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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals with several 

applications. Multiple adverse health effects are reported for longer carbon chain (≤C8) PFAS. 

Shorter carbon chain PFAS, [e.g., hexafluoropropylene oxide dimer acid (HFPO–DA; GenX) 

and perfluorobutanesulfonic acid (PFBS)] were introduced as alternatives. Past studies indicate 

that longer-chain PFAS are neurotoxic targeting the dopamine pathway, but it is not known if 

shorter-chain PFAS act similarly. This study aimed to evaluate developmental neurotoxicity and 

tissue uptake of GenX and PFBS using the zebrafish (Danio rerio). First, acute toxicity was 

assessed by measuring LC50 at 120 h postfertilization (hpf). Body burden was determined after 

embryonic exposure (1–72 hpf) to sublethal concentrations of GenX or PFBS by LC-ESI-MS/MS. 

Locomotor activity using a visual motor response assay at 120 hpf and dopamine levels at 72 hpf 

was assessed after embryonic exposure. PFBS was more acutely toxic and bioaccumulative than 

GenX. GenX and PFBS caused hyperactivity at 120 hpf, but stronger behavioral alterations were 

observed for PFBS. An increase in whole organism dopamine occurred at 40 ppb of GenX, while a 
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decrease was observed at 400 ppb of PFBS. Differences detected in dopamine for these two PFAS 

indicate differential mechanisms of developmental neurotoxicity.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are used in many consumer and industrial 

processes1 but persist in the environment and bioaccumulate in humans and wildlife.2,3 The 

longer chain PFAS [e.g., perfluorooctanesulfonic acid (PFOS) and perfluoroocatonic acid 

(PFOA)] have long half-lives in humans and are associated with many adverse human health 

effects.4,5 In order to overcome concerns associated with longer chain PFAS, chemicals with 

a shorter alkyl chain [e.g., perfluorobutanesulfonic acid (PFBS), C4HF9O3S] or a shorter 

chain with one or more ether group(s) [e.g., hexafluoropropylene oxide dimer acid (HFPO–

DA), known as GenX, C6HF11O3] were introduced into industry, but assessments indicate 

the presence of these PFAS alternatives in the environment. For example, GenX and PFBS 

are detected in environmental water samples and in treated drinking water with half-lives 

reported as stable (i.e., no degradation in water at temperatures up to 50 °C regardless of 

pH).6–8 A study by Guillette et al. also showed that the serum level of GenX in juvenile 

Striped Bass (Morone saxatilis) was 136 times higher than the concentration in surface 

water, indicating that GenX can accumulate in tissue similar to other PFAS.9

Researchers have started to investigate the toxicity of GenX and PFBS due to concerns 

of their persistence in the environment and based on these studies, the United States 

Environmental Protection Agency (US EPA) released the human lifetime health advisory 

level for GenX and PFBS of 10 parts per trillion (ppt) and 2000 ppt, respectively.10 In 

addition, the US EPA introduced a hazard index of 1.0 for PFAS mixtures in drinking 

water consisting of PFBS, GenX, and two other PFAS (i.e., perfluorononanoic acid-PFNA 

and perfluorohexanesulfonic acid-PFHxS). GenX exposure is reported to cause hepatic, 

reproductive, developmental, thyroid, hematological, and immune effects in rats and 

mice.11–13 PFBS [as sulfonic acid (CAS 375–73–50), potassium salt (CAS 29420–49–3), 

or deprotonated anionic form PFBS– (CAS 45187–15–3)] causes multiple adverse effects 

in animals such as decreased concentration of thyroid hormones, decreased sperm health, 
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delayed eye opening, and decreased body weight of offspring, alongside increased liver 

weight, as per a US EPA review.14

Currently, there is limited information regarding neurotoxic potential for most PFAS beyond 

the connection of neuroendocrine control of the thyroid pathway.14 In addition, the US 

EPA identified significant knowledge gaps for GenX and PFBS neurotoxic risk.14,15 Given 

evidence of developmental neurotoxicity of the two legacy PFAS in which GenX and 

PFBS were introduced to replace (i.e., PFOA and PFOS, respectively) and the suggested 

effects of the legacy PFAS on dopaminergic neuron development (e.g., altered dopamine 

levels, behavioral changes, and altered expression of genes associated with dopaminergic 

neuronal development), it is important to investigate the developmental neurotoxicity of 

these two PFAS replacements. Dopamine plays a fundamental role in neurodevelopment 

in cell differentiation and circuit formation and throughout life as a neurotransmitter 

and neurohormone, regulating movement, memory, and motivation. In addition, altered 

dopamine levels are associated with several neurological and mental health diseases.16–

18 A recent study showed that predifferentiation exposure to GenX in dopaminergic-like 

neurons using an SH-SY5Y cell line caused neurological alterations that are associated 

with neurodevelopment and neurodegeneration including changes in intracellular calcium, 

tyrosine hydroxylase (TH), and alpha synuclein (αSyn) expression.19 Moreover, assessing 

the internal dose after PFAS exposure is highly important to anchor the observed effects 

to an internal dose given the remaining questions on the toxicokinetics of each PFAS in 

different organisms. This need for internal dose measurements was recently emphasized to 

assist regulatory agencies in their interpretations of toxicity data.20

The zebrafish continue to grow in popularity as a model for developmental neurotoxicity 

studies after decades of use in developmental and neurobiology research. For example, 

assessing the behavior of zebrafish is widely used in neuropharmacology for evaluating the 

neurotoxicity of drugs.21–24 In addition, zebrafish have orthologs to 70% of human genes 

with this number increasing to 82% when considering disease-related genes.25

In this study, we hypothesized that GenX and PFBS will cause developmental neurotoxicity 

by altering locomotor behavior outcomes in developing zebrafish larvae and altering 

dopaminergic neuron development. In order to test this hypothesis, developing zebrafish 

were exposed throughout embryogenesis (1–72 h postfertilization, hpf) to GenX or PFBS. 

Locomotor activity was determined at 120 hpf and dopamine levels in whole eleuthero-

embryos at 72 hpf. Body burden was assessed at 72 hpf (at the cessation of exposure and 

assessment time of dopamine levels) and at 120 hpf (at the time of locomotor activity 

assessment and 48 h after PFAS exposure was ceased).

MATERIALS AND METHODS

Zebrafish Husbandry.

Adult zebrafish (Danio rerio) of the wild-type AB strain were housed in a Z-Mod system 

(Aquatic Habitats, Apopka, FL, USA) on a 14:10 light-dark cycle for breeding. Water was 

maintained at 28 ± 1 °C, pH at 7.0–7.2, conductivity at 550 μS, and dissolved oxygen at 

7.3–8.3 ppm. Water quality was assessed twice a day. Adult fish were fed a mixture of 
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brine shrimp (Artemia International LLC., Fairview, TX, USA), Golden Pearls 500–800 

μm (Artemia International LLC., Fairview, TX, USA), and Zeigler adult zebrafish food 

(Zeigler Bros Inc., Gardners, PA, USA). Adult fish were bred in spawning tanks according 

to established protocols.26,27 Embryos were collected within 1 hpf. The embryos were rinsed 

with embryo water (filtered reverse osmosis water of pH 7.2 and conductivity at 550 μS) 

and randomly distributed in groups of 50 into 100 × 20 mm polystyrene Petri dishes for 

each treatment group. A biological replicate was blocked as either the single Petri dish 

(e.g., visual motor response assay) or the pooling of fish from two Petri dishes when pools 

consisted of >50 fish (e.g., body burden). All embryos used in experiments were incubated 

at 28 °C through 72 or 120 hpf on the same light-dark cycle as the adults. Protocols were 

approved by the Purdue University Animal Care and Use Committee (no. 1110000088) and 

all fish were treated humanely with regard to prevention and alleviation of suffering.

Chemical Treatments for Zebrafish Assays.

GenX (CAS# 13252–13–6, 97% purity, Matrix Scientific, Columbia, SC, USA) and PFBS 

potassium salt (PFBS) (CAS# 29420–49–3, 98% purity, Sigma, St. Louis, MO, USA) were 

used in the study (Table S1). The potassium salt completely dissociates in aqueous solutions 

(pH 4–9), with the sulfonate being the predominant form and is the preferential form used 

in laboratory studies.14 The chemicals were solubilized in reverse osmosis water and all 

within solubility limits. Stock solutions were neutralized to pH 7–7.5 with 5 M sodium 

hydroxide.28

Acute Developmental Toxicity Assay.

To assess the lethal concentration at which 50% mortality was observed (LC50) of the 

test chemicals, three biological replicates (embryos from three different clutches) of 50 

embryos per treatment were placed into a Petri dish and dosed with 20 mL of a range of 

concentrations of each PFAS within 1 h after spawning.26,29 Selected concentrations were 0, 

4000, 6000, 8000, and 10,000 ppm (ppm, mg/L) (12,119–30,298 μM) of GenX and 0, 1000, 

1200, 1300, 1500, and 2000 ppm (3332– 6664 μM) of PFBS. All solutions were adjusted 

to a neutral pH (7–7.5).28 The developing zebrafish were exposed to the test chemicals until 

120 hpf. The negative control was filtered water only. Mortality rates were monitored every 

24 h. Mortality rates of treatment groups were normalized to the control treatment group.

PFAS Body Burden and Water Concentration Determination.

Sample Collection for the PFAS Body Burden and Dosing Solution 
Concentrations.—PFAS body burden was assessed at two time points: 72 and 120 hpf. 

The rationale for these tissue collection time points is aligned with the exposure duration and 

conditions for the subsequent assessment of dopamine at 72 hpf and behavioral analysis at 

120 hpf (i.e., 1–72 hpf PFAS exposure, cessation of exposure at 72 hpf, and development 

in water only until 120 hpf) (Figure S1). In addition, concentration ranges aligned with 

exposure concentrations of these two time point assessments (i.e., 0, 0.4, 4, 40, and 400 ppb 

at 72 hpf for dopamine level analysis and 0, 4, 40, 400, and 4000 ppb at 120 hpf for behavior 

analysis). Concentrations were chosen to encompass a log scale of sublethal concentrations 

with the inclusion of concentrations above an earlier US EPA provisional health advisory 
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limit for PFOA at 0.4 ppb.30 Four biological replicates were completed for each treatment 

group at each time point.

For dosing, embryos were rinsed with filtered fish water (reverse osmosis water of pH 7.2 

and conductivity of 550 μS/cm) and randomly distributed into groups of 50 in Petri dishes 

at 1 hpf. First, fish were exposed to 0, 0.4, 4, 40, or 400 ppb (ppb, μg/L) of GenX or PFBS 

from 1 to 72 hpf (end of embryogenesis) at 28 °C. Each treatment group of each biological 

replicate had two Petri dishes with 50 fish to total 100 fish exposed (i.e., fish were pooled 

from the two Petri dishes to attain a single biological replicate). Dosing solutions were 

collected at the initiation of exposure (1 hpf) and stored at 4 °C until concentrations of GenX 

or PFBS were measured. At 72 hpf, eleuthero-embryos were rinsed twice with filtered water 

and euthanized by cooling for ~2–7 h at 4 °C. For each treatment group of each biological 

replicate, 70 fish were pooled (35 from each Petri dish) into a microcentrifuge tube. The 

weight of the tubes before the addition of the fish was measured. Samples were freeze-dried, 

the weight of tubes (containing samples) was measured, and the samples were stored at −20 

°C until further preparation for chemical analysis.

The second set of PFAS body burden analyses was completed similarly but aligned with the 

exposure scenario of the behavioral assessments. Zebrafish embryos were exposed to 0, 4, 

40, 400, or 4000 ppb GenX or PFBS from 1 to 72 hpf at 28 °C. At 72 hpf, fish were rinsed 

with filtered fish water and incubated in filtered fish water only for an additional 2 days 

for depuration (120 hpf). At 120 hpf, 70 larvae were collected, as mentioned above. Water 

samples from the dosing solutions in the Petri dishes were collected at three time points: 

(1) at 1 hpf (at the initiation of PFAS exposure), (2) at 72 hpf (end of PFAS exposure), 

and (3) at 120 hpf (48 h following cessation of PFAS exposure). These collection time 

points were chosen to (1) confirm the expected PFAS concentration of the dosing solution at 

exposure initiation, (2) PFAS concentration at the cessation of the exposure period, and (3) 

to determine PFAS depuration. Water samples were stored in the dark at 4 °C until further 

processing.

PFAS Body Burden Analysis.—Analytical standards and isotopically labeled PFAS 

were purchased from the Wellington laboratory (Overland Park, KS, USA). Methanol, 

ammonium acetate, tetrahydrofuran, and isopropyl alcohol at Optima HPLC or higher 

grade were purchased from Fisher Scientific (Hampton, NH, USA). Ultrapure water was 

prepared using Barnstead laboratory water purification (Thermo Scientific, Waltham, MA, 

USA). Tissue samples were spiked with 25 μL of an internal standard solution in methanol 

(200 ng/mL of each mass-labeled PFAS). Extraction was performed by adding 600 μL of 

tetrahydrofuran and 200 μL of ultrapure water. Samples were vortexed for 10 min, sonicated 

for 30 min, and centrifuged at 17,000g for 20 min. The supernatant was transferred to a 

1.5 mL glass injection vial, gently dried with nitrogen, and solvent-exchanged to 500 μL 

of 50:50 v/v methanol: water. The supernatant was then vortexed, transferred to a 1.5 mL 

microcentrifuge tube, and centrifuged for 10 min at 17,000g. The supernatant (200 μL) was 

transferred back to the 1.5 mL glass injection vials and stored at 4 °C until analysis.

Quality assurance and quality control were conducted to meet acceptance criteria described 

in Table B-15 in the Quality Systems Manual (QSM) for Environmental Laboratories 
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published by the Department of Defense (DoD) and Department of Energy (DOE). 

Process blanks (spiked with internal standard), spiked control samples (spiked with internal 

standard and native compounds), and solvent blanks (no native or mass-labeled PFAS) were 

prepared with samples to confirm any background PFAS as well as extraction efficiency 

of sample processing. Due to the size of the sample matrix, the spike was not included 

in the individual batches. The extraction efficiency is reported previously.31,65,66 PFAS 

analysis was performed on a Triple Quadrupole Liquid Chromatograph Mass Spectrometer 

system equipped with an electrospray ionization source (LC–ESI–MS/MS) in negative ion 

mode.31,65,66 To retain potential contamination from the LC system, a delay column (Restek, 

Bellefonte, PA, USA; PFAS Delay Column, 5 μm, 50 × 2.1 mm) was installed between LC 

pumps and autosampler. The analytical column was Kinetex 5 μm EVO C18 (Phenomenex, 

Torrance, CA, USA; 100 Å, LC Column 100 × 2.1 mm) with a guard filter (Phenomenex, 

Torrance, CA, USA; KrudKatcher ULTRA HPLC In-Line Filter, 2.0 μm Depth Filter × 

0.004 in. ID), and the column temperature was maintained at 40 °C. The injection volume 

was 10 μL. A combined flow rate of 0.4 mL/min was used for mobile phases A (20 mM 

ammonium acetate in water) and B (methanol). The gradient started at 10% B, increased to 

50% in the first 0.5 min, 99% at 8 min and maintained for 5 min, decreased back to 10% 

in 0.5 min, and maintained for 20 min. The acquired data set on scheduled multiple reaction 

monitoring (MRM) mode was processed using LabSoutions software (Shimadzu, Columbia, 

MD, USA) for quantitative analysis. The limit of quantification (LOQ) and limit of detection 

(LOD) of PFBS and GenX were 0.04–0.06 and 0.01–0.02 ppb.

PFAS Dosing Solution Concentration Analysis.—Prior to analysis, the 400 and 4000 

ppb dosing solutions collected at initiation of exposure (1 hpf) and at cessation of exposure 

(72 hpf) were diluted by adding 50 μL of the PFAS dosing solution with 450 μL of ultrapure 

water for the 400 ppb solutions (1:10) or by adding 10 μL of the PFAS dosing solution with 

490 μL of ultrapure water for the 4000 ppb solutions (1:50). The dosing solution (500 μL 

at either a full concentration or diluted concentration) was transferred into a 1.5 mL plastic 

injection vial. Methanol (475 μL) and 25 μL of an internal standard solution in methanol 

were added (about 200 ng/mL of each mass-labeled PFAS). Samples were vortexed and 

stored at 4 °C until analysis. PFAS analysis was performed by LC–ESI–MS/MS in negative 

ion mode as described for body burden.31,65,66

Calculation of the Bioconcentration Factor (BCF).—BCFs were calculated using the 

tissue dose at 72 hpf and the measured concentrations of corresponding dosing solutions at 1 

hpf as follows32:

BCF=Czebrafish
Cmedia

(1)

where Czebrafish is the dry weight concentration of GenX or PFBS in zebrafish larvae 

(ng/g), and Cmedia represents the concentrations of PFAS exposure media at 1 hpf (ppb), 

respectively.
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Visual Motor Response Behavior Assay.

Larval locomotion was assessed to determine whether embryonic exposure to sublethal 

concentrations of GenX or PFBS resulted in behavioral alterations. A visual motor response 

test was performed using a Noldus DanioVision Observation Chamber (Noldus Information 

Technology, Wageningen, Netherlands). In each biological replicate, 50 zebrafish embryos 

were exposed to 0, 4, 40, 400, or 4000 ppb of GenX (0.012–12.12 μM) or PFBS (0.013–

13.33 μM) within 1 hpf. 0 ppb represents the negative control treatment consisting of filtered 

water. At 72 hpf, exposure to the chemicals was terminated by rinsing the fish twice with 

filtered water. Fish were then incubated in water only at 28 °C until 120 hpf when behavioral 

analysis was completed similar to our past studies.33,34 Subsamples from each replicate were 

placed in separate wells in a 96-well plate. Grossly malformed or dead larvae were excluded, 

which averaged 1–2 per group as the background rate (including 0 ppb). The wells were 

filled with 500 μL of filtered water, the plate was placed in the DanioVision observation 

chamber, and the temperature was maintained at 28 °C throughout the experiment using 

the Noldus temperature control unit. After a 10 min dark acclimation period, the test was 

started by exposing larvae to 10 min of alternating periods of dark and light for a total of 

50 min (dark-light-dark-light-dark).33,34 Infrared light that is not visible to zebrafish larvae 

was used for tracking movement.35 During the light phase, a 5000 lx light was activated 

under the DanioVision observation chamber. The infrared movement traces were recorded 

at a rate of 25 fps with a Basler GenICam acA 1300–60 gm camera. Tracks were smoothed 

via a minimum distanced moved profile set to >0.2 mm. The exposure to dark or light 

was controlled by EthoVision 12 software. All behavioral experiments were performed 

from 11 am–2 pm to minimize circadian variability in movement. Total distance moved, 

mean velocity, and cumulative time spent moving were calculated using EthoVision 12 

software. Seven biological replicates were completed for GenX with 15–19 subsamples per 

treatment per replicate to total 129–132 fish per treatment group. Six biological replicates 

were performed for PFBS with 18–19 subsamples per treatment in each replicate to total 

111–113 fish per treatment group.

Assessment of Dopamine Concentrations.

A total of 50 zebrafish embryos were randomly sorted into a Petri dish and dosed with 0, 

0.4, 4, 40, or 400 ppb GenX or PFBS from 1 to 72 hpf at 28 °C. One or two plates were used 

for collections for each treatment group. At 72 hpf, fish were rinsed twice with filtered water 

and then pooled in a 1.5 mL tube (35 or 70 total). Eleuthero-embryos were homogenized 

with a pestle in 500 μL of 1× phosphate buffered saline (PBS) and stored at −20 °C. After 

two freeze–thaw cycles to break down tissue, the homogenates were centrifuged for 5 min 

at 5000g at 2–8 °C. The supernatant was removed and assayed immediately or stored at 

−20 °C. Whole organism dopamine levels were measured using a competitive inhibition 

enzyme-linked-immunoassay (ELISA) (CSB-eq 027496FI; Cusabio, Houston, TX, USA) 

following manufacturer instructions. The plate design included a standard curve supplied 

with the kit. Each standard curve and experimental sample was run in duplicate (technical 

replicates). The optical density (OD) of each well was assessed by using a microplate reader 

set to 450 nm. Optical density at 630 nm was set to account for background. The duplicate 

readings for each standard and sample were averaged. The average OD of the blank wells 

was subtracted from the OD of the standards and samples. The standard curve was created 
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using GraphPad Prism (8.4.1) using the four-parameter logistic (4-PL) curve fit. Dopamine 

concentrations of the samples were calculated from the standard curve. Five (PFBS) or ten 

(GenX) biological replicates were assessed for each treatment group.

Statistical Analysis.

For acute toxicity assessment, LC50 and associated 95% confidence limits at 120 hpf 

in zebrafish larvae were determined using nonlinear regression with a hill slope curve 

fitting using GraphPad Prism 8.4.1 (Boston, MA, USA). In the visual motor response 

assay, the total distance moved, mean velocity, and time spent moving were analyzed. A 

Grubb’s outlier test (GraphPad Prism 8.4.1., Boston, MA, USA) was used to detect outliers 

within a treatment group of each outcome, normal distribution of the data confirmed, and 

a repeated measures analysis of variance (ANOVA) using SAS 9.4 software (Cary, NC, 

USA) (α = 0.05) was completed. The phase (dark or light) and chemical treatments were the 

independent variables, and locomotor activity was the dependent variable. Behavior data are 

reported with F statistic expressed as F[(df of variable), df (error)] = F value and the p-value. 

A one-way ANOVA with SAS 9.4 software (Cary, NC, USA) was used to analyze survival 

rates and dopamine concentration with a least significant difference post hoc test when a 

significant ANOVA was observed (α = 0.05). All data are presented as the mean ± standard 

deviation.

RESULTS AND DISCUSSION

Acute Toxicity at 120 hpf of GenX and PFBS.

There is relatively limited information on the developmental toxicity, especially the 

developmental neurotoxicity, of the emerging PFAS, GenX and PFBS, which are the shorter-

chain replacements of PFOA and PFOS, respectively. In this study, the acute toxicity of 

GenX and PFBS was first assessed by exposing zebrafish to a range of each chemical 

beginning at 1 hpf and monitoring the survival rates through 120 hpf. The 120 hpf LC50 

of GenX was 8617 (95% CI: 8280–8974) ppm. There was a significant decrease in survival 

in the 2000 ppm PFBS treatment group at 120 hpf (p = 0.002); however, the average 

percent survival was 84.4%. Thus, the 120 hpf-LC50 for PFBS is greater than 2000 ppm 

(Figure S2). The 120 hpf LC50 for PFBS was greater than 2000 ppm. No higher exposure 

concentrations were tested since this concentration is magnitudes above environmental 

concentrations and is similar to previously published data.36,37 This 120 hpf-LC50 of GenX 

is substantially different from another study that reported it at 105 ppm38 and also a reported 

24 hpf-LC50 of GenX at 56.11 ppm.39 Our previous study showed that this discrepancy in 

reported LC50s in the literature is due to a lack of neutralizing the acidic dosing solution 

that results when working with higher concentrations of these perfluoroalkyl acids.28 As 

such, some studies inaccurately report much more toxic LC50s and can vary depending on 

the buffering capacity of the dosing solution being used by the group if not accounting for 

the acidic conditions created, which are toxic to the developing zebrafish. Overall, these 

results are in agreement with previous studies that show the acute toxicity of PFAS is 

dependent on the chain length, where longer-chain chemicals have higher acute toxicity 

compared to shorter-chain chemicals.36,37,40 In addition, these results are in agreement with 
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the 120 hpf-LC50 values reported in developing zebrafish in studies with similar exposure 

paradigms.

Further evaluations in this study were at sublethal concentrations more likely to represent 

environmental exposures, including those in a higher range to investigate dose response. 

Initially, these test concentrations were chosen as a log scale inclusive of concentrations 

above an earlier US EPA provisional health advisory limit for PFOA at 0.4 ppb (400 

ppt).30 In 2022, the US EPA revised to a decreased interim lifetime health advisory level of 

0.004 ppt for PFOA, alongside the release of 10 ppt for GenX and 2000 ppt for PFBS.10 

Studies are continuing to provide more information on the concentration range of PFAS as 

drinking water sampling sites are expanded, and technological improvements have advanced 

detection capabilities and decreased limits of detection. For example, private drinking water 

wells in the Cape Fear River, NC, USA area measured up to 4000 ppt (4 ppb) GenX 

stemming from a PFAS manufacturing facility6 and PFBS was detected at up to 0.3 ppb in 

public drinking water in Minnesota (USA).41 Moreover, in a study completed by the United 

States Geological Services (USGS) sampling public and private drinking water, the hazard 

index of 1 for the sum of GenX, PFBS, PFNA, and PFHxS was exceeded in 4.6% of the 

samples.42 It must also be remembered that drinking water is not the only exposure source 

for GenX and PFBS with diet and indoor air as additional primary exposure sources. To 

further address the body burden of GenX and PFBS of the exposure parameters in this study, 

whole organism internal dose and concentration of dosing solutions was completed.

GenX and PFBS Body Burden and Dosing Solution Concentration Assessment.

Body Burden at 72 hpf and Concentrations of Dosing Solutions at Exposure 
Initiation.—The body burden of GenX and PFBS in our exposure scenario from 1 to 72 

hpf without replenishing dosing solutions was first measured immediately after exposure 

at 72 hpf. There was a dose-dependent accumulation of GenX and PFBS in zebrafish 

eleuthero-embryos immediately following the exposure period (Figure 1A). For GenX, only 

the 40 and 400 ppb GenX treatment groups had measurable concentrations of 38.5 and 639.2 

ng/g, respectively. The control (0 ppb), 0.4, and 4 ppb treatment groups were below the 

LOQ. PFBS was more bioaccumulative with higher tissue concentrations observed (Figure 

1A). PFBS concentrations in fish in 40 ppb treatment averaged 166.1 ng/g, and in the 400 

ppb group measured at 1921.8 ng/g. The PFBS control (0 ppb), 0.4, and 4 ppb groups were 

also below the LOQ.

Concentrations of GenX and PFBS in test solutions were close to those expected at the 

beginning of the exposure period (1 hpf) (Figure 1B). The negative control treatment (0 ppb 

GenX or PFBS) and the 0.4 ppb treatments for each GenX and PFBS were below the LOQ 

(Figure 1B). A concentration-dependent increase in the treatment groups was observed with 

GenX-measured concentrations of 4.3, 41.4, and 374.6 ppb close to the 4, 40, and 400 ppb 

expected concentrations, respectively (Figure 1B). A similar result was detected in the PFBS 

dosing solutions with the observed concentrations at 4.0, 50.1, and 510.1 ppb for the 4, 40, 

and 400 ppb expected concentrations, respectively (Figure 1B).

Generally, PFAS bioaccumulation potential follows the chain length rule (i.e., the longer the 

chain length, the greater the risk for bioaccumulation and respective toxicity), but this rule 
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does not hold when comparing sulfonate-containing PFAS to those with a carboxylic group. 

The higher internal dose for PFBS than GenX at similar nominal concentrations aligns with 

other sulfonate group-containing PFAS having a higher potential to accumulate compared to 

longer chain carboxylic-group-containing PFAS in multiple organisms. For example, Gomis 

et al. reported the lowest-observed effect level (LOEL) of GenX was lower than the LOEL 

of PFOA for liver enlargement in rats when comparing the carboxylic C6 (GenX) and 

C8 (PFOA) PFAS.43 This group showed that different toxicokinetic properties among the 

PFAS explained observed toxicity differences when different chain-length carboxylic PFAS 

are administered at the same dose.43 In contrast, zebrafish larvae at 144 hpf had higher 

concentrations of PFHxS (C6) compared to PFOA (C8) or PFHxA (C6) when exposed 

to the same nominal concentrations, demonstrating greater bioaccumulation potential for 

sulfonate-containing PFAS.44 Menger et al. showed that the bioconcentration factor for 

perfluorosulfonic acids (PFSAs) was higher than perfluorocarboxyl acids (PFCAs).45 

Furthermore, Vogs et al. found that the bioconcentration factors of different PFAS in 120 hpf 

zebrafish larvae vary and the difference in potency was reduced by 3 orders of magnitude 

when considering internal doses.46 To further address this question, bioconcentration factors 

were determined.

Determination of the BCF.—Since the tissue doses for the 0.4 and 4 ppb treatment 

groups were below the LOQ, only measurements of tissue dose for 40 and 400 ppb were 

used to determine BCF (Table 1). The BCF for PFBS was higher than that for GenX. The 

BCF values for PFBS at 40 and 400 ppb were relatively close, while the BCF for GenX 

at 400 ppb is almost double that at 40 ppb (Table 1). Gaballah et al. revealed that 1 μM 

(500.1 ppb) and 1.8 μM (900.2 ppb) of PFOS had almost the same BCF at 1374 L/kg in 

zebrafish larvae; however, those exposed to 3.2 μM (1600.4 ppb) had a lower BCF of 684.03 

L/kg.44 In addition, other studies report an inverse relationship between water concentration 

of PFAS and BCF, which has been hypothesized to be based on saturation of the active 

transporter at high doses that leads to a decreased BCF.20 This effect may explain the small 

difference between the BCF at 40 and 400 ppb PFBS and the larger difference for 40 and 

400 ppb GenX.

Body Burden at 120 hpf and Concentrations of Dosing Solutions at 1, 72, 
and 120 hpf.—In addition to measuring the dose immediately after the PFAS exposure 

at 72 hpf, body burden at 120 hpf at the end of the depuration period (i.e., 2 days after 

cessation of exposure) was also measured to anchor dose under this exposure scenario to 

when the behavior outcomes were completed. Overall, body burden only slightly decreased 

for GenX and PFBS indicating minimal elimination during the 48-h period and trends 

remained the same for concentration-dependency, LOQ, and higher doses for PFBS (Figure 

2A). For GenX, only the 40, 400, and 4000 ppb GenX treatment groups had measurable 

concentrations at 26.4, 546.9, and 7396.83 ng/g, respectively. The control (0 and 4 ppb) 

treatment groups were below the LOQ. 4, 40, and 400 ppb PFBS exposures were detected 

in 120 hpf larval tissues at 99.42, 1806.85, and 15011.56 ppb, respectively (Figure 2A). 

The PFBS negative control (0 ppb) and 4 ppb treatment groups were also below the LOQ. 

This data is in contrast to another study that showed GenX was completely eliminated at 

168 hpf in larvae exposed to 3.03 μM (1 ppm) or 20 μM (6 ppm), respectively, through 
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120 hpf.39 Differences may be due to the sensitivity of the equipment, which continues 

to rapidly increase, or the biological maturation of metabolism capacities at the different 

developmental ages assessed.

In this set of exposures, dosing solutions were collected at the initiation of exposure (1 hpf), 

at the end of the PFAS exposure period (72 hpf), and at the time point behavioral analysis 

was completed (120 hpf), which was 48 h after the PFAS exposure ceased. Similar to the 

first measurements reported in Figure 1B, the concentrations of the dosing solutions at the 

beginning of the exposure period (1 hpf) and concentrations at the end of the exposure 

period (72 hpf) remained close to the nominal concentrations, although they were never 

replenished (Figure 2B,C). Water samples from the depuration period (72–120 hpf) showed 

much lower concentrations (Figure 2B, C) with only the 400 and 4000 ppb GenX and 4000 

ppb PFBS groups having measurable concentrations at 120 hpf (0.16, 1.51, and 1.74 ppb, 

respectively).

Researchers are starting to explore mechanisms to explain the different toxicokinetic 

properties among PFAS. Some studies report variable abilities to bind to tissue proteins. 

Luebker et al. showed that PFOS and PFOA can bind to the secondary binding sites in 

rat liver fatty acid binding protein (L-FABP), but in a competitive binding assay, PFOS 

showed a higher inhibition level of ligand binding to L-FABP compared to PFOA.47 In 

addition, using molecular docking analysis, it was determined that PFOS bound to L-FABP 

by creating three hydrogen bonds compared to two hydrogen bonds by PFOA, indicating 

stronger binding interactions for the sulfonated PFAS.48 These results help explain the 

higher accumulation potential of the sulfonate group containing PFAS. Overall, these 

studies highlight the importance of assessing the body burden to account for differences 

in PFAS toxicokinetics and to provide a more informed comparison of toxicity. Also, the 

determination of the internal dose accounts for differences in exposure regimes in different 

studies. For example, some studies use static exposure (e.g., what was done in the current 

study), and others use daily renewal of dosing solutions, which will likely change the 

internal dose and thus assist in defining differences that may be reported among these 

studies.

Locomotor Activity of Zebrafish Larvae at 120 hpf with Embryonic GenX or PFBS 
Exposure.

There is relatively limited information on the developmental toxicity, especially the 

developmental neurotoxicity, of the emerging PFAS, GenX and PFBS, although they are 

the shorter-chain replacements of PFOA and PFOS, respectively. The developing central 

nervous system is especially sensitive to toxicant exposure. The locomotor activity of 

zebrafish larvae can be used to determine neuroactive and neurotoxic chemicals with 

the neuronal pathways and neurotransmission systems conserved throughout vertebrate 

evolution.21,49 A recent study concluded that a chemical can be suggested as a 

developmental neurotoxicant if it induces a significant effect compared to the negative 

control in multiple lighting phases of the visual motor response assay or if multiple 

concentrations of a chemical caused a significant effect within one lighting phase.44 

Locomotor activity has been included after developmental PFAS exposure in multiple 
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studies but is limited in specifically investigating GenX and PFBS at lower concentration 

ranges.44,45,50–53

In the current study, zebrafish were exposed throughout embryogenesis (1–72 hpf) to 

relatively low concentrations compared to other studies, and the locomotor activity of larvae 

was assessed at 120 hpf. Overall, zebrafish larvae moved more in dark periods compared to 

light periods as expected with different trends in behavioral alterations observed for GenX 

and PFBS (Figure 3). The GenX embryonic exposure resulted in a significant effect on the 

interaction between the treatment group and phase (dark or light condition) in all tested 

outcomes including total distance moved and velocity [(F16, 2552) = 3.36, p < 0.05 for 

both outcomes] and time spent moving [(F16, 2552 = 3.29, p < 0.05] (Figure 3A, C, E). 

There was no significant difference in the overall treatment group effect for each outcome 

signifying overall alterations were dependent on phase [total distance moved and velocity 

[(F4, 638) = 1.14, p = 0.331] and time spent moving [(F4, 638) = 0.83), p = 0.50]]. 

Phase-specific effects in the treatment groups included an increase in the total distance 

moved, mean velocity, and time spent moving during the first dark phase of larvae exposed 

to 40, 400, or 4000 ppb GenX. This effect persisted only in the 400 ppb treatment group for 

total distance moved and velocity in the second dark phase (Figure 3A, C). In addition, an 

increased time spent moving was also seen in the larvae exposed to 4000 ppb (Figure 3E). 

These results are different from what was reported by two other groups for GenX. Gaballah 

et al. did not observe locomotor changes in zebrafish larvae at 144 hpf when exposed to 

4.4 to 80 μM GenX (1527 to 27,766 ppb) for 6 days.44 Only the highest treatment group 

in the current study overlapped with this previous study, and there were differences in 

exposure period, age of assessment, and replenishment of solutions every 24 h (Table S2). 

Alternatively, Rericha et al. found that exposure to 0.76 μM (250 ppb) GenX from 6 to 120 

hpf caused hypoactivity in the larval photomotor response test in the light phase, which has 

different light/dark phases compared to the visual motor response assay (Table S2).53

The embryonic PFBS exposure resulted in a significant overall effect of the treatment 

group [(F4, 549) = 21.01, p < 0.05] for the total distance moved and mean velocity (same 

values for each outcome) (Figure 3B, D). In addition, PFBS exposure caused a significant 

overall effect of treatment [(F4, 549) = 18.55, p < 0.05] for time spent moving (Figure 

3F). In the three dark phases, all treatment groups (4, 40, 400, and 4000 ppb) showed 

hyperactivity with an increase in total distance moved and mean velocity (Figure 3B, 

D). A similar effect was observed for time spent moving, except that only the 40, 400, 

and 4000 ppb groups were hyperactive in the first dark phase (Figure 3F). In the light 

phases, all treatment groups except the 4 ppb exposure group were hyperactive for all 

three outcomes. A near-to-significant interaction of treatment and phase (dark or light) 

was observed for the total distance moved [(F16, 2196) = 1.6, p = 0.06], mean velocity 

[(F16, 2196) = 1.6, p = 0.05], or time spent moving [(F16, 2196) = 1.5, p = 0.09], 

indicating similar effects were observed among the phases. Rericha et al. also observed 

hyperactivity in light phases in the photomotor response assay, but in contrast to our 

results, other studies showed that developmental PFBS exposure in zebrafish did not induce 

behavioral changes.44,45 In addition, Ulhaq et al. observed a biphasic alteration in activity 

with PFBS exposure but exposures were at much higher concentrations than used in the 

present study.50 Similar to the discrepancies for GenX, the different behavioral outcomes 
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observed in this study compared to others can be explained by variations in exposure 

concentrations, duration of exposure, age of the larvae at the time of assessment, removal of 

chorion after 24 h, and lighting regime during the experiments (Table S2). In addition, some 

studies maintained zebrafish at 26 °C during development,44,45,50 which results in slower 

development compared to those studies that maintain zebrafish at 28 °C given temperature 

influence on developmental rate [The Zebrafish Book54 standardizes developmental staging 

at 28 °C55].

Dopamine Levels in Eleuthero Embryos.

Previous studies reported that behavioral abnormalities in zebrafish larvae can be associated 

with dopamine deficits or alterations in dopaminergic neuron development.17,18,56 

Dopamine concentration in zebrafish eleuthero-embryos was increased in the 40 ppb GenX 

exposed group (13% increase, p < 0.05, Figure 4A). While an increasing trend was observed 

in the 400 ppb GenX group, this difference failed to reach a significant difference from 

that of the negative control treatment (0 ppb). Similarly, nonmonotonic alterations in brain-

transcriptome profiles in Drosophila melanogaster exposed to GenX are also reported.57 

Alternatively, a decreasing trend was observed for the PFBS exposure groups with the 400 

ppb treatment group significantly different from the negative control treatment (0 ppb) (9% 

decrease, p < 0.05, Figure 4B).

This result is interesting in showing potential for two different mechanisms of action 

for each chemical on the dopaminergic pathway, which agrees with an earlier study that 

modeled the developmental neurotoxicity of a few PFAS in differentiating PC12 cells.58 

The study in PC12 cells concluded that PFAS will not have one shared mechanism of 

developmental neurotoxicity and observed variations in the promotion and/or suppression of 

dopamine and acetylcholine neurotransmitter phenotypes. Specifically, they observed PFBS 

to suppress dopamine neuron differentiation (around a 35% decrease), which aligns with the 

findings of our study reporting decreased dopamine for PFBS.

While studies are limited that have included GenX or PFBS, others have observed 

dopamine-related alterations with other PFAS in multiple organisms. Reports include 

decreased dopamine and dopamine turnover in Northern leopard frogs with developmental 

exposure to PFOA (1000 ppb) or PFOS (100 and 1000 ppb)16; dopaminergic 

neuropathology in C. elegans with a 72 h PFOS exposure59; alterations in dopamine 

in planarians with PFOS exposure60; perturbations to dopaminergic gene transcription in 

the mouse cerebral cortex and hippocampus with a postnatal PFOS exposure in mice61; 

multiple modifications in the dopaminergic system in the adult male rat amygdala, prefrontal 

cortex, and hippocampus with PFOS exposure for 28 days62; and impairment of human 

dopaminergic neurons with PFOA exposure for 24 h at 10 ppb63; among others (reviewed in 

ref 64).

Overall, the results of this study confirm that PFBS is more acutely toxic compared to GenX 

in developing zebrafish. Assessment of the tissue dose showed variation in accumulation 

between GenX and PFBS with dosing solutions at similar exposure concentrations. These 

findings emphasize the importance of assessing the internal dose based on different 

toxicokinetic properties among the PFAS. In addition, an embryonic exposure to GenX 
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or PFBS induced behavioral changes in zebrafish larvae. PFBS had more persistent 

behavioral alterations at lower exposure concentrations compared to GenX, highlighting 

that sulfonate-containing PFAS are triggering stronger behavioral alterations compared 

to carboxylic-containing PFAS and confirming that the functional group is playing an 

important role in the induction of PFAS toxicity. Furthermore, different mechanisms of 

developmental neurotoxicity are hypothesized for these two PFAS based on opposite 

directional effects observed for dopamine concentration alterations for each. Future work is 

needed to further investigate the molecular mechanisms driving developmental neurotoxicity 

on the dopaminergic system, along with addressing brain-specific outcomes, given only 

whole-body assessments were completed here for dopamine levels. In addition, further 

studies can be aimed at determining if other neurotransmitter systems are also impacted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Body burden at 72 hpf and concentration of dosing solution at exposure initiation for GenX 

and PFBS. (A) Body burden of whole pooled eleuthero-embryos at 72 hpf at the cessation 

of chemical exposure (N = 4 with 70 subsamples pooled per treatment per replicate). (B) 

Concentration of dosing solutions at the initiation of chemical exposure (at 1 hpf, N = 4). 

Error bars are the standard deviation.
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Figure 2. 
Body burden at 120 hpf and concentrations of dosing solutions at the initiation of exposure, 

cessation of exposure, and time of behavior analysis. (A) Body burden of whole pooled 

larvae at 120 hpf aligning with time of behavior analysis 48 h after chemical exposure 

ceased (N = 3–4 with 70 larvae pooled per treatment per replicate). (B) Concentration of 

GenX dosing solution at the initiation of exposure (1 hpf), at the end of chemical exposure 

(72 hpf), and 48 h after the chemical exposure ceased (at 120 hpf when behavior analysis 

was completed, N = 2–4). (C) Concentration of PFBS dosing solution at the initiation of 

exposure (1 hpf), at the end of chemical exposure (72 hpf), and 48 h after the chemical 

exposure ceased (at 120 hpf when behavior analysis was completed, N = 3–4). Error bars are 

standard deviation.
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Figure 3. 
Visual motor response behavior assay in zebrafish larvae at 120 hpf following an embryonic 

exposure (1–72 hpf) to GenX (A, C, E) or PFBS (B, D, F). N = 7 biological replicates for 

GenX with 15–19 subsamples per treatment per replicate to total 129–132 fish per treatment 

group. N = 6 for PFBS exposure with 18–19 subsamples per treatment per replicate to 

total 111–113 fish per treatment group. Error bars represent standard deviation. *p < 0.05 

compared to the control treatment group within each phase. (D1: first dark phase; L1: first 

light phase; D2: second dark phase; L2: second light phase; D3: third dark).

Wasel et al. Page 21

Environ Sci Technol. Author manuscript; available in PMC 2024 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Average whole-body dopamine content in eleutheroembryos exposed to (A) GenX or (B) 

PFBS from 1 to 72 hpf. N = 5 (for PFBS) and N = 10 (for GenX) with pools of 35−70 fish 

per treatment group per biological replicate. Error bars are standard deviation. *p < 0.05.
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