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A B S T R A C T   

Perfluorooctanoic acid (PFOA) is widely used in industrial production due to its stable chemical structure and 
hydrophobic and oleophobic characteristics. PFOA has been frequently detected in environmental media and 
organisms, leading to increased health risks. There is a lack of information about the immunotoxicity of aquatic 
organisms induced by PFOA, and the molecular mechanisms remain unclear. In this study, LC-MS analysis 
proved that PFOA can accumulate in the kidney of zebrafish. In the 0.05 mg/L PFOA treatment group, the 
accumulation of PFOA in the kidney after 21 days of exposure significantly increased by 79.89%, compared to 14 
days of exposure. And a hydropic endoplasmic reticulum, swelling of mitochondria and vacuolization were 
observed in kidney immune cells of zebrafish. The Toll-like receptor 2 (TLR2)/myeloid differentiation factor 88 
(myd88)/NF-κB (P65) pathway was activated when PFOA exerted its effects, which led to regulation of antibody 
expression; RT-PCR results showed that the mRNA expression level of interleukin-4 (IL-4) decreased in a dose- 
dependent manner, decreasing to 29.6% of the control level in the 1 mg/L PFOA group after 21 d of expo-
sure. According to triangle plot analysis, immunoglobulin exhibited a notable stress response to PFOA at an early 
phase; a high concentration of PFOA may disrupt the immune system of zebrafish. Third-order polynomial fitting 
analysis showed that the high-mRNA-expression regions of IL-4 and antibodies were partially consistent. The 
results indicated that PFOA could affect antibodies by increasing the concentrations of proinflammatory cyto-
kines. Changes in antibody levels further influenced the expression of other cytokines, which eventually caused 
disorders in the zebrafish immune system. This study expands the understanding of PFOA-induced immuno-
suppression and suggests that toxicity mechanisms should be considered for further health risk assessment of 
emerging pollutants.   

1. Introduction 

Polyfluorinated compounds (PFCs) are useful anthropogenic chem-
icals that have been widely incorporated into our daily lives since Dr. 
Plunket discovered polytetrafluoroethylene in 1938. Given that all of the 
hydrogen atoms of the hydrocarbon backbones are substituted with 
fluorine atoms, PFCs are very stable, exhibiting very high thermal and 
chemical stabilities [1]. Therefore, PFCs have been frequently used in 
various industries, such as medicine, agriculture, and semiconductor 
production [2]. In recent years, perfluorooctanoic acid (PFOA), the 
representative substance of the PFC family, has attracted much attention 
because of its characteristics of refractory degradation, high toxicity and 
bioaccumulation and its emerging disease-related threats to ecosystems 
[3]. A new European Commission Regulation (EU 2017/1000), issued in 

2017, added a restriction clause regarding PFOA in Annex XVII of the 
REACH Regulation, which will comprehensively restrict the listing of 
PFOA and its salts. According to the regulation, PFOA and its salts shall 
not be used for production or marketing as of July 4, 2020, at a con-
centration equal to or above 25 μg/kg, and one or a combination of 
PFOA-related substances shall not be used at a concentration equal to or 
above 1000 μg/kg. 

However, the actual concentration of PFOA in the environment is 
relatively high, usually exceeding the safety standard value, and can 
cause injuries and diseases in animals or even humans. For instance, 
high concentrations of PFOA can induce liver hypertrophy and steatosis 
in mice through specific alterations and can eventually lead to organ 
failure [4]. The European Commission requires the European Food 
Safety Authority to assess the risk of PFOA in food to human health. As a 
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persistent organic pollutant (POP), PFOA has a long serum elimination 
half-life [5], and the potential toxic effects associated with PFOA 
exposure can persist for a long time [6]. Epidemiological studies have 
shown that various kidney diseases are related to PFOA exposure [7]. 
Rashid et al. revealed that epigenetic changes caused by acute PFOA 
exposure may affect fibroblast activation genes, leading to kidney 
fibrosis [8]. In addition, PFOA also induces immune modulation. In 
recent years, the potential risk posed by PFOA to the biological immune 
system, especially to inflammation, has been extensively investigated. 
An in vivo study revealed that after PFOA exposure, the mRNA 
expression of various proinflammatory cytokines was enhanced by 
NF-κB activation, causing allergic symptoms, such as hypothermia, in 
mice [9]. Although studies on diseases caused by PFOA in mammals 
have been widely reported, few studies have concentrated on the impact 
of PFOA on the immune system of aquatic organisms. Compared with 
other persistent chlorinated contaminants, such as polychlorinated bi-
phenyls, the octanol/water partition coefficients of PFOA are relatively 
high [10]. In addition, the water solubility of PFOA is 3300 mg/L, which 
is higher than that of other persistent fluorinated pollutants [11,12]. 
Therefore, PFOA has been detected in natural waters worldwide [13, 
14], and water has become one of the main rinks of PFCs. Many in-
dustrial plants associated with persistent fluorinated pollutants have 
been relocated to developing countries, so high concentrations of PFOA 
can be detected in the surrounding aquatic environment, especially the 
lower reaches of rivers in areas with rapid industrial development [15]. 
For instance, Xu et al. determined that the PFOA concentration in the 
Qiantang River, which is located in the lower reaches of the Yangtze 
River in China, can be as high as 137.5 ng/L [16]. In addition, this 
phenomenon leads to the accumulation of PFOA in aquatic organisms, 
such as fish, causing severe damage to their immune systems. However, 
the mechanisms of immunotoxicity induced by PFOA remain unex-
plored. Some reviews have proposed that knowledge on the potential 
mechanisms of immunotoxicity of POPs should be improved; the inte-
gration of specific responses of immunoglobulins (Igs) and cytokines is 
an effective approach to understanding the underlying mechanism [17]. 

Previous studies have shown that Toll-like receptors (TLRs) are the 
bridge between innate immunity and acquired immunity, which can 
alert animals to invasion by exogenous pathogens by producing in-
flammatory cytokines, thereby triggering an immune response [18]. 
Myeloid differentiation factor 88 (myd88) is an important signaling 
adaptor protein in innate immunity that can conduct signal transduction 
through the TLR family [19]. The myd88-dependent pathways could be 
activated by environmental contaminant exposure. Intriguingly, Lin 
et al. noticed that chronic inflammation may be caused by long-term 
exposure to microcystin-LR (MC-LR) through the TLR/myd88 
signaling pathway [20]. In addition, activation of NF-κB, as a key link in 
the myd88-dependent pathway, can regulate the mRNA expression of a 
variety of inflammatory cytokines [21]. Polychlorinated biphenyls, such 
as POPs, have been demonstrated to offset the upregulation of TLR4, 
which is driven by lipopolysaccharides (LPSs), thereby inhibiting the 
activation of NF-κB [22]. The production of proinflammatory cytokines 
can indicate immune system disorders caused by environmental pol-
lutants. Interferon (IFN) is an important cytokine in nonspecific immu-
nity. In essence, IFN is the earliest acting immune response factor during 
viral infection and has broad-spectrum antiviral activity. B 
cell-activating factor of the TNF family (BAFF), a member of the TNF 
ligand family, is a costimulatory factor for cell proliferation and differ-
entiation, inducing the secretion of Igs by activated B cells. When 
newborn mice received IFN-α administration before infection with res-
piratory syncytial virus, the production of specific IgA in the nasal 
mucosa increased and induced the expression of BAFF [23]. In addition, 
our previous study found that the TLR2/myd88/P65 pathway partici-
pates in the immunotoxicity induced by PFOA by destroying the mRNA 
expression levels of IFN and BAFF [24]. 

Studies on zebrafish have focused on the behavior, immunology, 
toxicology, and retention involved in models of human diseases [25,26]. 

To provide insights into the mechanism of PFOA-induced immunotox-
icity, we detected and analyzed the levels of myd88, the transcription 
factor P65, antibody genes and related cytokines in zebrafish kidneys at 
different exposure times and concentrations. Furthermore, based on the 
mRNA expression of specific Igs in zebrafish kidney, triangle plots were 
utilized to assess PFOA-induced immunotoxicity. The results of this 
study clarified the mechanism of PFOA-induced immunosuppression, 
which has certain guiding significance for the prevention and control of 
POPs in the future. 

2. Materials and methods 

2.1. Chemicals 

PFOA (purity: 95%, C8HF15O2, CAS No. 335-67-1, MW = 414.06) 
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals 
and solvents were of the highest grade available and were purchased 
from commercial sources. 

2.2. Exposure experiments 

A total of 600 adult zebrafish (Danio rerio) were obtained from a local 
fish distributor. After being temporarily kept in a glass aquarium 
(soaked with 10% nitric acid) with 6 L of dechlorinated water (aerated 
for 3 d or more) for 7 d, robust zebrafish were selected for the exposure 
experiment. The fish experienced a 12 h/12 h light/dark cycle every 
day. The fish were fed fish flakes (Tetramin, Germany) and live blood-
worms twice a day. After acclimatization, the fish were exposed to 0, 
0.05, 0.1, 0.5, or 1 mg/L PFOA for 7, 14, and 21 d; the nominal exposure 
concentration was previously determined by Ref. [27]. The water was 
refreshed completely every 24 h. Forty adult zebrafish were taken from 
each concentration group. After exposure, the kidneys of the fish were 
removed and snap-frozen in liquid nitrogen. All samples were stored at 
− 80 ◦C for analysis. 

2.3. Stereoscopic observation 

After 21 d of PFOA exposure, the zebrafish were dissected, and the 
histopathology of the kidney was viewed under a Leica EZ4HD stereo-
scope (Leica, Germany). 

2.4. Transmission electron microscopy (TEM) observation 

The kidney sample in each group was fixed overnight with 2.5% 
glutaraldehyde at 4 ◦C and rinsed with phosphate buffer (0.1 M, pH 7.0) 
three times. The samples were fixed with 1% OsO4 for 1–2 h and then 
washed with phosphate buffer (0.1 M, pH 7.0) three times. Thereafter, 
the samples were dehydrated with ethanol solutions of gradient con-
centrations (30%, 50%, 70%, 80%, 90%, 95% and 100%), with 15 min 
of treatment at each concentration. Then, the kidneys were treated with 
absolute ethanol and absolute acetone for 20 min each. After the sam-
ples were dehydrated, an embedding agent was used for gradient 
permeation. The osmosis-treated samples were embedded and heated at 
70 ◦C overnight. The samples were sliced in a Leica EM UC7 Ultrami-
crotome to obtain 70-90-nm slices, which were stained with acetate and 
alkaline lead citrate for 5–10 min each and observed by transmission 
electron microscopy (TEM) with a Hitachi Model H-7650 instrument. 

2.5. Quantitative RT-PCR analyses of gene expression 

Total RNA from different tissues of each group was isolated using a 
total RNA extraction kit (Invitrogen, Carlsbad, CA, USA). The content 
and purity of the RNA were measured by an ultraviolet spectropho-
tometer (Eppendorf, Germany) to ensure that the OD260/OD280 ratio 
was between 1.8 and 2.0, which would meet the experimental re-
quirements. The 1st-strand cDNA synthesis reaction and RT-PCR 
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experiments were performed according to Zhong et al. [24]; and the 
procedure is detailed in the supplementary material (Text S1). The 
mRNA expression levels were calculated using the comparative CT 
method (2− DDCT) [28], which was repeated thrice for each sample. 

2.6. Sample preparation 

Each lyophilized zebrafish kidney sample (2.00 ± 0.02 g) was placed 
in a polypropylene centrifuge tube. The internal standard solution and 
acetonitrile containing 2% formic acid (10 mL) were added, followed by 
homogenization at high speed for 1 min and sonication for 1 min MgSO4 
and NaCl were added, and the sample was immediately for mixing. The 
homogenate was centrifuged at 15000 r/min for 5 min, and the super-
natant was placed in a glass centrifuge tube. The above operation was 
repeated 3 times, and then, the supernatants were combined. Concen-
trated sulfuric acid was added into the extraction solution and centri-
fuged at 2000 r/min for 5 min; the supernatant was dried with nitrogen 
at 45 ◦C and dissolved with methanol. The solution was passed through a 
0.22-μm membrane for further analysis. 

2.7. LC-MS analysis 

PFOA was detected by an Agilent 6460 triple quadrupole liquid 
chromatography/mass spectrometry (LC-MS) instrument with a Zorbax 
XDBC8 chromatographic column (2.1 mm × 150 mm × 3.5 μm). 
Methanol (solvent A) and 25 mmol/L ammonium acetate in water 
(solvent B) were used as the mobile phases. An isocratic gradient pro-
gram was performed at 40 ◦C (Table S1); a sample volume of 5 μL was 
injected into the column. PFOA was analyzed by electrospray ionization 
mass spectrometry (ESI-MS) in negative ion mode with the following 
conditions: electrospray voltage, − 3500 V; capillary temperature, 
320 ◦C; curtain gas flow, 11 L/min. Quantitative and qualitative ana-
lyses of PFOA were completed in selected reaction monitoring (SRM) 
mode by monitoring the ion pairs at m/z 413 → 369; the specific mass 
spectrometry parameters were previously determined by Hyun-Seok 
et al. [29]. 

2.8. Statistical analysis 

The means, standard deviations, and linear correlation coefficients of 
the experimental parameters were calculated using Microsoft Excel® 
software. Statistical tests were conducted using SPSS 11.0 (SPSS, Chi-
cago, IL, USA), and the data are presented as the mean ± standard de-
viation of each independent experiment performed in duplicate and 
triplicate. One-way ANOVA was conducted to analyze the samples; p <
0.05 and p < 0.01 were considered statistically significant. After 
comparing the fitting results of the second-, third-, and fourth-order 
polynomials, we performed third-order polynomial fitting analysis in 
MATLAB 8.1 (The Mathworks, Natick, MA). 

3. Results 

3.1. Accumulation detection 

We measured the accumulation of PFOA in the kidneys of zebrafish 
exposed to different PFOA concentrations (0.05, 0.1, 0.5, and 1 mg/L) 
for 7, 14, and 21 d by LC-MS and found that the accumulation of PFOA in 
the kidneys increased with increasing durations of exposure to PFOA 
(Fig. 1A). The accumulation of PFOA in the kidney increased by 40.59% 
and 152.92% after exposure to 0.05 mg/L PFOA for 14 and 21 d, 
respectively, compared to 7 d, which revealed that PFOA can accumu-
late in fish kidneys in a time-dependent manner. 

3.2. Morphological observation 

To preliminarily characterize the immune response of zebrafish after 
exposure to PFCs in rearing water, we raised wild-type zebrafish at 
different PFOA concentrations (0.05, 0.1, 0.5, and 1 mg/L) for 7, 14, and 
21 d. After 21 d of exposure, the dose-dependent effects on the kidneys 
were observed using a stereoscope. As the concentration of PFOA 
increased, the kidneys became enlarged, and the color faded (Fig. 1B–F). 
The morphological characteristics of kidneys obtained from zebrafish 
exposed to PFOA (0 and 1 mg/L) for 14 d were observed. The top graphs 
are for normal kidney tissues and kidney immune cells (Fig. 2A–D); the 
bottom graphs are for kidney tissues and kidney immune cells treated 

Fig. 1. (A) Effects of PFOA accumulation in the kidneys of zebrafish (Danio rerio). Zebrafish specimens were exposed in vivo to 0.05 mg/L PFOA for 7, 14 and 21 d. 
Bars represent the mean ± SD of three samples. NA stands for not analyzed because of undetectable concentrations. (B–F) PFOA induced inflammation in the kidneys 
of zebrafish (Danio rerio). Kidney histopathology of zebrafish after 21 d of exposure to PFOA (0.05, 0.1, 0.5, and 1 mg/L). 
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with 1 mg/L PFOA for 14 d (Fig. 2E–H). The PFOA-free group showed 
normal nuclei, mitochondria, endoplasmic reticulum and Golgi appa-
ratus. (Fig. 2A–D). After exposure to 1 mg/L PFOA for 14 d, myelin 
bodies (black arrow) were observed in kidney tissues (Fig. 2E), and 
mitochondria in kidneys exhibited slight vacuolization (black triangle) 
and the mitochondrial matrix (white triangle) (Fig. 2E and F). 

Furthermore, swelling of mitochondria (double black arrow) and a 
slightly hydropic endoplasmic reticulum (white arrow) were found in 
kidney immune cells after treatment with 1 mg/L PFOA for 14 d (Fig. 2G 
and H). The above phenomenon indicated that the structure of the 
zebrafish kidney tissue and the kidney immune cells were both damaged 
after PFOA exposure, which caused edema and inflammation in the 

Fig. 2. Morphological observations of kidneys from zebrafish (Danio rerio) exposed to PFOA (0 or 1 mg/L) for 14 d. The top graphs are for normal cells of control 
kidneys, and the bottom graphs are for cells of kidneys treated with PFOA. (A) and (E) Kidney tissues (magnification, 6000 × ); (B) and (F) kidney tissues 
(magnification, 12,000 × ); (C-D)–(E-H) kidney immune cells (magnification, 24,000 × ). Myelin bodies (black arrow), slight swelling of mitochondria (double black 
arrow), increased mitochondrial matrix (white triangle), vacuolization (black triangle), and slightly hydropic endoplasmic reticulum (white arrow) were observed 
after zebrafish were exposed to 1 mg/L PFOA for 14 d. 

Fig. 3. Effects of various concentrations of PFOA on the mRNA levels of (A) IFN, (B) IL-1β, (C) IL-4, (D) IL-21 and (E) BAFF in the kidneys of zebrafish (Danio rerio). 
Zebrafish specimens were exposed in vivo to 0.05, 0.1, 0.5, or 1 mg/L PFOA for 7, 14, and 21 d. The data represent the mean ± SD of three samples, and significant 
differences from the control group are indicated by *p < 0.05 and **p < 0.01. 
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kidneys. 

3.3. Ig-related cytokine detection 

The mRNA expression of the proinflammatory cytokines IFN and 
interleukin-1β (IL-1β) was measured to determine whether PFOA 
induced inflammation. The mRNA expression levels of IFN and IL-1β 
peaked when zebrafish were exposed to 0.1 mg/L PFOA, increasing by 
150% and 170%, respectively, compared with that in the PFOA-free 
group. The mRNA expression level was reduced when the PFOA con-
centration was higher than 0.1 mg/L regardless of exposure time 
(Fig. 3A and B). The mRNA expression level of IL-1β was lower than that 
in the control group at 1 mg/L PFOA (Fig. 3B). 

Cytokines, such as IL-4, IL-21 and BAFF, can regulate Igs that play an 
important role in the immune system. As shown in Fig. 3C, we observed 
that IL-4 was sensitive at 7 d of PFOA exposure. In particular, under 0.1 
mg/L PFOA exposure for 7 d, the mRNA expression level of IL-4 
increased by 100% compared with the level in the PFOA-free group. 
Except at 7 d of PFOA exposure, the mRNA expression level of IL-4 in the 
kidneys of zebrafish exhibited a downward trend with increasing 
exposure concentration during the rest of the exposure period. The 
mRNA expression level of IL-4 decreased in a dose-dependent manner, 
decreasing to 29.6% of the level in the control when zebrafish specimens 
were exposed to 1 mg/L PFOA for 21 d. 

Unlike IL-4, the highest mRNA expression level of IL-21 in the kidney 
was observed in the 1 mg/L group after 14 d of exposure, increasing by 
229% compared with the level in the control (Fig. 3D). In addition, the 
mRNA expression level of BAFF increased and then decreased at all 
periods along with increasing exposure concentration (Fig. 3E). The 
mRNA expression level of BAFF peaked at 21 d of exposure, which was 
later than the time points for IL-4 and IL-21. At the same time, the mRNA 
expression level in the 0.5 mg/L PFOA-treated group reached 1060% 
that in the control. 

To summarize the mRNA expression of the above Ig-related cyto-
kines, the cytokines were sorted according the time at which peaks were 
observed: IL-1β (7 d) = IFN (7 d) = IL-4 (7 d) < IL-21 (14 d) < BAFF (21 
d). Therefore, the results indicated that inflammation may be the first 
damage-associated step after PFOA exposure. 

3.4. Ig detection and data analysis 

Previous studies have shown that Igs can be regulated by various 
cytokines. Thus, we observed the mRNA expression levels of IgD, IgM, 
and IgZ and further elucidated the effect of PFOA on the immune system 
of zebrafish. The mRNA expression levels of IgD, IgM, and IgZ in the 
zebrafish specimens that were exposed to different concentrations of 
PFOA were quantified by quantitative RT-PCR (Fig. 4A–C). The mRNA 
expression levels of Igs initially increased and then decreased with 

Fig. 4. Effects of various concentrations of PFOA on the mRNA level of (A) IgD, (B) IgM, (C) IgZ, (H) relA, (I) myd88 and (J) TLR2 in the kidney of zebrafish (Danio 
rerio); triangle plots were constructed according to the relative antibody mRNA level for (D) 7, (E) 14, and (F) 21 d. (G) The angles of the triangle plots were 
measured. Zebrafish specimens were exposed in vivo to 0.05, 0.1, 0.5, or 1 mg/L PFOA for 7, 14, and 21 d the data represent the mean ± SD of three samples, and 
significant differences from the control group are indicated by *p < 0.05 and **p < 0.01. 
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increasing concentrations at all exposure times. The mRNA expression 
level peaked at 0.1 mg/L PFOA for 7 d, particularly for IgD, which 
increased by 1060% compared with the level in the PFOA-free group 
(Fig. 4A). The threshold values of IgM and IgZ mRNA expression were 
observed in the 0.1 mg/L and 0.5 mg/L PFOA groups after 7 d of 
exposure, respectively, increasing by 100% and 180% compared with 
the levels in the PFOA-free group. 

Fig. 4A–C shows that the mRNA expression levels of IgD, IgM, and 
IgZ in zebrafish kidneys were completely different in response to PFOA 
at different concentrations and exposure times. To evaluate PFOA- 
induced immunotoxicity, we have presented the data for detection of 
IgD, IgM, and IgZ at 7, 14, and 21 d as triangle plots (Fig. 4D–F), which 
reflect the fold change in mRNA expression levels relative to the levels in 
the PFOA-free group. The angles inside the triangle were also measured 
(Fig. 4G). The triangular area significantly increased after PFOA was 
added at low concentrations, indicating that the immune system may 
have a stress response. At >0.1 mg/L, this area decreased regardless of 
time (Fig. 4D–F). The triangular area was smaller than that of the control 
group when the PFOA concentration reached 1 mg/L and the exposure 
time was more than 7 d (Fig. 4E and F), which indicated that the immune 
system was disrupted when exposed to high concentrations of PFOA. We 
considered that a regular triangular structure (as observed in the PFOA- 
free group) indicated a balanced immune system. The deviation of the Ig 
triangle from a regular triangle structure proved the stability of the 
immune system. On the basis of the analysis results of the internal angle 
(Fig. 4G), we found that the triangle significantly deviated from a reg-
ular structure after exposure for 7 d at PFOA concentrations >0.05 mg/ 
L. However, all groups regressed to regular triangular structures after 14 
and 21 d of exposure. The results further showed that Ig, particularly 
IgD, exhibited a notable stress response to PFOA at an early phase. In 
addition, PFOA concentrations ≥1 mg/L may disrupt the immune sys-
tem of zebrafish. 

3.5. Cytokine-related upstream pathway detection 

The function of relA in PFOA-induced immunotoxicity was examined 
in this study (Fig. 4H). At 7 d of exposure, the mRNA expression of relA 
consistently increased and peaked at 0.5 mg/L PFOA, and the growth 
rate at 14 d of exposure was slower than that at 7 d of exposure. At 21 

d of exposure, the mRNA expression level of relA in the 0.1 mg/L group 
peaked; however, in the 1 mg/L group, the mRNA expression level of 
relA decreased to 64.5% of the level in the control group. This experi-
ment revealed that PFOA could regulate the transcription of cytokines 
by affecting the transcription factors of NF-κB family members. 

Fig. 4I shows that myd88 elicited a stress response before the 
zebrafish specimens were exposed for 14 d. The mRNA expression level 
of myd88 peaked in the 0.1 mg/L group at 7 d, and the lowest mRNA 
expression level appeared in the 1 mg/L exposure group at 21 d; in these 
groups, the relative mRNA expression level increased by 170% and 
decreased by 65.9%, respectively, compared to the PFOA-free group. 

PFOA can activate the NF-κB pathway by attacking TLRs [30]. Thus, 
we examined TLR2. Regardless of the exposure time, the mRNA 
expression level of TLR2 initially increased and then decreased with 
increasing exposure concentration; the lowest mRNA expression level 
appeared in the 1 mg/L exposure group at 14 d, decreasing by 52% 
compared to the level in the PFOA-free group (Fig. 4J). Therefore, PFOA 
could initially attack TLRs, influence the myd88 and NF-κB pathways to 
regulate cytokine transcription, and induce an imbalance in the immune 
system of zebrafish. 

3.6. Data correlation analysis and fitting results 

Whether cytokines in zebrafish can regulate Ig, as in mammals, re-
mains unknown. Thus, we extensively analyzed our data. Linear corre-
lation (Table 1) and third-order polynomial fitting analyses (Fig. 5A–L) 
of Igs and cytokines were carried out to obtain an intrinsic link. In the 
linear correlation analysis (Table 1), the data exhibited a correlation at 
r2 > 0.6. 

In the fitting figures, the third-order polynomial fitting graphs of the 
mRNA expression levels of IgD, IgM and IgZ exhibit certain similarities 
(Fig. 5C–E). The high mRNA expression region of Igs (Fig. 5C–E) mainly 
overlapped with that of IL-1β (Fig. 5A) and IFN (Fig. 5B), which revealed 
that inflammation was the main reason for the high mRNA expression of 
Igs. In addition, the high mRNA expression region of IL-4 was partially 
consistent with that of Igs (Fig. 5F); the linear correlation between IL-4 
and Ig decreased as exposure time increased (Table 1). In contrast to IL- 
4, the mRNA expression level of IL-21 (Fig. 5G) peaked when the Ig level 
decreased. Furthermore, the high mRNA expression regions of IL-21 and 

Table 1 
Linear correlation coefficients (r2) between immunological indicators in the kidney.  

Indictor Time (d) Indictor 

myd88 rel A TLR2 IFN BAFF IL-1β IL-4 IL-21 IgD IgM IgZ 

myd88 7  0.229 0.330 0.940 0.130 0.816 0.612 0.688    
14  0.647 0.413 0.041 0.285 0.008 0.851 0.589    
21  0.471 0.000 0.401 0.035 0.852 0.687 0.812    

rel A 7   0.016 0.361 0.297 0.321 0.003 0.195    
14   0.826 0.008 0.304 0.337 0.417 0.062    
21   0.509 0.420 0.294 0.808 0.191 0.323    

TLR2 7    0.286 0.743 0.501 0.088 0.174    
14    0.073 0.509 0.643 0.826 0.020    
21    0.068 0.614 0.148 0.070 0.000    

IFN 7         0.012 0.145 0.115 
14         0.396 0.194 0.135 
21         0.525 0.042 0.614 

BAFF 7         0.669 0.620 0.851 
14         0.718 0.872 0.582 
21         0.041 0.701 0.086 

IL-1β 7         0.021 0.189 0.120 
14         0.581 0.328 0.084 
21         0.867 0.121 0.679 

IL-4 7         0.346 0.442 0.393 
14         0.011 0.193 0.255 
21         0.009 0.032 0.006 

IL-21 7         0.002 0.075 0.056 
14         0.395 0.672 0.177 
21         0.660 0.020 0.558  
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BAFF were almost opposite to that of IgD. In the fitting figure (Fig. 5H), 
the mRNA expression level of BAFF increased as the Ig level decreased; 
the linear correlation results showed that IgM was controlled by BAFF at 
all exposure times (Table 1). On the basis of the above evidence, the 
process of cytokine-mediated Ig was inferred (Fig. 6). 

The linear correlation results (Table 1) showed that IFN, IL-1β, IL-4, 
and IL-21 were regulated by myd88, but BAFF was regulated by TLR2 
(r2 = 0.743), at 7 d of exposure; at 14 d of exposure, IL-1β was regulated 
by TLR2 (r2 = 0.643), and IL-4 was regulated by both TLR2 and myd88; 
at 21 d of exposure, IL-1β, IL-4, and IL-21 were regulated by myd88, but 
BAFF was regulated by TLR (r2 = 0.614). In particular, relA was linearly 
correlated with IL-1β at 21 d of exposure (r2 = 0.808). relA was also 

linearly correlated with TLR2 and myd88 at 14 d of exposure. After 
performing the third-order polynomial fitting, we understood the in-
ternal link between relA and cytokines. We also demonstrated that NF- 
κB is important for alleviation of PFOA-induced immunotoxicity. In 
Fig. 5I, three regions of the high mRNA expression of relA were 
observed. These regions overlapped with those of high mRNA expression 
of IL-1β (Fig. 5A), IFN (Fig. 5B), BAFF (Fig. 5H), and IL-21 (Fig. 5G). The 
high-mRNA-expression regions of IL-1β, IL-21 and myd88 partially 
overlapped. Therefore, it could be speculated that TLR2, myd88 and 
relA in the kidney are involved in the regulation of the mRNA expression 
level of cytokines, such as IFN, BAFF, IL-1β, IL-4 and IL-21. Furthermore, 
BAFF was correlated with TLR2 and Ig (Table 1), but the fitting results 

Fig. 5. Third-order polynomial fitting analysis of the mRNA expression levels of (A) IL-1β, (B) IFN, (C) IgD, (D) IgM, (E) IgZ, (F) IL-4, (G) IL-21, (H) BAFF, (I) relA, (J) 
myd88, and (K) TLR2 was carried out for the kidneys of zebrafish (Danio rerio) after 7, 14, and 21 d of exposure to PFOA (0.05, 0.1, 0.5, or 1 mg/L). Red and blue 
indicate high- and low-expression areas, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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showed that the mRNA expression of BAFF (Fig. 5H) lagged behind that 
of TLR2 (Fig. 5K). Therefore, BAFF in the kidneys of zebrafish was not 
the initial target of PFOA. On the basis of these results, we revealed the 
mechanism by which PFOA regulates cytokines in the kidneys of 
zebrafish via the NF-κB pathway (Fig. 7). 

4. Discussion 

Cytokine production measurements exhibit outstanding potential in 
developmental immunotoxicity testing [31] and may substitute for 

other laborious procedures. The examination of cytokines and specific Ig 
responses is an appropriate approach to interpret the mechanism of 
POP-induced immunotoxicity [17]. Cytokines were considered a 
breakthrough point for assessment of PFOA-induced immunotoxicity at 
different times and dose exposures in our study. This study also 
demonstrated that this mechanism, which is a more effective approach, 
is feasible. However, cytokine assays exhibit limitations in the evalua-
tion of PFOA-induced immunotoxicity. Many immune responses involve 
cytokines, low concentrations of which may be associated with pleio-
tropic effects on numerous target cells; the exact function of these 

Fig. 6. Cytokine-mediated immunoglobulin levels in the kidneys of zebrafish (Danio rerio) after 7, 14, and 21 d of exposure to PFOA (0.05, 0.1, 0.5, or 1 mg/L).  

Fig. 7. Mechanism of PFOA-regulated cytokine expression in the kidneys of zebrafish (Danio rerio).  
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cytokines in immunotoxicity is difficult to identify. Antibodies, which 
are as important as cytokines, are commonly used to evaluate the con-
dition of the immune system [32]. The antibody level is significantly 
related to allergic reactions. Therefore, we used the kidney as our 
research object and examined the mRNA expression level of Igs, secreted 
only by B cells, to evaluate the immune system of zebrafish after PFOA 
exposure, particularly humoral immunity. Our results (Fig. 4D–F) 
showed that PFOA sharply induced an imbalance in Ig secretion after 7 
d of exposure when the concentration was higher than 0.05 mg/L. 
However, the stable high expression of antibodies is important evidence 
showing that PFOA may cause allergies. PFOA concentrations ≥1 mg/L 
could disrupt the immune system of zebrafish. This result was consistent 
with that of a previous study, in which IgM antibodies were suppressed 
after mice were exposed to PFOA for 15 d [33]. Therefore, fish are more 
susceptible to bacteria and viruses when the PFOA content in natural 
water is higher than 0.5 mg/L, so zebrafish have been extensively used 
as a model for ecotoxicological research in many studies [34]. Our re-
sults (Fig. 1A) illustrated that the accumulation of PFOA in the kidney of 
zebrafish exposed for 21 days increased by 152.92% compared to 7 days 
of exposure. Menger et al. also found that Per- and polyfluoroalkyl 
substances (PFAS) can cause significant behavioral changes in zebrafish 
and will accumulate in embryos, indicating that PFAS have biological 
accumulation [35]. Taking above into account, the bio-enriched PFOA 
in zebrafish kidney showed obvious immunotoxicity. More and more 
studies showed that the pollutants that accumulated in animals were 
closely related to their internal defense activities and immune system 
[36]. Our previous studies have indicated that PFOA not only accumu-
lated in the zebrafish spleen tissue in a dose-dependent manner, but also 
damaged the zebrafish immune system [24]. Based on previous studies, 
we also studied the effects of different exposure times and concentra-
tions on interleukin family mRNA expression, the TLR/myd88/NF-κB 
pathway and other related cytokines to elucidate the relationship be-
tween antibodies and cytokines in zebrafish kidneys. 

Most studies have assessed the immunotoxicity level only by exam-
ining specific genes or proteins involved in immune responses [37]. To 
understand specific immune responses, identify immune system mal-
functions, and associate expression changes with specific diseases, we 
should understand the mechanisms underlying the upregulation and 
downregulation of the same indicators from a holistic perspective. 
Gascon et al. also considered that the potential mechanism of immu-
notoxicity induced by POPs can be explained by integrating specific Ig 
and cytokine responses [17]. Likewise, in our study, the mRNA 
expression of specific Ig in the kidneys of zebrafish was integrated using 
triangle plots, which clearly revealed the changes in Ig; the process by 
which cytokines mediate changes in Ig after PFOA exposure (Fig. 6) was 
elucidated by linear correlation and third-order polynomial fitting an-
alyses. In the third-order polynomial fitting diagrams, the high mRNA 
expression regions of IFN and IL-1β were basically consistent with that of 
IgM, which could indicate that IFN and IL-1β were involved in the 
regulation of the mRNA expression of IgM; the high-mRNA-expression 
regions of IL-4 and antibodies were partially consistent; however, the 
high-expression regions of BAFF and IL-21 were almost completely 
opposite to that of IgD. After the vertex expression of proinflammatory 
cytokines, antibodies, and IL-4 occurred, the mRNA expression of IL-21 
and BAFF increased to maintain the expression of antibodies at a high 
level. IL-21 and BAFF are mainly involved in the proliferation and dif-
ferentiation of B cells [38], which participate in the secretion of high 
amounts of antibodies [39]. The fitting results showed that after expo-
sure to PFOA, IL-21 was more vulnerable than BAFF, because the IL-21 
level reached the tolerance threshold after 14 d of exposure and then 
decreased. However, the mRNA expression level of BAFF increased after 
21 d of exposure. In conclusion, PFOA could affect antibodies by 
increasing the concentrations of proinflammatory cytokines (IFN and 
IL-1β), and the changes in antibody levels further influenced the 
expression of other cytokines (BAFF, IL-21 and IL-4), which eventually 
caused disorders in the immune system of zebrafish. 

This study investigated the process by which Ig mediates cytokine 
expression in zebrafish after exposure to PFOA and determined the 
mechanism by which PFOA alters cytokines via the NF-κB pathway. The 
transcription factor NF-κB, which controls the mRNA expression levels 
of various inflammatory cytokine genes [40], can be activated by the 
adaptor myd88 [41]. In the current study, the overlapping region of 
NF-κB was compared with that of myd88 and cytokines, and it was 
inferred that the expression of IL-1β, IFN, and IL-21 could be stimulated 
by PFOA in the kidney of zebrafish via the TLR/myd88/NF-κB pathway. 
The results of linear correlation (Table 1) analysis indicated that BAFF in 
the kidneys of zebrafish was possibly regulated by TLR2. Therefore, 
PFOA could cause inflammation and immune system disorders by acti-
vating TLRs (Fig. 7). The TLR family exhibits a stimulatory function in 
innate immune responses against microbial pathogens and subsequent 
induction of adaptive immune responses [42]. In the current study, the 
two possible approaches for direct stimulation of TLRs involved proin-
flammatory cytokines and PFOA. The immune system of zebrafish could 
be critically affected if PFOA attacked the TLR family. Previous studies 
showed that the TLR family was probably attacked or stimulated by 
toxins. Hu et al. showed that H2S in the atmosphere activated the 
TLR-7/myd88/NF-κB pathway and NLRP3 inflammasome to promote 
inflammation [43]. Chronic MC-LR exposure could significantly upre-
gulate the mRNA expression levels of TNF-α and IL-1β, as well as the 
TLR/myd88 signaling pathway, causing chronic inflammation and 
subsequently inducing immune dysfunction in zebrafish [20]. Thus, 
PFOA could directly attack the TLR family and activate the NF-κB 
pathway to control the expression of various cytokine genes. 

In toxicology, studies have focused on the mechanism of the expo-
some, which has been proposed as an important factor for disease eti-
ology [44]. Although ‘omic’ technologies have rapidly developed over 
the years and large amounts of data have been gathered, the challenge is 
that the information gathered can indicate not only the link between an 
exposure and a disease but also provide insights into the mechanisms by 
which an exposure may elicit effects [45]. In our study, MATLAB soft-
ware was used to visualize data, which may provide a reference for 
understanding the information gathered by ‘omic’ technologies. The 
direct relationship between each indicator was difficult to determine 
using the experimental data obtained in this study. This difficulty is 
attributed to the presence of multi-variable measurement data and to the 
change in the main variable of the measurement data at different PFOA 
doses and exposure times. After the data were fitted and observed using 
MATLAB software, the results were clarified and indicated the intrinsic 
link of these indicators. Computer visualization technology can promote 
the development of ‘omic’ technologies, which have the potential to 
replace current immunotoxicological screening procedures, to provide 
insights into the potential mode or mechanisms of action and data 
suitable for risk assessment. 

According to the ecotoxicology database of the U.S. Environmental 
Protection Agency, the no observed effect concentration (NOEC) for 
mortality of 5 dpf zebrafish for short-term exposure is more than 50 mg/ 
L PFOA. However, this study found that low concentrations (lower than 
1 mg/L) could also injure the immune system of adult zebrafish and 
induce cytokine and Ig expression disorders. In summary, this study 
provided insights into the process of Ig regulation via cytokines and into 
the approach of PFOA-mediated alteration of cytokines via the NF-κB 
pathway in the kidney of zebrafish. Linear correlation and third-order 
polynomial fitting analyses were carried out. The results may provide 
a reference for handling the information gathered by ‘omic’ technolo-
gies. We also used triangle plots to illustrate that PFOA could cause an 
immune stress response at low concentrations and disrupt the immune 
system at >1 mg/L. This study further demonstrated the mechanisms of 
PFOA-induced immunosuppression and evaluated the immunotoxicity 
level after PFOA exposure. These effects are generally relevant for 
human health. 
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5. Conclusions 

In this study, immune-related cytokines, including IFN, IL-1β, IL-4, 
IL-21, BAFF, relA, myd88, TLR2 and lgs, were examined to explore the 
potential mechanism of zebrafish immunotoxicity induced by environ-
mentally relevant concentrations of PFOA. RT-PCR results showed that 
IL-1β, IFN, IL-4 and IL-21 all have a certain regulatory effect on Igs after 
PFOA exposure. In particular, BAFF plays an important role in regu-
lating Igs. Since the immune response processes are affected by multiple 
pathways and the mechanisms of immunotoxicity are complex, the 
combination of genomics and visual simulation may be a feasible 
method to compensate for the above shortcomings. The specific Igs and 
cytokines were integrated. Triangle plot results showed that Ig exhibited 
a notable stress response to PFOA at an early phase; a high concentration 
of PFOA may disrupt the immune system of zebrafish. The third-order 
polynomial fitting analysis showed that IL-4, IL-21 and BAFF partici-
pate in the regulation of Ig mRNA expression. Furthermore, PFOA at low 
concentrations can cause disturbances in the secretion of cytokines and 
antibodies by affecting the TLR/myd88/NF-κB pathway. 
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