detected concentrations in PS: 8.5 ng/g, ;s (20.7 pmol/g.,;4) PFHxXA, 7.5 ng/g..;q (18.1 pmol/g,.;;) PFOA, and 30.6 ng/g. ;4
(61.2 pmol/g,,;y) PFOS.*™



Methods

O Specificity ratio (SR)= %

10

IC,, is the inhibitory concentration for 10% cytotoxicity
EC,, is the effect concentration for 10% effect, i.e., for neurite
outgrowth inhibition.

O Baseline toxicity (IC;g ,eiine) IS the minimum toxicity of any
chemical, it can be predicted from its tendency to
accumulate in biological membranes.

It is stimulated by the liposome-water distribution ratio. (D)

O Toxicity Ratio (TR) is the measure of excess cytotoxicity.
TR — IClO,baseline

0 The 10% inhibitory concentration for cytotoxicity of a mixture
IC,,(CA)

IC,o(CA) =

p
E?: 1 IC),

O Index of prediction quality (IPQ)
L Contribution of one component ‘i’ to the overall mixture effect.(Tox)
O The relative effect potency, relative to PFOA

ECIO,PFOA

REP =
ECIO,:’

O The concentration responsive curve (CRC) was calculated for
any effect level below 10%

n

effect y(mixture) = Z p X slopei X Ciot

i=1



Resulty aond discussion

Table 2. Liposome—Water Distribution Ratio of the Anionic PFAS Species, Dy, /., and Cytotoxicity Inhibitory Concentrations
IC,, for AREc32 and SH-SYSY Cells and Effect Concentration EC,, for 10% Reduction of Neurite Length”

AREc32 cytotoxicity SH-SYSY cytotoxicity SH-SYSY neurite outgrowth inhibition

PFAS log Dy, ,, [L,/Ly,] IC,, SE IC,, TR IC,, SE IC,, TR EC,, SE EC,, SR
PFBA 1.00" 392 x 1070 3.02x 107 206 195X 1077 886 x 1070 397 213X 107 120X 1070 0.92
PFPeA 1.757 1.05 x 107 8.06 x 10> 231 1.67 x 107> 1.02 x 107* 134 341 x 107 151 x 1072 049
PFHxA 2.32° 282 x 107 176 x 1070 402 123 x 107 L13x107*  0.82 123 x 107 172X 107*  0.99
PFHpA 2.91° 167 x 100% 932 x10°° 343 865x10* 785x10° 057 544x10*  983x10° 159
PFOA 3.52°¢ 543 % 107°  3.03x10° 580 276 x 107" 266 x 1070 095 242x107*  170x 107 1.14
PENA 4.25° 1.1S§ x 107 120%x 107° 149 497 x 107*  35.62x10° 027 199x 107* 249 x107° 250
PFBS 3.51° 7.58 x 107 525 x 1070 042 1.09 X 107 6.00 x 107° 024 9.68x 107* 377 x 10 112
PFPeS 3.33 282 x 107* 208 x 107 133 492X 107* 23610 064 572x 107" 876x 10  0.86
PFHxS 4.13¢ 1.66 X 107* 127 x 107 113 405x107* 385x 107 037 280 x 107"  4.60x 107 145
PFOS 4.89°¢ 5.64 x 107 582 x 10 020 412x107*  385x 10 020 3.03x107*  512x 10 1.36
6:2 FTSA 3.877 722 % 107 466 x 107°  0.32 121 X 1072 230x107° 002 386 x10°  805x107*  3.15
HFPO-DA 2.41° 422 x 107Y 265 x 107 240 1.I1I8§ X 107% 558 x 10> 076 280X 107° 561x 107" 042

“Full names of the abbreviated PFAS are given in Table 1. The toxic ratio TR is the ratio of the predicted IC,, of baseline tomcﬂ‘y and the measured
ICy, (eq S). The specificity ratio (SR) is the ratio of the predlcted IC,, of baseline toxicity and the measured EC;, (eq 2) "Experimental log Dy,
from Droge.” “Experimental log Dy from Ebert et al.>® “Predicted log Dy, from Qin et al.™
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Table 3. Cytotoxicity Inhibitory Concentrations IC,, for AREc32 and SH SYSY Cells and Effect Concentration EC,, for 10%
Reduction of Neurite Length (NOI) for the Two Designed Mixtures Envmix and Bloodmix (Table 1)“

AREc32 cytotoxicity SH-SYSY cytotoxicity SH-SYSY neurite outgrowth inhibition
mixture IC,o SE IC, IPQ ICyo SE IC, PQ ECy SE EC,, IPQ

envmix CA prediction 230 x 107" 6.88 x 107° 6.77 X 107" 247 x 107° 524 x 107" 316 % 107
experimental 298 x 107* 336x 107 028  7.52x 107Y  529x 107° 0.1 3.01 x 107* 145 x 107° 042

bloodmix  prediction 127 x 107* 533 x 107° 3.66 x 107 2,05 x 1073 2,66 x 107 2,10 x 1073

experimental 141 x 107* 131 x 107° 011 303 x 1071 3.04x 107 0.7 1.80 x 107" 157 x 107  0.32

“The mixture IC;; and EC,, were predicted with the mixture model of concentration addition (CA, eqs 6—9), and the index of prediction quality
(IPQ) was calculated with eq 10.
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Erwivorumentad mixture

(a) Cytotoxicity in AREc32 cells (b) Cytotoxicity in SH-SY5Y cells (c) Neurite outgrowth inhibition in SH-SY5Y
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Figure: Comparison of the contribution of individual PFAS ‘i’ to the fraction in the mixture
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Blood mixture

(a) Cytotoxicity in AREc32 (b) Cytotoxicity in SH-SY5Y  (c) NOI in SH-SY5Y
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PSmix and WASmix

(a) Cytotoxicity in AREc32 (b) Cytotoxicity SH SY5Y (c) NOI
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Fonding

The CRCs of the extracts of PS and WAS indicated activity in all end points of the MitoOXTox assay and the neurotoxicity assay. The
extracts activated oxidative stress response and inhibited MMP, which are not activated by designed mixtures or individual PFAS.

This may be due to many other biosolid extracts other than PFAS which can trigger such action.

However, because of the high persistence of PFAS, it is likely that PFAS concentrations in environments where biosolids are applied are

more important relative to the other biodegradable chemicals that also contribute to biosolids’ toxicity.
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PFAS mixtures exhibit neurotoxic effects, particularly by inhibiting neurite outgrowth in neuron-like cells.

Neurotoxicity is observed even at low, environmentally relevant concentrations.

Mixture effects are additive, with toxicity levels aligning with the Concentration Addition (CA) model.

Individual PFAS showed primarily cytotoxic effects but no significant oxidative stress or mitochondrial toxicity below cytotoxic levels.
The study underscores the importance of assessing PFAS as mixtures rather than as isolated compounds for accurate risk evaluation.

High-throughput screening (HTS) and new approach methodologies (NAMs) are validated as effective tools for evaluating mixture

toxicity.
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