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Exposure to perfluorooctanoic acid (PFOA) 
decreases neutrophil migration response 
to injury in zebrafish embryos
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Abstract 

Objective: Perfluorooctanoic acid (PFOA) is a ubiquitous environmental contaminant and a known immune sup-
pressant in humans and experimental animal models. Studies on PFOA have focused on suppression of the adap-
tive immune response; however, little is known of the impact on innate immunity, especially during embryogenesis. 
Therefore, we utilized the zebrafish chemotaxis assay coupled with in situ hybridization for myeloperoxidase expression 
to determine the effects of PFOA exposure on neutrophil migration in the developing zebrafish embryo. Zebrafish 
embryos are a well-established in vivo model that exhibit high homology with the development of human innate 
immunity.

Results: Treatment of zebrafish with increasing concentrations of PFOA identified the lethal concentration in 50% 
of the embryos  (LC50) to be 300 mg/L. Utilizing the zebrafish chemotaxis assay, this study showed that wounding 
induced significant neutrophil migration to the site of injury, and that neutrophil number in the wound region was 
significantly reduced in response to 48-h PFOA exposure (well below doses causing acute mortality). This study dem-
onstrates that the developing embryo is sensitive to PFOA exposure and that PFOA can modify the innate immune 
system during embryonic development. These results lay the groundwork for future investigation on the mechanisms 
underlying PFOA-induced developmental immunotoxicity.
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Introduction
Immunotoxicity from exposure to environmental chemi-
cals is an emerging concern, as the prevalence of human 
disorders with mechanistic roots in immune function 
continues to increase [1]. Many xenobiotics appear to 
modulate the immune system at concentrations well 
below those tested in traditional toxicology studies, 

possibly contributing to immune-related diseases [1, 2]. 
Particularly relevant to disease susceptibility is disruption 
of innate immunity signaling pathways and inflammatory 
responses, yet the effects of environmental toxicants on 
innate immunity parameters, especially during early life 
stages, is not well studied [1].

Perfluorooctanoic acid (PFOA) is ubiquitous in the 
environment and is detectable and persistent in human 
serum [3–5]. PFOA was recently “presumed to be an 
immune hazard to humans” by the National Toxicol-
ogy Program [3] based on data in experimental animals 
[6–10], and humans [11, 12]. Multiple human studies 
reported an association of maternal PFOA serum- or 
plasma-concentrations with decreased antibody response 
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to immunizations in children [11, 12]. These studies 
suggest that PFOA causes suppression of the adaptive 
immune system following early life exposures. In con-
trast, few studies have investigated the effects of PFOA 
exposure on innate immunity in  vivo or during embry-
onic development. To our knowledge, the developmental 
immunotoxicity of PFOA has not been well studied, even 
though developmental processes are sensitive to PFOA 
[5]. Therefore, the overall goal of this project was to 
investigate the effects of 48-h PFOA exposure on innate 
immunity during zebrafish embryogenesis.

While it is difficult to analyze toxicity during early 
development of mammalian embryos, zebrafish have 
emerged as an advantageous model system for devel-
opmental toxicology. Zebrafish embryos develop exter-
nally, and chemical compounds can easily be added to 
water at defined embryonic stages. Additionally, the cell 
types and molecular mechanisms in the establishment of 
innate immunity are well conserved between zebrafish 
and mammalian embryos [13], and the earliest cells of 
the immune system to develop include neutrophils. In 
zebrafish, neutrophils can be specifically identified by 
the expression of the enzyme myeloid-specific peroxi-
dase (mpx/mpo) [14, 15], and the zebrafish chemotaxis 
assay has been utilized as a model of acute inflammation 
and hematopoietic cell recruitment in response to tail 
wounding [16, 17]. Therefore, we developed a wounding 
assay coupled with in  situ hybridization (ISH) targeting 
mpx to identify adverse effects on migrating neutrophils 
in the developing zebrafish embryo following exposure to 
PFOA.

Main text
See Additional file 1: File S1 for detailed methodology.

PFOA 48‑h  LC50 in Zebrafish Embryos
A 48-h lethal concentration in 50%  (LC50) of zebrafish 
embryos was derived to identify concentrations of 
PFOA causing mortality or overt morphological effects. 
Zebrafish at 1-h post-fertilization (hpf) were exposed to 
increasing concentrations of PFOA statically for 48  h, 
and mortality was analyzed to derive an  LC50 from con-
centration–response data.

There was little background mortality across five rep-
licate experiments (average 2.6%). The concentration–
response for PFOA was steep, with the linear range of 
the curve (from 20–80% mortality) occurring between 
200 and 350  mg/L; the  LC50 was 300  mg/L (Fig.  1). 
Malformations were seen in embryos exposed to sub-
lethal concentrations of PFOA (≥ 30  mg/L), including 
bent tail, yolk sac edema, and cardiac edema. However, 
the concentration ranges tested were not sufficient for 
the calculation of effective concentrations  (EC50) for 

these sublethal endpoints, due to increasing mortal-
ity at higher exposures. The derived  LC50 was used to 
identify a testable concentration range for the zebrafish 
chemotaxis assay that was orders of magnitude below 
levels causing overt mortality or sublethal morphologi-
cal effects.

Analytical chemistry
The PFOA test concentrations in the zebrafish chemot-
axis assay (control/DMSO, 0.5 mg/L PFOA, and 5.0 mg/L 
PFOA) was confirmed using the US EPA Method 537. 
Six additional perfluoroalkyl substances (PFAS) were 
included in the analysis as potential co-contaminants 
(See Additional file 1: Table S1). There were no appreci-
able concentrations of any of the additional tested PFAS 
compounds, and the measured PFOA concentrations 
were roughly at nominal concentrations, with 6.16 mg/L 
for the high concentration (5.0  mg/L) and 0.685  mg/L 
for the low concentration (0.5 mg/L). Interestingly, there 
was a trace level of PFOA (0.089  mg/L) detected in the 
DMSO control. As PFOA is a known historical water 
contaminant in the area [18], it is possible that PFOA 
may be present in trace levels in the fish water or was a 
contaminant in the DMSO.

Fig. 1 Concentration–response graph showing acute toxicity and 
the 48-h  LC50 of PFOA in zebrafish embryos. Concentration of PFOA 
(X-axis) plotted by the probability of mortality (Y-axis) in zebrafish 
embryos exposed for 48 h resulted in a derived  LC50 of 300 mg/L 
using the ecotoxicity package in R. Each data point represents 
the average of the replicates from one experiment, and data are 
presented from five repeated experiments using a range of PFOA 
concentrations. Each concentration was tested a minimum of three 
times. Note that the high concentrations all had 100% mortality and 
those data points overlap
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Zebrafish chemotaxis assay
To assess the immunotoxic effects of PFOA exposure at 
sublethal concentrations, the zebrafish chemotaxis assay 
was utilized (see Additional file  1: File S1 for detailed 
methods). Briefly, after 48 h exposure to PFOA, embryos 
were anesthetized and a small transection at the tip of the 
tail posterior to the caudal vein was made, as described 
by Elks et  al. [17]. Post-wounding, embryos recovered 
for three hours to facilitate neutrophil recruitment to the 
wound site, followed by euthanization and preservation. 
ISH targeting myeloid-specific peroxidase (mpx) mRNA 
was used to stain and image neutrophils, and total neu-
trophil number was counted and compared across treat-
ments. Only neutrophils that had migrated to the tip of 
the tail near the wound region were counted. For more 
detailed methodology, see Additional file 1: File S1.

It was first demonstrated that tail wounding triggered 
neutrophil recruitment. Neutrophil migration in the 
wounded/vehicle control group significantly increased 
(p < 0.001) compared to unwounded/vehicle control, and 
wounding in the PFOA treatment (0.5 mg/L) significantly 
induced neutrophil migration (p = 0.014) compared to 
unwounded/PFOA control (Additional file 1: Figure S1). 

This control study confirmed the zebrafish chemotaxis 
assay as a functional assay leading to neutrophil recruit-
ment to the wound site. In this control experiment, a 
secondary count of all neutrophils was conducted in 
the trunk and tail region. These data suggest that there 
was no systemic difference in neutrophil number across 
treatments (with and without wounding), although a low 
number of embryos was included in this analysis (Addi-
tional file 1: Figure S1).

Further zebrafish chemotaxis experiments utilizing 
15–20 embryos per treatment and a high (5.0 mg/L) and 
low (0.5  mg/L) concentration of PFOA were conducted 
(with a total of three replicate experiments). Concentra-
tions of PFOA (0.5 and 5.0  mg/L) were 60- and 6-fold 
below the lowest experimental concentration causing 
sublethal effects, and 400- and 40-fold below the  LC50, 
respectively. Results showed a concentration-respon-
sive trend of decreasing neutrophil recruitment with 
increasing PFOA concentration (Fig.  2). The number of 
neutrophils at the wound site was reduced 1.4-fold in 
the 0.5 mg/L PFOA treated embryos and 1.8-fold in the 
5.0  mg/L PFOA treated embryos. The effect of PFOA 
on neutrophils was statistically significant (one-way 

Fig. 2 Zebrafish embryos treated with PFOA showed a significant decrease in neutrophil accumulation following wounding. The zebrafish 
chemotaxis assay showed that PFOA treatment reduced the neutrophil number migrating to the wound site in 48-hpf zebrafish embryos. a–c, 
Representative images of ISH-tagged neutrophils migrating to the wound region (dotted line), where a wounded embryos treated with vehicle 
control (DMSO) (n = 36); b wounded embryos treated with PFOA concentration at 0.5 mg/L (n = 35); and c wounded embryos treated with 
PFOA concentration at 5.0 mg/L (n = 31). d) The averaged quantification of neutrophil migration in each treatment (error bars represent standard 
deviation across three replicate experiments). Neutrophil migration in both 0.5 and 5.0 mg/L PFOA was significantly decreased when compared to 
control using ANOVA, with p-values of 0.0025 and < 0.0001, respectively. The DMSO control never exceeded 0.5% v/v and was constant across all 
treatments. See Additional file 1: File S1 for detailed methodology
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ANOVA, p = 3.96e-06). The Tukey (multiple compari-
son) post-hoc analysis showed that both PFOA treat-
ments were different from control, with p = 0.0025 for 
0.5 mg/L and p < 0.0001 for 5.0 mg/L. PFOA treatments 
were not significantly different from each other, although 
the increase in PFOA concentration from 0.5 to 5.0 mg/L 
reduced neutrophil accumulation at the wound site by 
1.3-fold.

Discussion
Utilizing the zebrafish chemotaxis assay coupled with 
in situ hybridization, this study identified an adverse phe-
notype of reduced neutrophil clustering at the wound site 
from 48 h exposure to both 0.5 and 5 mg/L PFOA. This 
demonstrates that the developing embryo is sensitive to 
PFOA exposure and that PFOA can modify the innate 
immune system in vivo during embryonic development.

The concentrations of PFOA that resulted in 
reduced neutrophil accumulation at the wound site in 
zebrafish were well below those causing lethal effects 
(48-h  LC50 = 300  mg/L) and sublethal effects (cardiac 
edema, yolk sac edema, and bent tail occurring at doses 
of ≥ 30 mg/L). The  LC50 is within the range of most val-
ues published in the literature (see Additional file  1: 
Table  S2). Differences in  LC50s derived by the various 
author groups could be attributed to experimental design 
including differences in water temperature, duration 
of experiment, or embryo life stage at the start of the 
experiment. Additionally, while levels of PFOA found 
in the sera of the general public are typically below the 
concentrations tested in this study, occupational expo-
sures can result in serum levels that exceed these con-
centrations, and little is known about the contribution 
of other ubiquitous perfluoroalkyl substances to this 
adverse outcome [5].The suppression of innate immunity 
identified in our study aligns with effects in the litera-
ture showing immunosuppressive effects of PFOA, how-
ever most studies have focused on the adaptive immune 
system and little data investigated innate immunity (for 
more information on the immunosuppressive effects of 
PFOA, see reviews by: [3–5, 9]. An in vitro study found 
that 24-h PFOA exposure significantly reduced placen-
tal trophoblast migration at 100 mg/mL [19], supporting 
a mechanism of altered cellular chemotaxis as opposed 
to systemic neutropenia. Studies of PFOA on neutro-
phil numbers in vivo reported an increase in neutrophil 
number in mice exposed to ≥ 10 mg/kg PFOA for 29 days 
[10], while another found decreased neutrophils in mice 
exposed to 40 mg/kg PFOA for 10 days [20]. Neither of 
these studies covered sensitive developmental life stages, 
and no published studies were identified for developmen-
tal immunotoxicity using the zebrafish model. Therefore, 
to our knowledge the current study is the first to show 

inhibition of the innate immune system during sensitive 
developmental life stages in an in vivo test system.

Results of these studies require further investigation 
at the molecular and genetic level. Particularly, it is not 
yet clear if the zebrafish embryos are experiencing neu-
tropenia from PFOA exposure resulting in a reduction 
in the number of circulating neutrophils (consistent with 
the systemic leukocytopenia reported in an earlier mouse 
study [20]), or a specific reduction in neutrophil chemot-
axis at the wound site (supported by in vitro data [19] but 
not tested in vivo). Effects to neutrophil chemotaxis are 
supported by alteration of inflammatory cytokines and 
TLR-2 pathways (including MyD88 and NF-kB expres-
sion) seen in adult zebrafish exposed to 0.05, 0.1, 0.5, or 
1 mg/L PFOA for 21 days [21]. In the current study, the 
overall neutrophil pool (as evidenced by average neu-
trophil numbers in the entire trunk and tail region) was 
similar across treatments which suggest that there is no 
reduction in overall neutrophil count between PFOA 
treatments. This adds support to the alternative mecha-
nism of altered neutrophil chemotaxis. However, only a 
limited number of embryos was analyzed for this end-
point, which may not have been sufficient to observe 
small changes in the total neutrophil number (Addi-
tional file 1: Figure S1). In conclusion, the current study 
suggests a window of susceptibility for the develop-
ing innate immune system from PFOA exposure. These 
results lay the groundwork for future investigation on the 
mechanisms underlying PFOA-induced developmental 
immunotoxicity.

Limitations
There are a few limitations associated with this study, 
specifically in relation to the neutrophil chemot-
axis assay. These include: (1) the system for counting 
neutrophils is subjective. However, all images were 
counted by a semi-blinded researcher (who conducted 
the experiments) and secondarily by a fully blinded 
independent researcher, who had no prior knowledge 
of specific embryo treatments. While the neutrophil 
counts between the two researchers were different, the 
statistical significance of the effect was of similar mag-
nitude. (2) Difficulties in producing identical wounds 
across all embryos could be contributing to high vari-
ability in neutrophil number at the wound site. How-
ever, while the wounds were not identical, the cut was 
made similarly for each embryo. The repeated ability 
to detect a significant effect across experiments and to 
find statistical significance even with this high variabil-
ity suggests the assay is sensitive. (3) Finally, the analy-
sis of the total number of neutrophils was performed 
in a relatively small number of embryos. It would be 
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beneficial to analyze larger number of embryos in the 
future to exclude a possibility of a minor reduction, 
if any, in the overall neutrophil number due to PFOA 
exposure.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1310 4-020-05255 -3.

Additional file 1. Supplementary Data File contains detailed methodol-
ogy information for studies conducted, and contains Supplemental Tables 
S1–S2 and Supplemental Figure S1.
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