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Abstract

:

Perfluorooctanoic acid (PFOA) is frequently detected in the environment and accumulates in amphibians such as black-spotted frogs (Rana nigromaculata) with toxic effects; however, the mechanism underlying this toxicity is unclear. In this study, male black-spotted frogs were exposed to 10 μg/L waterborne PFOA for 21 days. Subsequently, the effect of PFOA exposure on gene expression in liver tissue was investigated using transcriptomic techniques. In total, 754 differentially expressed genes (DEGs; 389 up-regulated and 365 down-regulated) were identified. According to Kyoto Encyclopedia of Genes and Genomes enrichment and Gene Ontology functional enrichment analyses, the DEGs were mainly involved in lipid metabolism, endocrine functions, and immunity. Quantitative real-time polymerase chain reaction analysis of 15 selected DEGs revealed a high correlation (R2 = 0.9917) with the transcriptomic results. These results indicated that the PFOA hepatotoxicity in frogs is mediated mainly by lipid metabolism dysregulation, endocrine system disruption, and immunotoxicity. This study provides insights into the hepatotoxic mechanism of PFOA and other perfluorinated compounds in amphibians.
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1. Introduction


Perfluorinated compounds (PFCs) are a group of anthropogenic fluorocarbons that have been widely used in consumer and industrial products since the 1950s because of their good thermal stability and high surface activity [1,2,3]. Due to inefficient degradation in the environment combined with their potential for long-distance transfer and bioaccumulation, PFCs are classified as persistent organic pollutants [4,5,6]. Perfluorooctanoic acid (PFOA) is one of the most abundant PFCs in surface water and sediment, atmosphere, wild animals and humans [7,8,9]. With a biological half-life of PFOA of around 3.8 years and the limited potential for discharging or degrading the compound once it enters the organism, PFOA accumulation can cause long-term adverse effects [10]. Therefore, the widespread detection of PFOA in the environment and animals has inevitably raised attention about the environmental health risks of PFOA.



The liver plays a critical role in regulating energy and lipid metabolism as well as the decomposition of toxins, bacteria, blood ammonia, and metabolites, and clearance in bile or urine. The liver is one of the main target organs of PFOA [11]; thus, recent studies have focused on the hepatotoxicity of PFOA in animals. For instance, PFOA exposure led to changes in serum cholesterol accumulation and liver fatty acid composition in mice [12]. In addition, exposure of mice to PFOA in early pregnancy resulted in destructive effects on the uterus and liver as well as exacerbation of the oxidative live damage [13]. In a rat model, 28 days of continuous intragastric administration of PFOA resulted in severe liver injury, accompanied by hepatocyte hypertrophy, cytoplasmic vacuolization, steatosis, and focal hemorrhage [14]. However, the molecular mechanism of PFOA hepatotoxicity remains unclear.



Omics technologies can be used to clarify the molecular mechanism of pollutant toxicity and identify specific biomarkers [15]. Transcriptomics is one of the most widely adopted omics technologies, and is used for qualitative and quantitative analyses of gene expression in cells, tissues, or individuals, and identification of differentially expressed genes (DEGs) as biomarkers [16]. To date, transcriptomic approaches have been widely used to study the toxicological effects of various pollutants such as heavy metals, harmful algal toxins, and fungicides [17]. However, few transcriptome studies on novel pollutants such as PFCs and the underlying mechanism of toxicity have been reported.



Amphibian populations are declining across the world with environmental pollution being one of the important causes. The black-spotted frog (Rana nigromaculata), which represents an important niche in the ecosystem, is classified as a “near threatened” species in the International Union for Conservation of Nature red list of threatened species [18]. The unique aquatic and terrestrial life stages, low mobility, and highly permeable skin render frogs sensitive to environmental pollutants. In our previous study, we showed that the concentration of PFOA in the frog habitat near a fluorochemical industrial area reached 4.1 μg/L, accounting for 70.73% of per- and polyfluoroalkyl substances (PFASs). PFOA in the water inevitably accumulated in the black spotted frog. The level of PFOA in the liver tissue of male black-spotted frogs was 0.56 ng/g [19]. However, the adverse effects of environmentally relevant concentrations of PFOA on frogs and the underlying mechanism remain unclear.



In this study, we investigated the hepatotoxicity of PFOA in amphibians and the underlying molecular mechanism through transcriptomic analysis of the changes in the genome of black-spotted frogs exposed to environmentally relevant concentrations of PFOA for 21 days.




2. Material and Methods


2.1. Reagents


PFOA (CAS No. 335-67-1, >98%) was purchased from Wellington (Wellington Laboratories Inc., Ontario, Canada). Dimethyl sulfoxide (DMSO, >99.9%) used as the PFOA vehicle was obtained from Yeasen (Yeasen Biotechnology Co., Ltd., Shanghai, China). All other reagents applicated were of analytical or chromatographic grade.




2.2. Animals Treatments


Black-spotted frogs were maintained and exposed to PFOA as described previously [20]. Healthy male frogs of about 30 g were exposed to 10 μg/L PFOA or 0.01% DMSO (vehicle) for 21 consecutive days. Due to male frogs having higher body PFAS levels than that of female in our previous field investigation, male frogs were chosen in this study [19]. The exposure level was selected on the basis of the concentration of PFOA (4.12 μg/L) in frog habitats determined in our previous study [19]. Each treatment group consisted of 20 frogs in each of three glass aquariums (n = 3 replicates) containing 2 L of exposure solution. After treatment, frogs were euthanized by pithing, and the liver was removed and stored at −80 °C. All animal experiments were carried out following the humane treatment guidelines established by the Association of Laboratory Animal Sciences.




2.3. Liver Transcriptome Analysis


Total RNA was extracted from the liver tissue (n = 3 replicates) using TRIzol reagent (ComWin Biotech, Beijing, China) following the manufacturer’s instructions. The purity and integrity of the extracted RNA was determined by a Nanodrop2000 (Thermo Fisher Scientific, MIT, USA) and agarose gel electrophoresis, respectively.



The extracted RNA was enriched and purified to isolate the mRNA using polyA tail-specific oligo magnetic beads. Short mRNA fragments were then generated by sonication. Random hexamer primer and reverse transcriptase were used to synthesize the first strand of cDNA, which was the template for the synthesis of the second strand of cDNA. The purified cDNA was used for PCR amplification to enrich the library fragments with a library size of 450 bp. An Agilent 2100 Bioanalyzer (Agilent, CA, USA) was used to determine the total and effective concentrations of the library. Next-generation sequencing technology was then adopted for double-ended sequencing using the Illumina sequencing platform. Cutadapt 1.16 was used to filter low-quality data and obtain clean reads. Data filtering was carried out on the basis of threshold value: at least 10 bp overlap, allowing a base error rate of 20%. Trinity 2.5.1 was used to splice transcription sequences. After splicing, the longest transcript of each gene was extracted as the representative sequence of the gene, which was regard as unigenes. R language 4.1.3 was used to process the data, including differential expression analysis and cluster analysis. DEGs were screened on the basis of threshold value: |log2FoldChange| > 1 and p-value < 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment and Gene Ontology (GO) functional enrichment analyses were carried out on the DEGs, with p-value < 0.05 representing significant enrichment in the corresponding KEGG pathway and GO term and the enrichment factor, p-value, and the number of DEGs representing the degree of enrichment.




2.4. Quantitative Real-Time Polymerase Chain Reaction (qPCR) Analysis


Total RNA extraction in qPCR was performed by the same method as that of transcriptome. Primer sequences for qPCR analysis of target genes are listed in Table S1. Removal of contaminating genomic DNA, reverse transcription of RNA, and qPCR were performed using Hifair® III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus) kits and Hieff® qPCR SYBR® Green Master Mix (No Rox) kits (Yeasen Biotechnology Co., Ltd., Shanghai, China). A CFX 384 Touch Real-Time PCR Detection Platform (Bio–Rad, CA, USA) was used to perform qPCR. The PCR protocol was set as follows: the control temperature was 95 °C for 5 min, one cycle, followed by 95 °C denaturation for 10 s, 55 °C annealing for 20 s, and 72 °C for 20 s, a total of 40 cycles. Due to its stable expression after PFOA exposure, GAPDH was selected as the housekeeping gene. Gene expression levels were determined using the 2−ΔΔCT method.




2.5. Statistical Analysis


All data were analyzed with IBM SPSS Statistics v20 (International Business Machines Corporation, NYS, USA). GraphPad Prism 7 (San Diego, CA, USA) was used to create figures. All values are presented as the mean ± standard error of the mean.





3. Results


3.1. Sequencing and Assembly of Transcriptome


As shown in Table 1, clean reads were obtained by deleting low-quality sequencing data from the original sequencing data. More than 33,650,206 filtered sequencing data were obtained in each group, and the proportion of high-quality sequences in the original sequence exceeded 89.36%. Q20 and Q30 were greater than 96.28% and 90.76%%, respectively, and the proportion of GC was 44.17%. A total of 104,143 unigenes were obtained by sequence splicing, with the lengths ranging from 301 to 24,049 bp (mean 979.22 bp; N50 1480 bp). These results indicated that the quality of the transcriptome sequencing data was relatively high and are suitable for use in the next step of the transcriptomic analysis.




3.2. Functional Annotation of Unigenes


The functions of 104,143 assembled unigenes were annotated using the following databases: NCBI Non-redundant Protein Sequences (NR), GO, KEGG, Evolutionary Genetics of Genes: Non-supervised Orthologous Groups (eggNOG), Swiss-Prot Protein Sequence (Swiss-Pro), and Protein Families (Pfam). As shown in Table 2, the number of annotated unigenes in all databases was 10,661, accounting for 10.24% of the total unigenes.




3.3. Differentially Expressed Gene Analysis


A total of 754 DEGs were screened by transcriptome analysis, which consisted of 389 up-regulated genes and 365 down-regulated genes (Figure 1A). As shown in Figure 1B, five biological samples from each of the control and PFOA exposure groups clustered together.




3.4. KEGG Enrichment Analysis


KEGG pathway annotation was carried out to further understand the function of DEGs (Figure 2). The results showed that the DEGs were mainly enriched in steroid hormone biosynthesis, retinol metabolism, arachidonic acid metabolism, folate biosynthesis, linoleic acid metabolism, chemical carcinogenesis, the PPAR signaling pathway, antigen processing and presentation, ovarian steroidogenesis, the serotonergic synapse, and other pathways.




3.5. GO Functional Enrichment Analysis


The DEGs were further classified and analyzed according to the GO database (Figure 3). The results indicated that the DEGs were enriched mainly in monooxygenase activity, oxidoreductase activity, acting on paired donors, with incorporation or reduction in molecular oxygen, the fatty acid metabolic process, steroid hydroxylase activity, the negative regulation of lymphocyte mediated immunity, the monocarboxylic acid metabolic process, the negative regulation of leucocyte-mediated cytotoxicity, the arachidonic acid metabolic process, the negative regulation of leucocyte-mediated immunity, the negative regulation of cell killing, and other pathways.




3.6. Gene Expression Verification


To verify the reliability of transcriptomic data, 15 DEGs identified by transcriptome sequencing were randomly selected for qPCR analysis (Figure 4). The relative expression of each gene under PFOA exposure was basically consistent with the pattern of changes in expression determined by transcriptome sequencing, with a correlation coefficient of R2 = 0.9917, indicating the reliability of the transcriptomic data.





4. Discussion


The mechanism of PFOA toxicity is of great significance as it is ubiquitously detected in the environment, wild animals, and even humans. In this study, transcriptomic analysis revealed 754 DEGs of frog liver in the PFOA group compared with the control group. Further GO term and KEGG enrichment analysis of DEGs revealed that PFOA exposure led mainly to changes in lipid metabolism, endocrine function, and immune-related genes.



The DEGs identified in this study were mainly enriched in lipid metabolism pathways such as arachidonic acid metabolism and linoleic acid metabolism, indicating that PFOA exposure disrupts fatty acid metabolism. Peroxisome-proliferator-activated receptors (PPARs), which are key transcription factors involved in regulating lipid metabolism, are naturally activated by fatty acids and affect the expression of their downstream genes [21]. Due to the structural similarity among fatty acids, PFOA may bind to and activate PPARs, thus modifying the expression of downstream genes and disrupting the lipid homeostasis [22]. PFOA exposure has been reported to induce a stress response in mollusks, accompanied by changes in the PPARγ pathway [23]. Another study of mouse liver transcriptome showed that the DEGs induced by PFOA exposure were mainly enriched in fatty acid metabolism, the PPAR signal pathway, acute inflammatory response, and other pathways [24]. Our previous study indicated that PFOA bind to and activate PPARα, which further disrupted the liver fatty acid composition by activating the PPARα pathway in black-spotted frog [19]. In this study, our transcriptomic analysis showed that components of the PPAR pathway such as the CYP7A1 gene were significantly affected by PFOA exposure, which was consistent with our previous study. CYP7A1 is a critical rate-limiting enzyme that catalyzes the metabolism of cholesterol to bile acid [25]. PFOA exposure led to the significant up-regulation of CYP7A1, thereby promoting the conversion of cholesterol to bile acid. These results indicate that PFOA exposure leads to lipid metabolism dysregulation by disrupting fatty acid metabolism and the PPAR signal pathway as an important molecular mechanism of PFOA hepatotoxicity.



The DEGs identified in this study were also enriched in steroid hormone biosynthesis, ovarian steroidogenesis, retinol metabolism, folate biosynthesis, and other endocrine pathways, suggesting that endocrine disruption is also an important mechanism of PFOA toxicity. A number of studies have shown that PFCs disrupt the endocrine system in mammals [26]. For example, PFOA exposure interfered with the production of primary bile acids, steroids, and unsaturated fatty acids in mice [27]. Another in vitro study indicated that PFOA exposure significantly affected the expression of genes related to glucocorticoid and androgen biosynthesis in rat primary Sertoli cells [28]. In the current study, the expression of endocrine-related genes such as CYP2A10 was significantly altered after exposure to PFOA, indicating that exposure disrupted endocrine function in black-spotted frogs. The CYP2 family is an important member of the cytochrome P450 family of proteins, which participate in the metabolism of endogenous compounds such as steroids and exogenous compounds; thus, its transcription level can indirectly reflect the toxicity of various environmental pollutants [29]. PFOA exposure was reported to significantly enhance the expressions of CYP2B and CYP2B10 genes in mouse liver [30]. Our current study indicated that PFOA exposure significantly up-regulated the expression of CYP2A10, CYP2G1, and CYP2H2, thereby promoting the generation of steroids in the liver and potentially promoting the excretion of PFOA by black-spotted frogs. Collectively, our data indicate that PFOA exposure causes endocrine disruption in the liver of the black-spotted frog, and implicate CYP2 family members as potential biomarkers of PFOA-mediated hepatotoxicity.



The DEGs identified in this study were shown to be clustered in immune disease-related pathways such as allograft rejection, autoimmune thyroid disease, hematopoietic cell lineage, primary immunodeficiency, and graft-versus-host disease. Epidemiological studies have shown that the concentration of PFASs in human serum samples is related to the expression of immune-related biomarkers, which may induce a variety of immune diseases [31]. In this study, PFOA exposure significantly down-regulated the expression of immunity-related genes such as TAP1 and TAP2. TAP family proteins play an important role in antigen processing, which is required to induce immune responses [32]. The decreased expression of TAP1 and TAP2 genes detected in this study indicated that immune function of the black-spotted frog is inhibited. In our previous study, we showed that PFOA resulted in immunosuppression in zebrafish, which aligns with the results of our present study [33]. Overall, these results indicate that PFOA exposure induces immunosuppression by downregulating the expression of immune-related genes, which further damages the immune system and causes immune disease such as primary immunodeficiency. However, the relationship between PFOA stress and immune disease in frogs is still unclear, and further studies are required to confirm the immunotoxic effects of PFOA and clarify the underlying mechanism.




5. Conclusions


We investigated the hepatotoxic effects PFOA by constructing a transcription library from the liver tissue of the black-spotted frog. A total of 754 DEGs were identified after PFOA exposure, of which 389 were up-regulated and 365 were down-regulated. In addition, the reliability of the transcriptomic data was verified by qPCR. KEGG and GO term enrichment analyses further revealed that the DEGs were mainly involved in fatty acid metabolism, steroid hormone biosynthesis, vitamin metabolism, and immunity, indicating that the hepatotoxicity of PFOA in black-spotted frogs is due mainly to dysregulated lipid metabolism, endocrine interference, and immunotoxicity. This study provides a new perspective on PFOA hepatotoxicity and the underlying mechanism in frogs using transcriptomic analysis. In the future, additional omics technologies should be used to systematically explore the biomarkers of PFOA toxicity.
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Figure 1. DEGs in the PFOA exposure group compared with the control group. (A) Volcano map. (B) Clustering thermogram. The clustering bars gather samples of similar expression patterns. The intensity of the colors shows the magnitude changes of genes. 
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Figure 2. The top 20 KEGG pathways with the most significant enrichment of DEGs. 
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Figure 3. The top 20 GO terms with the most significant enrichment of DEGs. 
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Figure 4. Verification of transcriptome results by qPCR. 
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Table 1. Liver transcriptome sequencing analysis.
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	Category
	C1
	C2
	C3
	C4
	C5
	P1
	P2
	P3
	P4
	P5





	Total reads
	48,625,956
	36,803,570
	45,578,514
	48,676,036
	38,909,934
	41,953,882
	40,187,302
	38,610,866
	38,980,172
	51,300,610



	Clean reads
	44,947,858
	33,650,206
	40,731,048
	44,445,616
	35,623,160
	38,395,600
	36,810,398
	35,239,340
	35,923,774
	46,437,278



	Clean read proportion (%)
	92.43
	91.43
	89.36
	91.3
	91.55
	91.55
	91.59
	91.26
	92.15
	90.51



	Q20 (%)
	97.43
	97.15
	97.43
	97.27
	97.29
	97.4
	97.17
	97.17
	97.17
	96.28



	Q30 (%)
	93.12
	92.51
	93.2
	92.86
	92.89
	93.06
	92.61
	92.65
	92.64
	90.76



	GC (%)
	44.39
	44.39
	44.6
	44.43
	44.43
	44.37
	44.17
	44.75
	44.33
	44.39



	Unigene number
	104,143
	104,143
	104,143
	104,143
	104,143
	104,143
	104,143
	104,143
	104,143
	104,143



	Unigene average length (bp)
	979.22
	979.22
	979.22
	979.22
	979.22
	979.22
	979.22
	979.22
	979.22
	979.22



	Unigene N50 (bp)
	1480
	1480
	1480
	1480
	1480
	1480
	1480
	1480
	1480
	1480







Note: C represent Control; P represent PFOA.
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Table 2. Gene function annotation.






Table 2. Gene function annotation.





	Database
	Number of Annotated Unigenes
	Percentage (%)





	NR
	28,828
	27.68



	GO
	19,480
	18.71



	KEGG
	15,815
	15.19



	eggNOG
	18,816
	18.07



	Swiss-Prot
	26,839
	25.77



	Pfam
	22,204
	21.32



	In all databases
	10,661
	10.24







Note: NR represent NCBI Non-redundant Protein Sequences; GO represent Gene Ontology KEGG represent Kyoto Encyclopedia of Genes and Genomes; EggNOG represent Evolutionary Genetics of Genes: Non-supervised Orthologous Groups; Swiss-Pro represent Swiss-Prot Protein Sequence; Pfam represent Protein Families.
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