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Abstract

Purpose of Review—Developmental toxicity assessments often focus on structural outcomes 

and overlook subtle metabolic differences which occur during the early embryonic period. Deviant 

embryonic nutrition can result in later-life disease, including diabetes, obesity, and cardiovascular 

disease. Prior to placenta-mediated nutrient exchange, the human embryo requires maternally-

supplied nutritional substrates for growth, called yolk. Here, we compare the biology of the human 

and zebrafish yolk, and review examples of toxicant-mediated perturbation of yolk defects, 

composition, and utilization.

Recent findings—Zebrafish embryos, like human embryos, have a protruding yolk sac that 

serves as a nutritional cache. Aberrant yolk morphology is a common qualitative finding in fish 

embryotoxicity studies, but quantitative assessment and characterization provides an opportunity 

to uncover mechanistic targets of toxicant effects on embryonic nutrition.

Summary—The zebrafish and the study of its yolk sac is an excellent model for uncovering 

toxicant disruptions to early embryonic nutrition and has potential to discover mechanistic insights 

into the developmental origins of health and disease.
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INTRODUCTION

In the first trimester of human development, the embryo undergoes dynamic and rapid 

growth and organization. Because of this rapid rate of growth and increasing physiological 

demands, the embryonic period is highly metabolically taxing and requires ample energetic 

substrates. During this early window, the human embryo can rely on a supply of maternally-
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supplied substrates collectively referred to as yolk, containing bulk proteins and lipids used 

for synthesis and metabolism. The developmental origins of health and disease paradigm 

proposes that the early life nutrient and chemical environment plays a critical role in 

establishing later-life health and susceptibility to diseases, including metabolic dysfunction 

as occurs in diabetes and obesity [1–3]. Nutrient restrictions that occur during the early 

period of hyperplastic growth (blastocyst stage) are associated with obesity later in life [4, 

5]. It is therefore critical for embryonic success and for the long-term health of the organism 

that yolk content and utilization is not compromised. This review will first highlight why the 

zebrafish is a useful model to understand the role of the yolk in embryonic development, and 

how the yolk is a susceptible target of toxicological modulation.

THE ZEBRAFISH IS A MODEL FOR HUMAN YOLK NUTRITION

For multiple ethical and practical reasons, the yolk and nutritional processes cannot be 

studied in the human embryo. Therefore, the majority of our knowledge about embryonic 

nutrition has been accumulated from studies using model organisms. These models can all 

be compared and contrasted to the anatomy, physiology, and metabolism of the human 

embryo. One important point of comparison is the intrauterine environment, which differs 

between rodents and humans in numerous ways such as in uterine shape (bicornuate in 

rodents) and litter size (multiparous in rodents) (for an extensive review of mammalian 

reproductive anatomy, please read [6]). Despite these differences, the rodent models become 

fairly congruent to human nutritional processes during the fetal period with a functioning 

placenta and onset of hemotrophic nutrition (maternal and fetal exchange of nutrients via 

circulation). However, during the early embryonic period (up to 8 weeks post fertilization in 

humans, corresponding to the end of peak organogenesis) there are substantial differences 

between rodent and human nutrition. Rodent embryos instead rely solely on histiotrophic 

nutrition- the uptake of proteins and nutritive cargoes secreted by the maternal endometrium 

and endometrial glands by the yolk sac of the conceptus [7]. Rodent embryos are completely 

surrounded by a thin, metabolically active inverted yolk sac epithelium, and lack maternally-

supplied yolk. Therefore, the rodent embryo has a much more dynamic nutritional 

environment than a human embryo at this stage, since they cannot rely on an existing cache 

of nutrients. In contrast, a human embryo has a protruding yolk sac more structurally akin to 

that found in a zebrafish embryo.

Zebrafish (Danio rerio) are a commonly used model for embryonic development, and widely 

used in health research [8]. There are numerous reasons why the zebrafish is an excellent 

model in which to study toxicant effects on early embryonic nutrition. As a vertebrate, 

zebrafish embryos are structurally and functionally similar to humans, and the contributions 

of genetics, anatomy, and physiology to embryonic nutrition can be explored. Importantly, 

zebrafish embryos—like human embryos—have a protruding yolk sac, which contains a 

supply of protein, lipids, and micronutrients to sustain metabolic function and growth until 

the onset of exogenous feeding in the zebrafish, or placental-fetal exchange in humans 

(Figure 1). There are also logistical advantages to the zebrafish such as large clutch sizes 

that provide ample embryos for experimentation and transparency for easy visualization of 

organogenesis using fluorescent probes and transgenic strains. The zebrafish embryo 

develops rapidly; while the human embryonic period spans most of the first trimester, or 
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roughly 10 weeks, the zebrafish embryonic period lasts approximately 3 days, and the 

resulting larvae begin feeding exogenously as early as 4–5 days post fertilization when the 

yolk is mostly expended [9]. Further, female zebrafish produce large clutches (averaging 100 

eggs), allowing for large sample sizes of embryos with synchorinzed fertilization [10]. For 

these reasons, the zebrafish is an ideal high-throughput model for studies at the intersection 

of developmental biology, toxicology, and nutrition.

While the congruence between the zebrafish and human embryo is substantial, there are also 

some notable differences with respect to the yolk. First, the zebrafish is purely 

lecithotrophic, relying entirely on a finite supply of yolk supplied prior to external 

fertilization [11]. In contrast, the human embryo begins with a small supply of yolk 

granules, and histiotrophically acquires more nutrients into the protruding yolk and vitelline 

vasculature (reviewed in [12, 7]). Second, the major proteins within the yolks of zebrafish 

and human differ; the primary content of human yolk is albumin whereas the primary 

content of zebrafish yolk is vitellogenin. However, bulk proteins are typically cleaved 

shortly after uptake from the yolk into the embryo to supply amino acids for protein 

synthesis, so the original source of these amino acids (including albumin in humans and 

vitellogenin in zebrafish) are likely degraded into free amino acids soon after uptake [12]. 

Because zebrafish embryos are fertilized and develop externally, they are not an appropriate 

model for the intrauterine environment, histiotrophic function, or fetal haemotrophic 

nutrition, which occurs after the embryonic period once the placenta is active (end of first 

trimester and beyond).

Despite these differences, the external fertilization and development of these transparent 

zebrafish embryos provide a unique opportunity to visualize early embryonic nutritional 

processes in vivo in a vertebrate species that shares numerous structural, genetic, and 

metabolic similarities with human embryos. The zebrafish model provides researchers a 

number of tools and strategies to better study and understand embryonic nutrition, and how 

it is affected by toxicant exposures. First, because the zebrafish yolk contains a finite supply 

of nutrients, embryonic nutrition can be approximated observing the rate of yolk utilization 

using standard light microscopy as the volume of the remaining yolk visually decreases. 

Second, the accessibility of the protruding yolk sac provides the opportunity to characterize 

yolk composition biochemically, and large clutch sizes can conveniently and affordably 

provide an ample amount of yolk. Third, the transparency of embryos allows use of 

fluorometricaly-tagged nutrients to visualize uptake and distribution processes in vivo [13, 

14], as well as the generation of transgenic zebrafish lines with fluorescently tagged 

transporters or bulk proteins (such as zebrafish expressing fluorescent Vitamin D binding 

protein, as described in [15]). Lastly, external development of zebrafish embryos enables 

utilization of water exposures, which are easy to administer. These water-based exposures 

can minimize inter-individual variability by reducing exposure variability due to position in 

the bicornuate rodent uterus. Though water-based exposures may not be as precise as other 

methods such as direct injection (which can also be done in the zebrafish), they are more 

high-throughput and minimize confounding variables such as animal distress. It is important 

to consider study design when performing water exposures, as exposing embryos to the 

parent compound or metabolites should differ based upon examination of ecotoxicological 

risk or human health risk, respectively. In utero, embryos are likely exposed to metabolites 
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as well as parent compounds, as many toxicological compounds are first metabolized in the 

maternal liver before entering circulation. Water exposures allow administration of 

metabolite dose-responses, removing variability contributed by maternal bioaccumulation or 

metabolic variance. For all of these reasons, the zebrafish is an ideal model to study the role 

of the yolk in early embryonic nutrition as well as toxicant-induced perturbations of these 

processes.

YOLK COMPOSITION & SYNTHESIS

The major constituents in yolk, regardless of species, are proteins and lipids. Lipids mediate 

cell signaling and provide building blocks of plasma and cell membranes. In the zebrafish, 

the majority of yolk lipids are cholesterol (40% of total lipid), phosphatidylcholine (17%), 

and triglycerides (9%) [16]. Triglycerides can be cleaved into free fatty acid species for 

purposes including membrane synthesis and energy metabolism. Fatty acids are a class of 

lipids that provide the main source for ATP generation in the oocyte and embryo; for 

example, palmitate oxidation can generate 106 ATP molecules vs only 30 generated from 

glucose [17]. Because of this high ATP yield, high lipid content in the yolk is advantageous 

to maximize energy yield per unit volume in the yolk.

The early zebrafish embryo (through gastrulation) contains over 50 μg of protein, more than 

90% of which is contained in the yolk [18]. The majority of yolk protein is comprised of 

vitellogenins, a family of phospholipo-glycoproteins, which are important for oocyte 

maturation [18–20]. Vitellogenins are synthesized in the maternal liver and transported to the 

ovary via the vasculature, where they are deposited into the oocyte via receptor-mediated 

endocytosis in a process known as vitellogenesis [21]. Across species, maternal circulating 

lipid concentrations greatly impact yolk lipid deposition. For excellent reviews on the 

maternal synthesis and genes involved in vitellogenesis among different species, we refer the 

reader to [22, 23].

There is substantial evidence to support that the yolk and yolk sac are metabolically active. 

First, lipid species can be processed and metabolized prior to embryonic uptake and 

distribution; for example, the yolk concentrations of several lipid species, such as cholesterol 

and sphingomyelins, have been shown to actually increase throughout embryonic 

development, demonstrating metabolic function in the yolk [16]. Second, there is abundant 

evidence suggesting that maternal mRNA and miRNA transcripts are deposited into the 

zebrafish oocyte, and regulate developmental processes in the oocyte, zygote, and embryo 

(reviewed in [24]). Studies investigating early RNA transcripts in the recently fertilized 

zebrafish zygote have provided evidence that maternally-deposited RNAs have a parent-of-

origin signature, and contribute to embryonic metabolic processes such as proteolysis and 

lipid metabolism [25]. These maternally-patterned metabolic signatures could potentially 

contribute to inter-individual susceptibility, and underscore the importance of the maternal 

ovarian environment in the metabolic programming and yolk composition of offspring.
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TOXICANTS AFFECTING MATERNAL YOLK DEPOSITION

One of the most direct ways that toxicants can influence maternal yolk deposition is via 

disruption of maternal vitellogenin production [26]. Vitellogenin gene promoters contain 

Estrogen Response Elements (ERE), transcription factor binding domains for estrogen 

receptors (alpha and beta) [27]. Therefore, expression of vitellogenins is highly inducible 

(by as much as 300%) by estrogenic compounds in the environment [28–30]. This inducible 

response allows females to increase vitellogenin production to support deposition into the 

yolk of developing oocytes. For this reason, yolk vitellogenin can be a sensitive target for 

toxicants—especially endocrine disrupting compounds. Several studies have demonstrated 

that the endocrine disrupting compounds 2,4,6-tribromophenol [31] and bisphenol A [32] 

increased the accumulation of vitellogenin in oocytes following maternal toxicant exposures 

in fish species including zebrafish. Others demonstrated that vitellogenin expression in the 

liver and in circulation is a sensitive biomarker of exposures to toxicants and endocrine 

disrupting compounds such as: perfluorooctanesulfonic acid [33] (unpublished data), di(2-

ethylhexyl) phthalate [34], bisphenol A and tetrabromobisphenol A [33, 35, 36], endosulfan 

[35], heptachlor and methoxychlor [35], flutamide [37], betulinol [38], and pharmacological 

agents such as: diethylstilbestrol [37], 17α-ethinylestradiol [39, 40, 36], 17β-trenbolone 

[40], and gallic and pelargonic acids [41]. The zebrafish embryo provides an excellent model 

to study vitellogenesis, as fluorescently-labeled vitellogenin can be injected into maternal 

fish and incorporation into eggs can be quantified [29].

TOXICANTS ACCUMULATE IN THE YOLK

The yolk can selectively aggregate lipophilic xenobiotics from the maternal-embryonic 

environment (humans) or in the surrounding aquatic environment (fish). Several studies have 

quantified xenobiotic bioaccumulation specifically in the yolk resulting from waterborne 

exposures to estradiol [42], selenium [43], graphene oxide [44], and hydrogen sulfide [45]. 

Uptake of these compounds could involve passive or active movement of the molecule 

across the yolk sac epithelium. The yolk sac epithelium contains several active receptors, 

which stimulate receptor-mediated endocytosis or pinocytosis of nutrients and their cargoes, 

such as the multiligand endocytotic receptor complex [46]. The arrangement and function of 

transporters on the yolk sac epithelium, and their vulnerability to toxicological perturbation, 

require further characterization.

Toxicants can also be deposited into the yolk following maternal exposure. For example, 

zebrafish studies have demonstrated that maternal exposure to perfluorooctanoic acid 

(PFOA) [47] and selenium [48] results in xenobiotic deposition into the oocyte or embryonic 

yolk. This has important implications for trans- and multigenerational studies, many of 

which focus upon underlying heritable mechanisms (such as epigenomic modification) or 

indirect (disrupted maternal signaling cascades) as the driving causes of developmental 

origins of health and disease (DoHaD) outcomes in subsequent generations. Maternal 

deposition of toxicants into the yolk results in direct exposure of the embryo to these 

toxicants, thus complicating interpretations of exposure timing including generational, since 

the initial exposure. For this reason, DoHaD studies investigating multigenerational 

paradigms can benefit from a better understanding of yolk as a source of exposure.
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TOXICANTS IMPACT YOLK UTILIZATION

Oocytes contain a finite store of yolk that must sustain the embryo until additional sources 

of nutrition are available, such as implantation and histiotrophic acquisition of nutrients in 

the human embryo, or hatching and exogenous feeding in the zebrafish. In addition to 

toxicant impacts on the amount and composition of the maternally deposited yolk, toxicants 

can also alter the rate at which these nutrients are used. This can have important implications 

for the developing embryo’s perception of nutrient availability and metabolic programming. 

For example, an embryo that has a higher metabolic demand due to toxicant exposures might 

exhaust its yolk prematurely and thus perceive a starvation environment in which calorie 

resources need to be conserved. Alternatively, if yolk uptake transporters are inhibited, or if 

there are not enough of them, then the yolk utilization is impaired, similarly resulting in a 

perceived starvation environment. Thus, both increased and decreased rates of yolk 

utilization can prove detrimental.

Nutrient storage and utilization is directed by several important pathways, such as the 

Peroxisome Proliferator-Activated Receptor (PPAR) pathway. PPARs are nuclear receptors 

that activate transcription of genes involved in processes such as lipid metabolism, glucose 

metabolism, and adipogenesis. All PPAR isoforms (α, δ/β, γ) are expressed in both the 

human and the zebrafish embryo, and tissue-specific expression, genetic sequence and 

synteny, and function are conserved across vertebrate species [49, 50]. However, an 

evolutionary genome duplication event [51] resulted in zebrafish having two isoforms for the 

PPARα (pparaa, pparab) and PPARδ/β (pparda, ppardb) genes, resulting in potential 

neofunctionalization (having new potentially divergent functions) and subfunctionalization 

(having the function of their non-duplicated ancestor), respectively [52]. PPAR binding sites 

can be found in the promoters of vitellogenin genes, suggesting that PPAR-disrupting 

contaminants may directly impact vitellogenesis [53]. Many environmental contaminants 

such as endocrine disrupting compounds (including perfluorinated compounds, bisphenol A, 

and phthalates) act by disrupting PPAR signaling, potentially diverting metabolic and 

cellular fates.

The zebrafish embryo relies solely on a finite amount of maternally deposited yolk for 

embryonic nutrition, which presents opportunities to gain insight into processes of 

embryonic nutrition and their disruption by toxicant exposures. Measurement of the yolk 

dimensions of individual zebrafish embryos over the first four days of development can be 

used to calculate the rate of nutrient uptake and identify agents that interfere with nutrient 

mobilization from the protruding yolk sac into the embryo proper (Table 1). For example, 

we have found that exposure to PFOS during embryonic development resulted in an increase 

in the rate of yolk utilization over the first four days post fertilization [54]. However, it is 

more common for toxicology studies to rely on single-endpoint sampling times rather than 

collecting this morphometric data on a daily basis.

There are several categories of yolk phenotypes reported in zebrafish developmental 

toxicology studies that are not universally defined. One common observation includes yolk 

sac edema (fluid in the yolk syncytial layer); however, this is not always distinguished from 

yolk edema (fluid pockets observed within the yolk sac, or in some cases distended yolk 
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content). Another common finding is that of yolk retention, also referred to as decreased 

yolk mobilization/utilization or malabsorption. Here the yolk sac area is typically larger than 

that of age-matched control fish, indicating that yolk uptake has been impaired. Conversely, 

another finding is that of accelerated yolk utilization, resulting in a smaller yolk area and 

indicating increased yolk mobilization or utilization. While studies often report yolk 

observations qualitatively, many recent studies have quantified yolk dimensions in order to 

better characterize these phenotypes. Table 1 presents examples of recent studies that have 

quantified the yolk area following toxicant exposures.

Nutrition during the embryonic period can establish a foundation for metabolism throughout 

the lifecourse, as described by the “thrifty phenotype” hypothesis. Because the rate of yolk 

utilization can be used to approximate early embryonic nutrition, quantification of this rate is 

an important study outcome with implications for later-life metabolic dysfunction. 

Additional longitudinal studies are necessary in order to more directly link yolk with later-

life growth and health outcomes in the zebrafish model.

TOXICANTS INDUCING YOLK SAC EDEMA

The yolk sac environment is highly lipophilic, and has low water and solute permeability 

[60]. The zebrafish embryo relies on a coordinated ‘water barrier’, maintaining an osmotic 

gradient compared to the surrounding aqueous environment [61]. Until the kidney becomes 

functionally active during the subsequent larval stage of zebrafish embryonic development, 

osmoregulation must be maintained in part by the gills and the digestive system [62]. 

However, impaired maintenance of this osmotic gradient can result in excessive water uptake 

into the embryo, or edema.

Yolk sac edema is a commonly observed pathology in zebrafish developmental toxicity 

screens. Compounds including TCDD classically induce “blue sac syndrome,” a pathology 

characterized by yolk sac and pericardial edema [61]. However, a wide array of toxicants 

including polycyclic aromatic hydrocarbons [63, 64], polychlorinated biphenyls [65, 66], 

polybrominated flame retardants [67], poly- and perfluorinated compounds [68, 69] 

(unpublished data), organophosphates [70–73], herbicides [74–76], and nanoparticles [67, 

77–79] among others have been demonstrated to cause yolk sac edema in zebrafish embryos. 

The wide range of chemical properties demonstrated by these chemicals suggests that yolk 

sac edema is an especially sensitive toxicological outcome for embryonic evaluation. While 

these phenotypes are not commonly observed in humans, clinical data has shown an 

increased rate of yolk sac edema in pregnancies, resulting in spontaneous abortion [80].

UNCOVERING THE ROLE OF EMBRYONIC NUTRITION IN THE 

DEVELOPMENTAL ORIGINS OF DISEASE

While some concentrations of toxicants can cause yolk sac edema and other malformations 

in the embryo, subtle alterations to embryonic nutrition are more difficult to assess unless 

specifically examined, but later-stage growth parameters are commonly measured. 

Toxicologists, epidemiologists, and environmental health scientists often include neonatal 

measures such as birth weight, head circumference, and infant length as health outcomes. 
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Based upon consensus measures from clinical data, human infants born with the lowest 

scores for these measure are often designated as “small for gestational age” or intrauterine 

growth restricted (fetal measures, in utero), or low birth weight (infant). Though we are 

unable to probe the relationship between the human embryonic yolk and these parturition 

outcomes, the use of models such as the zebrafish may help to elucidate this relationship. 

Epidemiology studies have associated numerous environmental toxicants with reduced birth 

weight or size, including bisphenol A [81], phthalates [82], perfluorinated compounds [83, 

84], and fine particulate matter [85]. However, the mechanisms underlying this relationship 

remain unknown. Because growth is strongly correlated with nutrition during the fetal, 

postnatal, and juvenile periods in humans, it is also possible that nutrition during the 

embryonic period could be predictive of intrauterine growth. Because little is known about 

these processes, the relationships currently remain unknown. Using microscopy, the 

zebrafish model is ideal to explore this correlation quantitatively.

CONCLUSIONS

The zebrafish is an excellent model for uncovering toxicant disruptions to early embryonic 

nutrition due to its structural similarities with the human embryonic yolk sac. Thorough 

characterization of yolk defects, composition, and utilization has potential to provide 

mechanistic insights into the developmental origins of health and disease. Several studies 

have now demonstrated that the yolk is metabolically active [16, 86], and thus should be 

recognized as another target tissue for developmental toxicology studies. Because the yolk is 

lipophilic, it also provides an ideal compartment in which hydrophobic toxicants may 

accumulate and facilitate embryonic exposures throughout the yolk-based feeding period. 

Perturbations to the utilization of yolk may potentially be indicative of other metabolic 

conditions, and should be closely examined in the etiology of the ‘thrifty phenotype’ and 

metabolic dysfunction such as diabetes and metabolic syndrome.

Acknowledgments

Funding for this work was provided by the National Institutes of Health (R01ES025748 and R01ES028201 to AT-L, 
and F32ES028085 to KES).

References

Papers of particular interest, published recently, have been highlighted as:

* Of importance

** Of major importance

1. Barker DJP. The Developmental Origins of Adult Disease. Journal of the American College of 
Nutrition. 2004; 23(suppl 6):588S–95S. [PubMed: 15640511] 

2. Eriksson JG, Osmond C, Kajantie E, Forsén TJ, Barker DJP. Patterns of growth among children who 
later develop type 2 diabetes or its risk factors. Diabetologia. 2006; 49(12):2853–8. DOI: 10.1007/
s00125-006-0459-1 [PubMed: 17096117] 

3. Haugen AC, Schug TT, Collman G, Heindel JJ. Evolution of DOHaD: the impact of environmental 
health sciences. Journal of developmental origins of health and disease. 2015; 6(2):55–64. DOI: 
10.1017/s2040174414000580 [PubMed: 25471238] 

Sant and Timme-Laragy Page 8

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Susser M, Stein Z. Timing in prenatal nutrition: a reprise of the Dutch Famine Study. Nutrition 
reviews. 1994; 52(3):84–94. [PubMed: 8015751] 

5. Thomson AM, Billewicz WZ, Hytten FE. THE ASSESSMENT OF FETAL GROWTH. BJOG: An 
International Journal of Obstetrics & Gynaecology. 1968; 75(9):903–16. DOI: 10.1111/j.
1471-0528.1968.tb01615.x

6. Bronson, FH. Mammalian Reproductive Biology. University of Chicago Press; 1990. 

7. Burton GJ, Watson AL, Hempstock J, Skepper JN, Jauniaux E. Uterine glands provide histiotrophic 
nutrition for the human fetus during the first trimester of pregnancy. The Journal of clinical 
endocrinology and metabolism. 2002; 87(6):2954–9. DOI: 10.1210/jcem.87.6.8563 [PubMed: 
12050279] 

8. Link, BA., Megason, SG. Zebrafish as a Model for Development. In: Conn, PM., editor. Sourcebook 
of Models for Biomedical Research. Totowa, NJ: Humana Press; 2008. p. 103-12.

9. Wilson C. Aspects of Larval Rearing. ILAR Journal. 2012; 53(2):169–78. DOI: 10.1093/ilar.
53.2.169 [PubMed: 23382348] 

10. Westerfield, M. A guide for the laboratory use of zebrafish (Danio rerio). 5. Eugene, OR: Univ. of 
Oregon Press; 2007. The zebrafish book. 

11. Kunz-Ramsay, Y. Developmental Biology of Teleost Fishes. Springer Science & Business Media; 
2004. Viviparity. 

12. Burton GJ, Hempstock J, Jauniaux E. Nutrition of the human fetus during the first trimester--a 
review. Placenta. 2001; 22(Suppl A):S70–7. DOI: 10.1053/plac.2001.0639 [PubMed: 11312634] 

13•. Miyares RL, de Rezende VB, Farber SA. Zebrafish yolk lipid processing: a tractable tool for the 
study of vertebrate lipid transport and metabolism. Disease Models and Mechanisms. 2014; 7(7):
915–27. This paper presents a unique method to visualize embryonic uptake of fatty acids. This 
study specifically uses the fluorescent palmitate analog Bodipy C12 in the zebrafish. DOI: 
10.1242/dmm.015800 [PubMed: 24812437] 

14•. Marín-Juez R, Rovira M, Crespo D, van der Vaart M, Spaink HP, Planas JV. GLUT2-mediated 
glucose uptake and availability are required for embryonic brain development in zebrafish. 
Journal of Cerebral Blood Flow & Metabolism. 2015; 35(1):74–85. This paper presents a method 
to visualize uptake of glucose from the yolk using the glucose-analog 2-NBDG in zebrafish. 
DOI: 10.1038/jcbfm.2014.171 [PubMed: 25294126] 

15. Zhou W, Hildebrandt F. Inducible Podocyte Injury and Proteinuria in Transgenic Zebrafish. Journal 
of the American Society of Nephrology: JASN. 2012; 23(6):1039–47. DOI: 10.1681/asn.
2011080776 [PubMed: 22440901] 

16••. Fraher D, Sanigorski A, Mellett Natalie A, Meikle Peter J, Sinclair Andrew J, Gibert Y. Zebrafish 
Embryonic Lipidomic Analysis Reveals that the Yolk Cell Is Metabolically Active in. This 
seminal paper presents the lipidomic composition of the zebrafish embryo’s yolk. It demonstrates 
that the yolk sac is able to process and metabolize lipids contained in the yolk. 

17. Dunning KR, Russell DL, Robker RL. Lipids and oocyte developmental competence: the role of 
fatty acids and β-oxidation. Reproduction. 2014; 148(1):R15–R27. DOI: 10.1530/rep-13-0251 
[PubMed: 24760880] 

18•. Link V, Shevchenko A, Heisenberg C-P. Proteomics of early zebrafish embryos. BMC 
Developmental Biology. 2006; 6(1):1–9. This paper defines the protein composition of the 
zebrafish embryo and yolk. DOI: 10.1186/1471-213x-6-1 [PubMed: 16412219] 

19. Denslow ND, Chow MC, Kroll KJ, Green L. Vitellogenin as a Biomarker of Exposure for Estrogen 
or Estrogen Mimics. Ecotoxicology (London, England). 1999; 8(5):385–98. DOI: 10.1023/a:
1008986522208

20. Ge C, Lu W, Chen A. Quantitative proteomic reveals the dynamic of protein profile during final 
oocyte maturation in zebrafish. Biochemical and Biophysical Research Communications. 2017; 
490(3):657–63. doi:https://doi.org/10.1016/j.bbrc.2017.06.093. [PubMed: 28634081] 

21. Zhong L, Yuan L, Rao Y, Li Z, Zhang X, Liao T, et al. Distribution of vitellogenin in zebrafish 
(Danio rerio) tissues for biomarker analysis. Aquatic Toxicology. 2014; 149:1–7. doi:http://
dx.doi.org/10.1016/j.aquatox.2014.01.022. [PubMed: 24549118] 

22•. Arukwe A, Goksøyr A. Eggshell and egg yolk proteins in fish: hepatic proteins for the next 
generation: oogenetic, population, and evolutionary implications of endocrine disruption. 

Sant and Timme-Laragy Page 9

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.bbrc.2017.06.093
http://dx.doi.org/10.1016/j.aquatox.2014.01.022
http://dx.doi.org/10.1016/j.aquatox.2014.01.022


Comparative Hepatology. 2003; 2(1):4. A comprehensive review of vitellogenesis in fish. doi: 
10.1186/1476-5926-2-4 [PubMed: 12685931] 

23•. Lubzens E, Bobe J, Young G, Sullivan CV. Maternal investment in fish oocytes and eggs: The 
molecular cargo and its contributions to fertility and early development. Aquaculture. 2017; 
472:107–43. doi:http://dx.doi.org/10.1016/j.aquaculture.2016.10.029 A comprehensive review of 
vitellogenesis in fish. 

24. Abrams EW, Mullins MC. Early zebrafish development: It’s in the maternal genes. Current 
Opinion in Genetics & Development. 2009; 19(4):396–403. DOI: 10.1016/j.gde.2009.06.002 
[PubMed: 19608405] 

25. Rauwerda H, Wackers P, Pagano JFB, de Jong M, Ensink W, Dekker R, et al. Mother-Specific 
Signature in the Maternal Transcriptome Composition of Mature, Unfertilized Zebrafish Eggs. 
PLoS ONE. 2016; 11(1):e0147151.doi: 10.1371/journal.pone.0147151 [PubMed: 26799215] 

26. Hanisch K, Kuster E, Altenburger R, Gundel U. Proteomic Signatures of the Zebrafish (Danio 
rerio) Embryo: Sensitivity and Specificity in Toxicity Assessment of Chemicals. International 
Journal of Proteomics. 2010; doi: 10.1155/2010/630134

27. Klinge CM. Estrogen receptor interaction with estrogen response elements. Nucleic acids research. 
2001; 29(14):2905–19. [PubMed: 11452016] 

28. Wang J, Shi X, Du Y, Zhou B. Effects of xenoestrogens on the expression of vitellogenin (vtg) and 
cytochrome P450 aromatase (cyp19a and b) genes in zebrafish (Danio rerio) larvae. Journal of 
Environmental Science and Health, Part A. 2011; 46(9):960–7. DOI: 
10.1080/10934529.2011.586253

29•. Matsuda Y, Ito Y, Hashimoto H, Yokoi H, Suzuki T. Detection of vitellogenin incorporation into 
zebrafish oocytes by FITC fluorescence. Reproductive Biology and Endocrinology: RB&E. 
2011; 9:45. This paper presents a method to quantify vitellogenin deposition into the yolk using a 
fluorometric probe. doi: 10.1186/1477-7827-9-45 [PubMed: 21481233] 

30. Wang J, Zhao F, Shan R, Tian H, Wang W, Ru S. Juvenile zebrafish in the vitellogenin blank period 
as an alternative test organism for evaluation of estrogenic activity of chemicals. Environmental 
Toxicology and Chemistry. 2016; 35(7):1783–7. DOI: 10.1002/etc.3328 [PubMed: 26643213] 

31. Norman Haldén A, Nyholm JR, Andersson PL, Holbech H, Norrgren L. Oral exposure of adult 
zebrafish (Danio rerio) to 2,4,6-tribromophenol affects reproduction. Aquatic Toxicology. 2010; 
100(1):30–7. doi:http://dx.doi.org/10.1016/j.aquatox.2010.07.010. [PubMed: 20719397] 

32. Aluru N, Leatherland JF, Vijayan MM. Bisphenol A in Oocytes Leads to Growth Suppression and 
Altered Stress Performance in Juvenile Rainbow Trout. PLoS ONE. 2010; 5(5):e10741.doi: 
10.1371/journal.pone.0010741 [PubMed: 20505776] 

33. Keiter S, Baumann L, Färber H, Holbech H, Skutlarek D, Engwall M, et al. Long-term effects of a 
binary mixture of perfluorooctane sulfonate (PFOS) and bisphenol A (BPA) in zebrafish (Danio 
rerio). Aquatic Toxicology. 2012; 118:116–29. doi:http://dx.doi.org/10.1016/j.aquatox.
2012.04.003. [PubMed: 22542737] 

34. Uren-Webster TM, Lewis C, Filby AL, Paull GC, Santos EM. Mechanisms of toxicity of di(2-
ethylhexyl) phthalate on the reproductive health of male zebrafish. Aquatic Toxicology. 2010; 
99(3):360–9. doi:http://dx.doi.org/10.1016/j.aquatox.2010.05.015. [PubMed: 20561692] 

35. Chow WS, Chan WK-L, Chan KM. Toxicity assessment and vitellogenin expression in zebrafish 
(Danio rerio) embryos and larvae acutely exposed to bisphenol A, endosulfan, heptachlor, 
methoxychlor and tetrabromobisphenol A. Journal of Applied Toxicology. 2013; 33(7):670–8. 
DOI: 10.1002/jat.2723 [PubMed: 22351617] 

36. Kausch U, Alberti M, Haindl S, Budczies J, Hock B. Biomarkers for exposure to estrogenic 
compounds: Gene expression analysis in zebrafish (Danio rerio). Environmental toxicology. 2008; 
23(1):15–24. DOI: 10.1002/tox.20306 [PubMed: 18214933] 

37. Yin P, Li Y-W, Chen Q-L, Liu Z-H. Diethylstilbestrol, flutamide and their combination impaired 
the spermatogenesis of male adult zebrafish through disrupting HPG axis, meiosis and apoptosis. 
Aquatic Toxicology. 2017; 185:129–37. doi:http://dx.doi.org/10.1016/j.aquatox.2017.02.013. 
[PubMed: 28213303] 

38. Christianson-Heiska I-L, Haavisto T, Paranko J, Bergelin E, Isomaa B. Effects of the wood 
extractives dehydroabietic acid and betulinol on reproductive physiology of zebrafish (Danio rerio)

Sant and Timme-Laragy Page 10

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.aquaculture.2016.10.029
http://dx.doi.org/10.1016/j.aquatox.2010.07.010
http://dx.doi.org/10.1016/j.aquatox.2012.04.003
http://dx.doi.org/10.1016/j.aquatox.2012.04.003
http://dx.doi.org/10.1016/j.aquatox.2010.05.015
http://dx.doi.org/10.1016/j.aquatox.2017.02.013


—A two-generation study. Aquatic Toxicology. 2008; 86(3):388–96. doi:http://dx.doi.org/10.1016/
j.aquatox.2007.12.001. [PubMed: 18207254] 

39. Lange A, Katsu Y, Miyagawa S, Ogino Y, Urushitani H, Kobayashi T, et al. Comparative 
responsiveness to natural and synthetic estrogens of fish species commonly used in the laboratory 
and field monitoring. Aquatic Toxicology. 2012; 109:250–8. doi:http://dx.doi.org/10.1016/
j.aquatox.2011.09.004. [PubMed: 22000336] 

40. Örn S, Holbech H, Norrgren L. Sexual disruption in zebrafish (Danio rerio) exposed to mixtures of 
17α-ethinylestradiol and 17β-trenbolone. Environmental Toxicology and Pharmacology. 2016; 
41:225–31. doi:http://dx.doi.org/10.1016/j.etap.2015.12.010. [PubMed: 26734721] 

41. Techer D, Milla S, Fontaine P, Viot S, Thomas M. Influence of waterborne gallic and pelargonic 
acid exposures on biochemical and reproductive parameters in the zebrafish (Danio rerio). 
Environmental toxicology. 2017; 32(1):227–40. DOI: 10.1002/tox.22228 [PubMed: 26677111] 

42. Paige Souder J, Gorelick DA. Quantification of estradiol uptake in zebrafish embryos and larvae. 
Toxicological sciences: an official journal of the Society of Toxicology. 2017; doi: 10.1093/toxsci/
kfx107

43. Dolgova NV, Hackett MJ, MacDonald TC, Nehzati S, James AK, Krone PH, et al. Distribution of 
selenium in zebrafish larvae after exposure to organic and inorganic selenium forms. Metallomics. 
2016; 8(3):305–12. DOI: 10.1039/c5mt00279f [PubMed: 26781816] 

44. Chen Y, Ren C, Ouyang S, Hu X, Zhou Q. Mitigation in Multiple Effects of Graphene Oxide 
Toxicity in Zebrafish Embryogenesis Driven by Humic Acid. Environmental Science & 
Technology. 2015; 49(16):10147–54. DOI: 10.1021/acs.est.5b02220 [PubMed: 26171725] 

45. Choi S-A, Park CS, Kwon OS, Giong H-K, Lee J-S, Ha TH, et al. Structural effects of 
naphthalimide-based fluorescent sensor for hydrogen sulfide and imaging in live zebrafish. 
Scientific Reports. 2016; 6:26203.doi: 10.1038/srep26203 [PubMed: 27188400] 

46. Assémat E, Vinot S, Gofflot F, Linsel-Nitschke P, Illien F, Châtelet F, et al. Expression and Role of 
Cubilin in the Internalization of Nutrients During the Peri-Implantation Development of the 
Rodent Embryo. Biology of reproduction. 2005; 72(5):1079–86. DOI: 10.1095/biolreprod.
104.036913 [PubMed: 15616221] 

47. Ulhaq M, Sundström M, Larsson P, Gabrielsson J, Bergman Å, Norrgren L, et al. Tissue uptake, 
distribution and elimination of 14C-PFOA in zebrafish (Danio rerio). Aquatic Toxicology. 2015; 
163:148–57. doi:http://dx.doi.org/10.1016/j.aquatox.2015.04.003. [PubMed: 25897689] 

48. Choudhury S, Thomas JK, Sylvain NJ, Ponomarenko O, Gordon RA, Heald SM, et al. Selenium 
Preferentially Accumulates in the Eye Lens Following Embryonic Exposure: A Confocal X-ray 
Fluorescence Imaging Study. Environmental Science & Technology. 2015; 49(4):2255–61. DOI: 
10.1021/es503848s [PubMed: 25607235] 

49. Den Broeder MJ, Kopylova VA, Kamminga LM, Legler J. Zebrafish as a Model to Study the Role 
of Peroxisome Proliferating-Activated Receptors in Adipogenesis and Obesity. PPAR Research. 
2015; 2015:11.doi: 10.1155/2015/358029

50. Michalik L, Desvergne B, Dreyer C, Gavillet M, Laurini RN, Wahli W. PPAR expression and 
function during vertebrate development. The International journal of developmental biology. 2002; 
46(1):105–14. [PubMed: 11902671] 

51. Jaillon O, Aury J-M, Brunet F, Petit J-L, Stange-Thomann N, Mauceli E, et al. Genome duplication 
in the teleost fish Tetraodon nigroviridis reveals the early vertebrate proto-karyotype. Nature. 
2004; 431(7011):946–57. doi:http://www.nature.com/nature/journal/v431/n7011/suppinfo/
nature03025_S1.html. [PubMed: 15496914] 

52. Bertrand S, Thisse B, Tavares R, Sachs L, Chaumot A, Bardet P-L, et al. Unexpected Novel 
Relational Links Uncovered by Extensive Developmental Profiling of Nuclear Receptor 
Expression. PLoS Genet. 2007; 3(11):e188.doi: 10.1371/journal.pgen.0030188 [PubMed: 
17997606] 

53. Levi L, Ziv T, Admon A, Levavi-Sivan B, Lubzens E. Insight into molecular pathways of retinal 
metabolism, associated with vitellogenesis in zebrafish. American Journal of Physiology - 
Endocrinology and Metabolism. 2012; 302(6):E626–E44. DOI: 10.1152/ajpendo.00310.2011 
[PubMed: 22205629] 

Sant and Timme-Laragy Page 11

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.aquatox.2007.12.001
http://dx.doi.org/10.1016/j.aquatox.2007.12.001
http://dx.doi.org/10.1016/j.aquatox.2011.09.004
http://dx.doi.org/10.1016/j.aquatox.2011.09.004
http://dx.doi.org/10.1016/j.etap.2015.12.010
http://dx.doi.org/10.1016/j.aquatox.2015.04.003
http://www.nature.com/nature/journal/v431/n7011/suppinfo/nature03025_S1.html
http://www.nature.com/nature/journal/v431/n7011/suppinfo/nature03025_S1.html


54. Sant KE, Jacobs HM, Borofski KA, Chen P, Park Y, Timme-Laragy AR. Pancreas Development 
and Nutrient Uptake and Utilization Are Disrupted by Embryonic Exposures to the Environmental 
Toxicant Perfluorooctanesulfonic Acid in the Zebrafish. The FASEB journal. 2017; 31(1 
Supplement):792.8.

55•. Kalasekar SM, Zacharia E, Kessler N, Ducharme NA, Gustafsson J-Å, Kakadiaris IA, et al. 
Identification of environmental chemicals that induce yolk malabsorption in zebrafish using 
automated image segmentation. Reproductive Toxicology. 2015; 55:20–9. doi:http://dx.doi.org/
10.1016/j.reprotox.2014.10.022This paper presents the development of a high throughput 
screening method to quantify yolk area in the zebrafish embryo exposed to toxicants. [PubMed: 
25462786] 

56. Raldúa D, André M, Babin PJ. Clofibrate and gemfibrozil induce an embryonic malabsorption 
syndrome in zebrafish. Toxicology and Applied Pharmacology. 2008; 228(3):301–14. doi:http://
dx.doi.org/10.1016/j.taap.2007.11.016. [PubMed: 18358510] 

57. Duan J, Hu H, Zhang Y, Feng L, Shi Y, Miller MR, et al. Multi-organ toxicity induced by fine 
particulate matter PM2.5 in zebrafish (Danio rerio) model. Chemosphere. 2017; 180:24–32. DOI: 
10.1016/j.chemosphere.2017.04.013 [PubMed: 28391149] 

58. Johnson A, Carew E, Sloman KA. The effects of copper on the morphological and functional 
development of zebrafish embryos. Aquatic Toxicology. 2007; 84(4):431–8. doi:http://dx.doi.org/
10.1016/j.aquatox.2007.07.003. [PubMed: 17714802] 

59. Almond KM, Trombetta LD. The effects of copper pyrithione, an antifouling agent, on developing 
zebrafish embryos. Ecotoxicology (London, England). 2016; 25(2):389–98. DOI: 10.1007/
s10646-015-1597-3

60. Hagedorn M, Kleinhans FW, Artemov D, Pilatus U. Characterization of a Major Permeability 
Barrier in the Zebrafish Embryo1. Biology of reproduction. 1998; 59(5):1240–50. DOI: 10.1095/
biolreprod59.5.1240 [PubMed: 9780333] 

61. Hill AJ, Bello SM, Prasch AL, Peterson RE, Heideman W. Water Permeability and TCDD-Induced 
Edema in Zebrafish Early-Life Stages2These authors contributed equally to this article. 
Toxicological Sciences. 2004; 78(1):78–87. DOI: 10.1093/toxsci/kfh056 [PubMed: 14718644] 

62. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic 
development of the zebrafish. Developmental dynamics: an official publication of the American 
Association of Anatomists. 1995; 203(3):253–310. DOI: 10.1002/aja.1002030302 [PubMed: 
8589427] 

63. Chlebowski AC, Garcia GR, La Du JK, Bisson WH, Truong L, Massey Simonich SL, et al. 
Mechanistic Investigations Into the Developmental Toxicity of Nitrated and Heterocyclic PAHs. 
Toxicological Sciences. 2017; 157(1):246–59. DOI: 10.1093/toxsci/kfx035 [PubMed: 28186253] 

64. Knecht AL, Goodale BC, Truong L, Simonich MT, Swanson AJ, Matzke MM, et al. Comparative 
developmental toxicity of environmentally relevant oxygenated PAHs. Toxicology and Applied 
Pharmacology. 2013; 271(2):266–75. DOI: 10.1016/j.taap.2013.05.006 [PubMed: 23684558] 

65. Rousseau ME, Sant KE, Borden LR, Franks DG, Hahn ME, Timme-Laragy AR. Regulation of Ahr 
signaling by Nrf2 during development: Effects of Nrf2a deficiency on PCB126 embryotoxicity in 
zebrafish (Danio rerio). Aquatic toxicology (Amsterdam, Netherlands). 2015; 167:157–71. DOI: 
10.1016/j.aquatox.2015.08.002

66. Liu H, Nie F-H, Lin H-Y, Ma Y, Ju X-H, Chen J-J, et al. Developmental toxicity, EROD, and 
CYP1A mRNA expression in zebrafish embryos exposed to dioxin-like PCB126. Environmental 
toxicology. 2016; 31(2):201–10. DOI: 10.1002/tox.22035 [PubMed: 25099626] 

67. Chao S-J, Huang CP, Chen P-C, Huang C. Teratogenic responses of zebrafish embryos to 
decabromodiphenyl ether (BDE-209) in the presence of nano-SiO2 particles. Chemosphere. 2017; 
178:449–57. doi:http://dx.doi.org/10.1016/j.chemosphere.2017.03.075. [PubMed: 28342993] 

68. Shi G, Cui Q, Pan Y, Sheng N, Sun S, Guo Y, et al. 6:2 Chlorinated polyfluorinated ether sulfonate, 
a PFOS alternative, induces embryotoxicity and disrupts cardiac development in zebrafish 
embryos. Aquatic Toxicology. 2017; 185:67–75. doi:http://dx.doi.org/10.1016/j.aquatox.
2017.02.002. [PubMed: 28187362] 

69. Li Y, Han Z, Zheng X, Ma Z, Liu H, Giesy JP, et al. Comparison of waterborne and in ovo 
nanoinjection exposures to assess effects of PFOS on zebrafish embryos. Environmental Science 

Sant and Timme-Laragy Page 12

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.reprotox.2014.10.022
http://dx.doi.org/10.1016/j.reprotox.2014.10.022
http://dx.doi.org/10.1016/j.taap.2007.11.016
http://dx.doi.org/10.1016/j.taap.2007.11.016
http://dx.doi.org/10.1016/j.aquatox.2007.07.003
http://dx.doi.org/10.1016/j.aquatox.2007.07.003
http://dx.doi.org/10.1016/j.chemosphere.2017.03.075
http://dx.doi.org/10.1016/j.aquatox.2017.02.002
http://dx.doi.org/10.1016/j.aquatox.2017.02.002


and Pollution Research. 2015; 22(3):2303–10. DOI: 10.1007/s11356-014-3527-y [PubMed: 
25182431] 

70. Sulukan E, Kokturk M, Ceylan H, Beydemir Ş, Işik M, Atamanalp M, et al. An approach to clarify 
the effect mechanism of glyphosate on body malformations during embryonic development of 
zebrafish (Daino rerio). Chemosphere. 2017; 180:77–85. doi:http://dx.doi.org/10.1016/
j.chemosphere.2017.04.018. [PubMed: 28391155] 

71. Suvarchala G, Philip GH. Toxicity of 3,5,6-trichloro-2-pyridinol tested at multiple stages of 
zebrafish (Danio rerio) development. Environmental Science and Pollution Research. 2016; 
23(15):15515–23. DOI: 10.1007/s11356-016-6684-3 [PubMed: 27121015] 

72. Pamanji R, Yashwanth B, Bethu MS, Leelavathi S, Ravinder K, Rao JV. Toxicity effects of 
profenofos on embryonic and larval development of Zebrafish (Danio rerio). Environ Toxicol 
Pharmacol. 2015; 39(2):887–97. DOI: 10.1016/j.etap.2015.02.020 [PubMed: 25796049] 

73. Zhuang S, Zhang Z, Zhang W, Bao L, Xu C, Zhang H. Enantioselective developmental toxicity and 
immunotoxicity of pyraclofos toward zebrafish (Danio rerio). Aquatic Toxicology. 2015; 159:119–
26. doi:http://dx.doi.org/10.1016/j.aquatox.2014.12.006. [PubMed: 25540855] 

74. Oliveira JMM, Galhano V, Henriques I, Soares AMVM, Loureiro S. Basagran® induces 
developmental malformations and changes the bacterial community of zebrafish embryos. 
Environmental Pollution. 2017; 221:52–63. doi:http://dx.doi.org/10.1016/j.envpol.2016.10.028. 
[PubMed: 27913070] 

75. Xu C, Tu W, Deng M, Jin Y, Lu B, Zhang C, et al. Stereoselective induction of developmental 
toxicity and immunotoxicity by acetochlor in the early life stage of zebrafish. Chemosphere. 2016; 
164:618–26. doi:http://dx.doi.org/10.1016/j.chemosphere.2016.09.004. [PubMed: 27635644] 

76. Cao F, Liu X, Wang C, Zheng M, Li X, Qiu L. Acute and short-term developmental toxicity of 
cyhalofop-butyl to zebrafish (Danio rerio). Environmental Science and Pollution Research. 2016; 
23(10):10080–9. DOI: 10.1007/s11356-016-6236-x [PubMed: 26867686] 

77. Choi JS, Kim R-O, Yoon S, Kim W-K. Developmental Toxicity of Zinc Oxide Nanoparticles to 
Zebrafish (Danio rerio): A Transcriptomic Analysis. PLoS ONE. 2016; 11(8):e0160763.doi: 
10.1371/journal.pone.0160763 [PubMed: 27504894] 

78. Shaw BJ, Liddle CC, Windeatt KM, Handy RD. A critical evaluation of the fish early-life stage 
toxicity test for engineered nanomaterials: experimental modifications and recommendations. 
Archives of toxicology. 2016; 90(9):2077–107. DOI: 10.1007/s00204-016-1734-7 [PubMed: 
27318802] 

79. Duan J, Yu Y, Shi H, Tian L, Guo C, Huang P, et al. Toxic Effects of Silica Nanoparticles on 
Zebrafish Embryos and Larvae. PLoS ONE. 2013; 8(9):e74606.doi: 10.1371/journal.pone.
0074606 [PubMed: 24058598] 

80. Nogales, FF., Beltran, E., Fernandez, PL. The Pathology of Secondary Human Yolk Sac in 
Spontaneous Abortion: Findings in 103 Cases. In: Fenoglio-Preiser, CM.Wolff, M., Rilke, F., 
editors. Progress in Surgical Pathology. Vol. XII. Berlin, Heidelberg: Springer Berlin Heidelberg; 
1992. p. 291-303.

81. Pinney SE, Mesaros CA, Snyder NW, Busch CM, Xiao R, Aijaz S, et al. Second trimester amniotic 
fluid bisphenol A concentration is associated with decreased birth weight in term infants. 
Reproductive Toxicology. 2017; 67:1–9. doi:http://dx.doi.org/10.1016/j.reprotox.2016.11.007. 
[PubMed: 27829162] 

82. Watkins DJ, Milewski S, Domino SE, Meeker JD, Padmanabhan V. Maternal phthalate exposure 
during early pregnancy and at delivery in relation to gestational age and size at birth: A 
preliminary analysis. Reproductive toxicology (Elmsford, NY). 2016; 65:59–66. DOI: 10.1016/
j.reprotox.2016.06.021

83. Chen M-H, Ng S, Hsieh C-J, Lin C-C, Hsieh W-S, Chen P-C. The impact of prenatal 
perfluoroalkyl substances exposure on neonatal and child growth. Science of The Total 
Environment. 2017; 607–608:669–75. https://doi.org/10.1016/j.scitotenv.2017.06.273. 

84. Starling AP, Adgate JL, Hamman RF, Kechris K, Calafat AM, Ye X, et al. Perfluoroalkyl 
Substances during Pregnancy and Offspring Weight and Adiposity at Birth: Examining Mediation 
by Maternal Fasting Glucose in the Healthy Start Study. Environ Health Perspect. 2017; 125(6):
067016.doi: 10.1289/ehp641 [PubMed: 28669937] 

Sant and Timme-Laragy Page 13

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.chemosphere.2017.04.018
http://dx.doi.org/10.1016/j.chemosphere.2017.04.018
http://dx.doi.org/10.1016/j.aquatox.2014.12.006
http://dx.doi.org/10.1016/j.envpol.2016.10.028
http://dx.doi.org/10.1016/j.chemosphere.2016.09.004
http://dx.doi.org/10.1016/j.reprotox.2016.11.007
https://doi.org/10.1016/j.scitotenv.2017.06.273


85. Liu A, Qian N, Yu H, Chen R, Kan H. Estimation of disease burdens on preterm births and low 
birth weights attributable to maternal fine particulate matter exposure in Shanghai, China. Science 
of The Total Environment. 2017; 609:815–21. doi:https://doi.org/10.1016/j.scitotenv.2017.07.174. 
[PubMed: 28768214] 

86. Cindrova-Davies T, Jauniaux E, Elliot MG, Gong S, Burton GJ, Charnock-Jones DS. RNA-seq 
reveals conservation of function among the yolk sacs of human, mouse, and chicken. Proceedings 
of the National Academy of Sciences. 2017; doi: 10.1073/pnas.1702560114

Sant and Timme-Laragy Page 14

Curr Environ Health Rep. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.scitotenv.2017.07.174


Figure 1. 
Comparative yolk sac anatomy of the zebrafish (Danio rerio), human (Homo sapiens), and 

mouse (Mus musculus).
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Table 1

Recent studies that have quantified increased or decreased yolk utilization with different chemical exposures

Zebrafish yolk effect Exposure agent Exposure concentrations Ref.

Increase yolk mobilization

Tetrabromobisphenol A (TBBPA; flame retardant) 1 nM [55]

Tetrachlorobisphenol A (TCBPA; flame retardant) 1 nM [55]

Butralin (herbicide) 10 nM, 100 nM, 1 μM [55]

Increase or decrease yolk 
mobilization

Clofibrate (antilipidemic pharmaceutical)
Increase yolk mobilization (100 
nM)
Yolk retention (20 μM)

[55]
[56]

Tributyl tin (aquatic anti-fouling agent) Yolk retention (10–100 pM)
Increase yolk mobilization (1 nM) [55]

Decrease yolk mobilization (yolk 
retention

Fine particulate matter (PM2.5) 100, 200 μg/mL [57]

Prochloraz (fungicide) 100 nM- 10 μM [55]

Gemfibrozil (antilipidemic pharmaceutical) 20 μM [56]

Brefeldin A (fungal product, inhibits protein 
transport) 1 mg/L [56]

Copper (metal) 190 μg/L–464 μg/L [58]

Copper pyrithione (Aquatic anti-fouling agent) 64 μg/L [59]
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