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Abstract

:

Per- and polyfluoroalkyl substances (PFASs) are a class of compounds that persist in the environment globally. Besides being transported to the soil and sediments, which act as their sinks, PFASs can be transferred to several species of higher organisms directly or via bacteria, eliciting a wide range of adverse effects. Caenorhabditis elegans has been widely used in toxicological studies and life science research owing to its numerous advantages over traditional vertebrate models; notably, C. elegans has 65% conserved human-disease-associated genes and does not require ethical approvals for experimental use. This review covers a range of topics, from reported accumulation characteristics and lethal concentrations of PFAS in C. elegans to the mechanisms underlying the toxicity of PFAS at different levels, including reproductive, developmental, cellular, neurologic, oxidative, metabolic, immune, and endocrine toxicities. Additionally, the toxicity levels of some PFAS substitutes are summarized. Lastly, we discuss the toxicological mechanisms of these PFAS substitutes and the importance and promising potential of nematodes as in vivo models for life science research, epidemiological studies (obesity, aging, and Alzheimer’s disease research), and toxicological investigations of PFASs and other emerging pollutants compared with other soil animals or model organisms.
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1. Introduction


Per- and polyfluoroalkyl substances (PFASs) have been used for more than half a century for industrial and commercial applications and have been studied at regional, national, and international scales owing to concerns regarding their adverse effects on ecology and human health. PFASs comprise a large class of persistent organic pollutants (POPs) ubiquitously detected in soil, water, and other environmental media. Additionally, they are found in different types of foods, plants, animals (fish, birds, and mammals), and human breast milk and blood. PFASs are characterized by a complex degradation process, long-distance migration, and biological accumulation [1,2]. The presence and persistence of these compounds result in their bioaccumulation and biomagnification at multiple levels within the natural food web, challenging the accurate assessment of ecological risks while accounting for the vast differences in species habitat and compound exposure [3,4]. Perfluorooctanesulfonic (PFOS) and perfluorooctanoic acids (PFOAs) are the most prominent chemical contaminants in this group of synthetic chemicals and are associated with various toxicities and disruptive effects on the immune, metabolic, neural, and endocrine systems of different living organisms [5,6].



Soil communities are extremely complex and diverse, ranging from microscopic bacteria and fungi to larger organisms, such as nematodes, mites, earthworms, ants, and moles [7]. Soil animals are invertebrates that spend a considerable period of their lives in the soil, exerting a certain influence on it. These animals are important for studying soil biological effects, soil health, ecosystem succession, and the degree of disturbance in a terrestrial ecosystem. Additionally, they are the most sensitive indicator species for analyzing changes in the soil environment [8,9]. Among the large functional groups of soil animals, nematodes occupy an important position at the center of the soil food web and have many trophic preferences and life strategies, affecting primary production, decomposition, energy flow, and nutrient cycling [10]. Furthermore, owing to their high abundance, omnipresence in most terrestrial and aquatic ecosystems, and good adaptation to an extensive range of environmental conditions, nematodes have become ideal model organisms for environmental and ecological risk assessments, particularly for determining contamination status [11,12].



Besides direct contact with different environmental matrices, PFASs are often transferred via bacteria to higher organisms, such as Caenorhabditis elegans [13]. C. elegans is a eukaryotic, multiorgan, transparent nematode that undergoes four larval stages (L1–L4) before reaching adulthood, with a total longevity of approximately 2–3 weeks at 20 °C. It lives in interstitial soil water and survives by feeding on microbes [14]. C. elegans is an internationally approved model organism with a small size (approximately 1 mm as an adult). Its simple structure, easy laboratory cultivation, low cost, simple experimental operation, short growth cycle, multiple offspring production, well-defined genetic background, and variable meiotic behavior give it inherent advantages in the study of germline cells [15]. Notably, genetic sequencing of C. elegans revealed that 60–80% of its genes are homologous to those of humans [14,15,16,17]. Furthermore, C. elegans is used as a sensitive bioindicator in various exposure media (soil, water, and sediment) used in toxicological studies to observe different toxicological endpoints, such as mortality, reproductive toxicity, and behavioral changes [18,19,20,21].



PFOS and PFOA are the two POPs most commonly detected at levels higher than those of other PFASs [22]. Compared with the long-chain PFASs, the environmental behavior and ecotoxicity of extensively employed short-chain PFAS alternatives, including perfluorobutanoic acid (PFBA), perfluorobutane sulfonate (PFBS), potassium salt of trifluorohexane-1-sulfonate (PFHS), perfluorohexanoic acid (PFHxA), and a precursor substance, N-ethyl perfluorooctyl sulfonamide ethanol (N-EtFOSE), have become increasingly relevant [23,24]. Long before PFOS and its salts were included as POPs under the Stockholm Convention of 2009, PFBS was launched by the 3M company in 2003 as a low-toxicity and low-enrichment substitute for PFOS to reduce its negative influence on the ecological environment and human health [25,26]. Furthermore, hexafluoropropylene oxide dimer acid, also known as GenX, is an emerging PFAS developed to replace PFOA and is relatively resistant to abiotic and biotic degradation [27]. In this review, we report the accumulation characteristics, acute toxicity (mainly lethal effect concentrations), and chronic toxicity of PFASs to C. elegans (Table S1), including effects on its cellular structure and reproductive, developmental, nervous, oxidative, metabolic, immune, and endocrine systems. Additionally, we describe the toxicological mechanisms of different PFASs and some PFAS substitutes at various toxicity levels. Lastly, we discuss the application of nematodes in future epidemiological studies and toxicological investigations of PFASs and other emerging pollutants compared with other soil animals or model organisms.




2. Toxicity of Per- and Polyfluoroalkyl Substances to C. elegans


2.1. Accumulation and Lethal Effects


PFOS bioaccumulates dose-dependently in C. elegans [28]. The bioaccumulation factors of PFOS, PFOA, PFBS, and PFBA in C. elegans were 36–1154 [28], approximately 522 [29], 2–30 [15,30], and 0.59 [31], respectively. Additionally, the 48 h LC50 of PFOS, PFOA, PFBS, and PFBA in C. elegans were 1.4–2028 μM, 4.42 μM, 793.6–1600 μM, and 2860 μM, respectively (Table 1), with a toxicity sequence of PFOS > PFOA > PFHS > PFBS > PFBA [15,28,29,30,31,32].




2.2. Reproductive Toxicity


Larvae at L1 were more sensitive to PFAS toxicity than those at L4, and the reproductive toxicity of PFOS in C. elegans was higher than that of PFOA [33], except for progeny number inhibition [34]. Furthermore, PFOS exposure impaired gonadal development in wild-type C. elegans L1 larvae [33], and brood amount decreased in PFOS- (concentration-dependently), PFOA-, PFBS-, and PFBA-treated L1 and L4 larvae (Table 1) [28,29,30]. Additionally, the progeny number was reduced to zero after treatment with PFOS and PFBS [15,33,35], and a prolonged generation time was observed in C. elegans exposed to PFOS and PFBA [31,34] (Table 2).



Reactive oxygen species (ROS) play an important role in PFOS-induced reproductive toxicity in C. elegans [33]. Studies have reported that ROS upregulates the expression of the meiosis-related gene wee-1.3, downregulates puf-8 expression, and interferes with FB-MO-complex-related gene expression, including the upregulation of spe-5, -6, and -17 and the downregulation of spe-10 and fer-1. Additionally, ROS downregulates the expression of the sperm activation genes swm-1 and try-5, resulting in reduced sperm cells, the distortion of sperm cell morphology in him-5 larvae at L1, a reduced sperm activation rate, and a reduced offspring number caused by PFOS and PFOA. Furthermore, PFOS and PFOA affects the genes related to sperm material transport by downregulating spe-15 and upregulating spe-26 expression [34].




2.3. Cytotoxicity


Results obtained from exposing nematode strains to PFOS showed that germ cell apoptosis does not depend on the DNA damage pathway; rather, it depends on the core apoptosis, c-Jun N-terminal kinase, and p38/mitogen-activated protein kinase (MAPK) signal transduction pathways. However, germ cell cycle stagnation in C. elegans caused by PFOS exposure depends on the DNA damage pathway [33]. PFOS and PFBS increased germ cell apoptosis by upregulating the expression of proapoptosis-related genes, such as egl-1 and ced-13 [15]. Additionally, PFOS induced a significant reduction in mitochondrial content and function and key characteristics of Parkinson’s disease, such as a decreased oxygen consumption rate (oxidative phosphorylation), extracellular acidification rate, proton leakage, and nonmitochondrial oxygen consumption [36].




2.4. Developmental Toxicity


Exposure of C. elegans to PFOS, PFOA, PFBA, and PFBS inhibited growth by decreasing body length [15,28,31] and width [32]; however, only PFOS, PFBS, and GenX produced detectable developmental delays [27,36]. Additionally, PFOS-treated wild-type C. elegans larvae exhibited reduced life expectancy due to the expression of daf-2 and daf-16 [33]. Preconception exposure to PFOS and PFBS can lead to physiological dysfunction in the offspring because alterations in embryonic nutrient loading and composition delays growth rates and reduces body size in the F1 offspring of C. elegans [35]. Furthermore, multigenerational exposure to PFBS affected the lifespan of F4 and F5 progenies [30]. GenX in liquid media containing C. elegans larvae caused developmental delays, mainly the differential expression of 2624 developmentally associated genes in L4 and progeny production delays, following the sigmoidal 4PL model [27]. Lastly, PFOA, PFBS, and PFBA treatments shortened the lifespan of C. elegans (to approximately one-third under PFOA) [28,29,30,31].




2.5. Neurotoxicity


On exposure to PFOS, the GABAergic, serotonergic, and cholinergic neurons of C. elegans were less sensitive than the dopaminergic neurons. Additionally, the proportion of worms without neurodegeneration reduced as PFOS concentrations increased, independent of the superoxide levels [36], although neurotoxicity is closely related to oxidative damage [32]. Furthermore, decreased locomotive activity, such as head thrashes and body bending, caused by PFOS, PFOA, PFBA, or PFBS, indicates that chronic neurotoxicity and overall animal motor behavior can be transferred to C. elegans offspring after a few generations [30,31,32], even if the defects caused by PFOS and PFBS can be rectified in the progeny of parent nematodes exposed only once [28,29,35]. Furthermore, PFOS, PFOA, PFBS, and PFBA treatments altered chemotactic plasticity in the impaired associative learning system of nematodes [28,29,30,31]. A decreased trend index and a reduced fluorescence intensity and range of asymmetric sensory neurons caused by PFOS indicate a decreased learning and memory ability in C. elegans, possibly related to the selective toxicity of PFOS to specific nerve cells [32]. Lastly, Gen X induced developmental delays in worms at L2 and L3, with relatively high activity [27].




2.6. Oxidative Toxicity


PFOS can induce oxidative stress by promoting ROS in C. elegans and decreasing superoxide levels [36]. The increased ROS levels in C. elegans caused by PFOS or PFBS exposure are mainly achieved by the upregulated expression of antioxidant-related genes (sod-3, ctl-2, and gst-4) and changes in the activity of antioxidant enzymes, including the decreased activity of catalase and glutathione peroxidase [15]. Furthermore, PFOS exposure elicited a stress response and developmental effects in C. elegans by upregulating or downregulating the stress-response genes (sp-16.1, -16.2, -16.48, -70, sip-1), metallothionein proteins mtl-1 and mtl-2, arsenic-induced protein-1 (aip-1), oxidative stress- and detoxification-associated genes gst-4 and skn-1, and one development-associated gene related to the dauer formation (daf-12) [8]. Lastly, GenX altered the expression of detoxification-enzyme-associated genes, such as troponin C (pat-10) and UDP-glucuronosyltransferase (ugt-44) [27].




2.7. Metabolic Toxicity


PFOS interrupted the expression of key enzymes in the initial reaction of fatty acid synthesis in C. elegans, reducing the fatty acid contents in vivo, especially the unsaturated fatty acid content in L1, mainly by downregulating the gene expression of acetyl-CoA carboxylase (acc-4) and Δ9 desaturase (fat-7) [37]. Additionally, PFOS may affect the expression of other genes involved in gluconeogenesis, glycolysis, and insulin pathways related to glucose metabolism. Decreased glucose, pyruvate, and ATP contents, mainly from the downregulated gene expression of pfk-1.1, gpd-2, pyk-1, and pyk-2, and the upregulated gene expression of hxk-2, pck-1, daf-16, and daf-2, suggest a disturbance in the tricarboxylic acid cycle of C. elegans, which might be the cause of death following PFOS exposure [37]. Furthermore, PFOS-induced disorders of fatty acid metabolism were associated with the decreased mRNA expression of D6-desaturase genes in C. elegans and disrupted mitochondrial function by reducing ATP synthesis [38].



Continuous exposure to PFOA may induce obesogenic overgeneration effects, which achieved the highest level in wild-type N2 C. elegans in the F2 generation, offspring of F0 at the T2 generation (T1 to T3 as the offspring of F0) n, and daf-2 mutant C. elegans in the F1 generation through PFOA multigenerational residual effect, derived from a complex combination of enzymes and the essential involvement of insulin signaling pathway [39]. Moreover, in wild-type C. elegans, the obesogenic mechanism could be attributed to the stimulation of enzymes essential for fat syntheses, such as glycerol-3-phosphate acyltransferase, acetyl-CoA carboxylase (ACC), and fatty acid synthetase (FAS), as well as the inhibition of the expression of fatty acid consumption enzymes, such as fatty acid transporter (FATP), fatty acid desaturase, acetyl-CoA synthetase, acyl-CoA oxidase, and carnitine palmitoyl transferase in fat accumulation. Furthermore, PFOA affected the critical genes of multiple signaling pathways related to the lipid metabolism, involving endogenous cannabinoids, MAPK, fatty acid degradation, glucagon, peroxisome-proliferator-activated receptor (PPAR), TGF-β, and other signaling pathways, and the transcription of C. elegans [24,39]. PFHS had a greater effect on the promotion sequence of lipids in wild-type N2 C. elegans than PFBS, and vice versa in daf-2 mutant C. elegans. The mechanisms of continuous exposure differed from those under the noncontinuous exposure mode. In continuously exposed offspring, the fatty acid transporter, FATP, was inhibited in the F3 generation, and ACC and FAS were activated, resulting in lipid accumulation. Additionally, in noncontinuously exposed offspring, N-EtFOSE inhibited key enzymes of lipid metabolism, especially fatty acid β-oxidation-related enzymes, and PFBS- and PFHS-stimulated key enzymes. Lastly, the multigenerational obesogenic and residual effects of some PFASs might be related to epigenetic regulatory mechanisms, including histone modifications, such as acetylation, methylation, DNA methylation, and microRNA expression, which require further investigation [24].




2.8. Immunotoxicity


PFAS increased the virulence of prey; for example, by feeding on bacteria pretreated with PFOS, bar-1, a gene associated with multiple cancers, was upregulated in C. elegans [8], and PFASs could increase the virulence of Staphylococcus aureus by regulating the expression of genes, such as regulator saeR, α-hemolysin, and hla [40]. Additionally, PFAS increased the susceptibility of C. elegans to pathogens by reducing host immunity [40]. In C. elegans young adults, the innate immunity receptor for microbial pathogens, clec-60, was downregulated by PFOS [8]. Finally, PFASs in solution or contaminated environmental water affected the gene expression of cpr-2, tag-38, spp-1, spp-5, clec-7, and clec-172 in C. elegans, which are involved in immune surveillance against Gram-positive bacteria, indicating increased susceptibility to certain infectious diseases and intestinal membrane permeability, resulting in the reduced survival of C. elegans [40].




2.9. Endocrine Toxicity


The endocrine-disrupting effects of PFASs were revealed by the alterations of vitellogenin (VTG) levels in C. elegans. PFOS and PFBS downregulated the expression of the VTG-related gene, vit-6, and upregulated the expression of the estrogen-receptor-related gene, nhr-14, suggesting that they may have potential endocrine-disrupting effects [15]. Lastly, the expression of genes encoding VTG was downregulated in worms exposed to GenX (vit-1 to vit-6) [27].





3. Discussion


Besides the known advantages of C. elegans, including the compact size, relatively short life cycle, large brood size, low cost, availability of complete genetic information, relatively easy genetic manipulation, and 65% conserved human-disease-associated genes, studies using C. elegant do not require approval by the Institutional Animal Care and Use Committee [14]. Additionally, approximately 40% of the genes encoded by nematode proteins are homologous to human genes, and their biological processes (apoptosis, signal transduction, metabolism, and reproductive development) are highly conserved with those of mammals and humans [14]. Therefore, they can be applied in epidemiology to make up for the limitations of traditional epidemiology [41]. Moreover, they can be used to study reproductive toxicity [42], germ cell mutagenicity [43], lipid metabolism and obesity metabolic disruption [44,45], degenerative neurological diseases [46], aging process acceleration [47], and Alzheimer’s disease genetic research [48].



The reproductive system of nematodes is much simpler than that of mammals; it is completely differentiated, the structure is simple, and it is sensitive to exogenous chemicals. Reproductive toxicity in nematodes can indirectly reflect that in humans [41]. The developmental process of their germ cells is similar to that of mammals, and the location of their germ cells is relatively fixed, which is conducive to studying the developmental process of these cells [41]. According to studies, PFASs caused apoptosis in germ cells, and CED-9, CED-4, and CED-3 were vital in this process [49]. Furthermore, the proapoptosis-related gene, egl-1 [15], encodes the expression of EGL-1, which can inhibit the activity of CED-9 and promote cellular apoptosis [50]. Additionally, the inactivation of the p53 gene is vital in tumor formation and cellular apoptosis, and the proteins EGL-1 and CED-13, encoded by egl-1 and ced-13, respectively, can induce p53 activation [51].



PFASs with different carbon chain lengths can disrupt lipid homeostasis and have multigenerational transmissibility; short-chain alternatives have less effect on fat content than long-chain alternatives, with PFOA > PFHS > PFBS. In continuous exposure mode, the maximum fat content stimulation appeared in the F2 generation for the PFOA treatment and in F3 for the PFBS and PFHS treatments, indicating that long-term continuous exposure to PFBS and PFHS poses greater risks to the health of organisms and their offspring. Additionally, in the noncontinuous exposure mode, the residual fat accumulation effects of PFOA and PFHS were observed in generations T1 and T2, respectively. [15]. To attenuate the effects of the compound, the offspring with noncontinuous exposure recovered after exposure to compensate for the change in fat content; this recovery may be related to exposure time and concentration. Furthermore, PFASs can cause obesity in C. elegans, with potential developmental, neurological, or reproductive effects. This is because, in healthy C. elegans, the neuroendocrine control of food sensing contributes to the balance of fat accumulation [52], and dietary structure, including lipid and cholesterol contents, is a primary determinant of C. elegans’ response to pollutants [53].



The mechanistic characterization of the effect of PFAS exposure in C. elegans on fat accumulation results from multiple metabolic pathways. In the transcriptome sequencing analysis, PFOA significantly affected transcription in C. elegans. Significant changes were observed in the multiple signaling pathways related to lipid metabolism using KEGG enrichment analysis involving endogenous cannabinoids, glucagon, MAPK, PPAR, TGF-β, and other signaling pathways. In daf-2-deficient C. elegans T3, PPAR, and TGF-β, signaling pathways were upregulated and downregulated by PFOA, leading to obesity. PPAR plays a key role in fat cell differentiation and energy storage, controlling metabolism throughout the body, and its activation increases the expression of genes that promote fatty acid storage and inhibits genes that induce lipolysis [54]. Moreover, PFOA can act as an agonist of PPARs and is known for its potency on PPAR receptors, causing lipid and steroid metabolism disorders [55,56]. Additionally, the TGF-β signaling pathway influences fat accumulation [57]. However, this pathway may only show a compensatory response when the insulin signaling pathways are turned off, supporting the important role of insulin regulation in obesity. Furthermore, alterations in selected lipid-metabolism-related signaling pathways, such as the endocannabinoid and MAPK signaling pathways, impact the organisms’ growth, development, and reproduction. Therefore, PFASs can cause obesity-producing effects in C. elegans, with potential developmental, neurological, or reproductive effects.



The fruit fly Drosophila melanogaster, the zebrafish Danio rerio, and the nematode worm C. elegans are the three traditional biomedical models [9]. These model organisms are invaluable in life science research. With three autosomal pairs and one sex chromosome, D. melanogaster is an excellent insect model species to investigate the effects of toxic metals, organic contaminants, and nanoparticles, attributed to the extensive experimental and genetic resources available for this species [58,59,60]. Preconception exposure of D. melanogaster to PFOS reduced the egg number, disordered nutrient levels, caused life developmental delays, inhibited adult weight inhibition, and prolonged female lifespan [60]. Additionally, D. rerio, with human genetic similarities as high as 87%, is the second-most-used animal model in medical sciences and life research, as it is an excellent vertebrate model for estimating the toxicity of chemicals with substantial advantages [61]. The toxic effects of PFASs on zebrafish have been studied for many years, revealing more extensive effects on the reproductive, developmental, cellular structure, neurologic, oxidative, metabolic, immune, and endocrine systems [62,63,64] than those achieved using C. elegans. Moreover, juvenile dietary exposure of D. rerio to PFASs could induce multigenerational behavioral effects similar to those observed in C. elegans [64]. Furthermore, D. melanogaster is an invertebrate that cannot live in water or soil/sediments, and D. rerio is a higher vertebrate that lives in a water environment. Although C. elegans is an invertebrate, it can choose either a water or soil environment as its habitat, implying that it can be used more widely for the ecological testing of water and soil/sediments than other models. Additionally, as a gynandromorph organism, C. elegans has high reproductive efficiency, obvious advantages in hybridization experiments, and a relatively high gene variation rate.



Soil species, especially earthworms, pot worms, springtails, and predator mites, are regularly used in toxicity assessments of soil pollutants in academic and regulatory contexts; however, the nematode C. elegans was the first soil-dwelling terrestrial species for which detailed ecotoxicogenomic studies (principally sequence information) were available [65]. As sufficient sequencing information from custom cDNA microarrays has become known for the earthworms, Lumbricus rubellus and Eisenia fetida, the pot worm, Enchytraeus albidus, and springtails, Orchesella cincta and Folsomia candida, they have been routinely utilized. Due to its good sensitivity, E. fetida is an earthworm species internationally accepted as the OECD standard biological indicator for monitoring soil ecological risks by direct exposure, ingestion, and passive absorption [66]. Current studies on PFASs are primarily focused on macroscopic indicators (survival, body weight, and avoidance behavior) [67,68], reproductive disruption [67], molecular responses (enzyme activity and DNA damage), metabolic responses [68], and combined toxicity with other pollutants [69]. In the toxicity evaluation of PFOS and its alternatives, such as perfluorinated butyl organic ammonium salt cationic surfactant, textile finishing agent, C4 finishing agent, and C6 finishing agent, F. candida showed a higher sensitivity to the toxicity of the alternatives than Gobiocypris rarus, even when the cultivation time was longer [62,70,71]. Nevertheless, the indicator screening, sensitivity, and adept systems of different soil species should be compared.



The toxicity of PFASs has not been thoroughly investigated because only five of them have been studied. The general toxicity mechanisms of the commonly detected PFASs in C. elegans were similar (Figure 1), with the toxicity order as PFOS > PFOA > PFBS > PFBA.



GenX induced physiological effects, including developmental delay, behavior and locomotive effects, and transcriptional effects; however, further comparisons between GenX and the other four PFASs are needed. Additionally, molecular indices have higher sensitivity and specificity than physiological and chemical indices [15]. Therefore, further studies on the neurotoxic effects of PFAS relating to molecular mechanisms and gene expression are necessary. Furthermore, as a low-cost and highly effective model organism, C. elegans should be used in more toxicity tests of other compounds with different carbon chain lengths in the huge PFAS family, including perfluorodecanoic acid, perfluopentanoic acid [72], PFHxA, perfluoropentanesulfonic acid (PFPeS), perfluorohexyl sulfonate (PFHxS), perfluorononanoic acid, perfluorooctane sulfonamide (PFOSA), perfluorododecanoic acid (PFDoA), perfluorodecanoic acid, perfluorodecanoic acid, perfluoroheptanoic acid [67], ammonium perfluorooctanoate, perfluoropropionic acid, fluorotelomer carboxylic acids, fluorotelomer alcohols, perfluoroundecanoic acid, perfluoroethylcyclohexane sulfonate [2], and other short-chain analogs, such as chlorinated polyfluoroalkyl ether sulfonic acids and sodium p-perfluorous nonenoxybenzenesulfonate, widely used as alternatives to PFOS and PFOA [6].



Unlike the known effect of PFASs on the male reproductive system, such as malformation of reproductive organs or gonads and decreased sperm quality, little is known about the impact of PFASs on female germ cell development in C. elegans. In related studies, PFAS exposure weakened oocyte quality, arrested oocyte maturation, increased ROS levels and DNA damage, as well as caused failed sperm binding and fertilization and oxidative-stress-induced apoptosis of porcine oocytes [73].




4. Conclusions


Based on the bioaccumulation level and LC50 of the reported PFASs in C. elegans, the toxicity sequence is as follows: PFOS > PFOA > PFHS > PFBS > PFBA. However, investigations into the toxic effects of other PFASs and their substitutes remain insufficient. PFASs can induce toxic effects in different systems, especially in the metabolic, reproductive, and neurologic systems, and can cause transgenerational effects on the organism’s development. However, their toxicity on the genes and immune systems of C. elegans has not received detailed coverage. Therefore, studies on the neurotoxic effects of PFASs on molecular mechanisms and gene expression in C. elegans are required for further guidance in treating human diseases. C. elegans has traditional and unique advantages over other traditional biomedical models and soil fauna in academic research, besides being relevant to human epidemiological research on diseases such as obesity, Alzheimer’s disease, and Parkinson’s disease. Lastly, further studies on C. elegans should be conducted to elucidate the toxicity mechanisms of emerging pollutants.
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Figure 1. General toxicological mechanisms of PFASs on C. elegans. 
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Table 1. LC50 values of target PFASs and some substitutes in C. elegans.
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	Pollutant
	Indicator
	Value
	Reference





	PFOS
	48 h
	1.4 μM (0.699 mg/L)
	[15]



	PFBS
	
	793.6 μM (238.82 mg/L)
	



	PFOS
	48 h
	3.15 μM (1.575 mg/L)
	[28]



	PFOA
	48 h
	4.42 μM (1.83 mg/L)
	[29]



	PFBS
	48 h
	1.60 mM (481.5 mg/L)
	[30]



	PFBA
	48 h
	2.86 mM (612.15 mg/L)
	[31]



	PFOS
	24 h
	3.484 mM (1738.76 mg/L)
	[32]



	
	48 h
	2.028 mM (1012.11 mg/L)
	



	
	72 h
	0.842 mM (420.22 mg/L)
	







PFOS, perfluorooctane sulfonic acid; PFOA, perfluorooctanoic acid; PFBA, perfluorobutanoic acid; PFBS, perfluorobutane sulfonate.
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Table 2. Macroscopic characteristics of the toxic effects of PFASs on reproductivity and the development of C. elegans.
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Effect

	
Impairment Detail

	
Pollutant

	
Reference






	
Gonad damage

	
Germ cell arrangement disorder

	
PFOS

	
[33]




	

	
Cell spacing increase

	

	




	

	
Gonad size decrease

	

	




	

	
Gonad cell number decrease

	

	




	
Brood inhibition

	
Brood amount/size (total egg number) decrease

	
PFOS, PFBS, PFOA, PFBA

	
[28,29,30]




	

	
Progeny number (hatched offspring number) decrease

	
PFOA, PFOS, PFBS

	
[15,33,34]




	

	
Generation time prolongation

	
PFOS, PFBA

	
[31,34]




	
Growth inhibition

	
Body length/area decrease

	
PFOS, PFOA, PFBA, PFBS

	
[15,28,31,33]




	

	
Body width decrease

	
PFOS

	
[32]




	

	
Developmental delay

	
PFOS, PFBS, GenX

	
[27,33]




	

	
Progeny production delay

	
GenX

	
[27]




	
Life expectancy inhibition

	
PFOS, PFOA, PFBA, PFBS

	
[28,29,30,31,33]








GenX, hexafluoropropylene oxide dimer acid.
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