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Abstract

The liver is an essential organ that plays a pivotal role in metabolism, digestion and nutrient 

storage. Major efforts have been made to develop zebrafish (Danio rerio) as a model system to 

study the pathways regulating hepatic growth during liver development and regeneration. 

Zebrafish offer unique advantages over other vertebrates including in vivo imaging at cellular 

resolution and the capacity for large-scale chemical and genetic screens. Here, we review the 

cellular and molecular mechanisms that regulate hepatic growth during liver development in 

zebrafish. We also highlight emerging evidence that developmental pathways are reactivated 

following liver injury to facilitate regeneration. Finally, we discuss how zebrafish have 

transformed drug discovery efforts and enabled the identification of drugs that stimulate hepatic 

growth and provide hepatoprotection in pre-clinical models of liver injury, with the ultimate goal 

of identifying novel therapeutic approaches to treat liver disease.

Introduction

Over the last two decades zebrafish have become a primary model system to study 

vertebrate liver development. One of the major advantages of zebrafish as a model system is 

the rapid ex utero development of transparent embryos enabling liver development to be 

imaged at the cellular level. Furthermore, zebrafish matings produce large clutches of 

embryos (>200), which facilitate chemical and genetic screens to identify novel genes and 

small molecules that regulate liver formation. Finally, the zebrafish genome has been 

sequenced and the annotation has revealed that ~70% of human genes have a zebrafish 

orthologue[1]. Consequently, the genes and developmental pathways underpinning liver 

development and disease are highly conserved among vertebrates. Together, these features 

have placed zebrafish in a unique position filling the void in liver research between 
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reductionist mechanistic studies in cultured cells and integrative murine studies that provide 

a higher degree of relevance to human pathophysiology (Figure 1).

The human liver is the only solid organ capable of regeneration. The process of liver 

regeneration is multifaceted, as it requires a complex tissue comprised of multiple cell types 

to sense the extent of injury and mount an appropriate compensatory regrowth response, 

while maintaining the tissue architecture required for liver function[2]. In the context of 

liver disease, acute liver injury necessitates a rapid regenerative response to avoid acute liver 

failure, whereas chronic liver injury is often associated with maladaptive scarring (fibrosis) 

that impairs liver regeneration. Despite the clinical significance, surprisingly little is 

understood regarding the molecular mechanisms regulating liver regeneration. Most of our 

knowledge regarding liver regeneration has been learned from studies performed in rodents. 

However, recent insights using zebrafish, which have a greater capacity to regenerate than 

mammals, have expanded the modern field of liver research. This review will highlight the 

value of zebrafish as a complementary model organism and outline innovative approaches 

that could yield novel insights into the molecular and cellular underpinnings of liver 

regeneration.

Regulation of hepatic growth during development

Introduction to zebrafish liver development—Classic studies by Stainier and 

colleagues[3,4] using transgenic Tg(XIa.Eef1a1:GFP) (gut:GFP) fish, which express GFP 

throughout the endoderm, defined the morphological phases of liver development in 

zebrafish and they include i) hepatic specification, ii) hepatic budding, and iii) hepatic 

outgrowth. Hepatic specification occurs at 24 hpf as cells on the ventral surface of the 

anterior section of the endodermal rod begin to express hepatoblast markers such as prox1 

and hhex. Specified hepatoblasts subsequently begin budding to the left side of the embryo 

and at 36 hpf the connection between the primordial liver bud and the intestine becomes 

restricted as the cells begin to take on a biliary fate as they ultimately form the common bile 

duct. From 48 hpf onward the outgrowth phase of liver development is accompanied by 

hepatocyte differentiation, the formation of a biliary ductal network and the vascularization 

of the liver, which is fully functional by 72 hpf. The zebrafish liver is mainly comprised of 

hepatocytes (labeled cells in Tg(fabp10a:GFP))[5,6], which carry out most functions of the 

liver, including bile and serum protein secretion, blood detoxification and metabolic 

regulation of lipids, glucose and amino acids. Non-parenchymal cells such as endothelial 

cells (labeled cells in Tg(kdrl:GFP))[7,8] biliary epithelial cells (BECs) (labeled cells in 

Tg(krt18:GFP)) [9,10] and hepatic stellate cells (HSCs) (labeled cells in Tg(hand2:GFP))

[11,12] facilitate liver function by transporting blood and bile whilst transmitting mitogenic 

cues for hepatic growth. Together, these landmark studies demonstrate the power of 

fluorescent transgenic lines to image the cells involved in liver function in vivo.

Pathways regulating hepatic specification—The regulation of hepatic specification 

is highly conserved throughout the vertebrate kingdom. The nuclear receptor hepatocyte 

nuclear factor (hnf1) and the transcription factor hematopoietically expressed homeobox 

(hhex) are both required for hepatoblast specification[13,14]. Among the other factors 

impacting on early liver development are the GATA transcription factors, particularly gata6, 
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which is required for hepatoblast specification[15]. Epigenetic regulation also plays a key 

role in programming hepatic cell fate as hdac1 mutant embryos fail to specify 

hepatoblasts[16]. Together, these cell autonomous factors program the fate of cells in the 

foregut endoderm towards the hepatic lineage.

Emerging evidence suggests that mesodermally-derived Wnt, FGF and Bmp ligands play a 

fundamental role in hepatoblast specification (Figure 2). Ober, Stainier and colleagues 

revealed that wnt2bb (prt mutant) is essential for liver specification, showing for the first 

time that the Wnt pathway plays a key role in regulating liver development[17]. Wnt2bb is 

expressed in the lateral plate mesoderm adjacent to the developing endoderm and plays an 

inductive role in hepatic specification. Subsequent studies showed that overexpression of 

wnt2bb enhanced hepatoblast proliferation and induced hepatomegaly by acting on the 

receptor frizzled homologue 5 (fzd5)[18]. Wnt2bb enhances hepatoblast bud formation by 

activating expression of nav3a, which guides endodermal migration away from the gut 

endoderm[19]. Mechanistic studies have shown that Sox32 is required for eventual liver 

formation in wnt2bb mutant embryos[20]. Recent insights have revealed that other factors 

such as EpCam and hnf1ba genetically interact with wnt2bb to specify hepatopancreatic 

progenitors[21,22]. We recently used apc mutant and wnt8-inducible transgenic zebrafish to 

discover that liver formation required dynamic regulation of the Wnt pathway, with 

suppression of Wnt activity in early somitogenesis followed by elevated Wnt signaling 

during the hepatic specification phase[23]. Induction of wnt8 during mid-somitogenesis 

negatively regulated endoderm formation, whereas, activation of wnt8 during hepatic 

specification resulted in hepatomegaly. Recent studies have shown that wnt8 directly 

converts non-hepatic endodermal cells into hepatoblasts in a cell-autonomous manner[24]. 

In light of these studies, it is clearly evident that the Wnt pathway is a master regulator of 

hepatic differentiation and growth during development.

Groundbreaking studies by Dong, Stainier and colleagues revealed that Fgf10 is expressed 

in adjacent mesenchyme and regulates hepatopancreatic biliary morphogenesis and 

hepatocyte differentiation[25]. In this study, the authors found that Fgf10a-deficient 

embryos displayed expanded biliary formation and enhanced hepatic differentiation. Follow-

up work has shown that Fgf10a is expressed in the pancreatic bud where it negatively 

regulates hepatic competence[26]. In line with this notion, compound fgf10−/−;fgf24−/− 

mutant embryos develop ectopic hepatocytes that form near the pancreas[27]. Fgf10b is 

expressed in the liver and its depletion inhibits liver formation suggesting that the two 

paralogues have spatial subfunctionalization[28]. Stimulation of FGF signaling during 

gastrulation phosphorylates and inactivates sox32, thereby impairing endoderm 

specification[29]. However, inhibition of FGF signaling, by inducible expression of a 

dominant negative FGF receptor 1 (dnFGFR1), has demonstrated that FGF is essential for 

hepatoblast specification[15]. Interestingly, FGF signaling is also required cell-

autonomously for hepatic growth during the outgrowth phase of liver development[30]. 

Overall, these studies suggest that FGF signaling plays a complex role regulating zones of 

hepatic competence whilst contributing to the milieu of mitogenic factors essential for liver 

formation.
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Several studies have shown that Bmp overexpression during mid-somitogenesis 

compromises endoderm specification and disrupts anterior-posterior patterning of endoderm, 

which can lead to organ laterality defects[29,31,32]. Bmp2b is expressed in the lateral plate 

mesoderm and signals through the receptor alk8 to specify hepatoblasts[33]. Decreased Bmp 

signaling in alk8 mutants inhibits liver development, whereas bmp2b overexpression causes 

pancreatic-fated cells to transdifferentiate towards the hepatic fate[33]. Studies using 

dominant negative bmp receptor 1 (dnBmpr1a) inducible transgenics revealed that Bmp 

signaling is essential for hepatoblast development, but not maintenance[15]. Bmp2b 

overexpression can partially compensate for the loss of FGF signaling[15]. Peng and 

colleagues have shown that ectopic expression of bmp2b rescued liver development in 

protein phosphatase 1, regulatory subunit 12A (ppp1r12a or mypt1) mypt1 mutant embryos 

that exhibit defects in lateral plate mesoderm formation[34]. These studies highlight the 

importance of Bmp signaling in organ laterality and liver specification.

Pathways regulating biliary specification and expansion—During liver formation, 

transcriptional programs instruct bipotential hepatoblasts to differentiate into hepatocytes or 

biliary epithelial cells (BECs) (Figure 2). Founding studies by Pack and colleagues 

characterized biliary development in zebrafish and found that Notch signaling plays a key 

role in regulating biliary fate[35]. In addition to Notch, loss of function studies have 

demonstrated that the Onecut family of transcription factors, which includes hnf6, play an 

essential role in biliary differentiation and morphogenesis[36,37]. Elegant studies have 

recently established that sox9b is a master regulator of hepatopancreatic ductal 

system[38,39]. These studies reveal that sox9b mutant zebrafish exhibit defects in biliary 

morphogenesis and bile duct canaliculi during embryogenesis and develop cholestasis and 

fibrosis in adulthood. These studies define the core transcriptional networks programming 

BECs (Notch, Onecut and sox9b) during hepatobiliary development.

Deregulated cell proliferation and survival impacts upon liver outgrowth—
Genetic defects in fundamental aspects of cell biology tend to manifest during zebrafish 

development as a failure to thrive with reduced survival or proliferation in specific cell 

types. For example, sorting nexon 7 (snx7) and annexin A4 (anxa4) are both required for 

hepatoblast survival[40,41]. Similarly, the small nuclear RNA (snRNA) transcription 

complex component snap4c is required for BEC survival[42]. Mitochondrial homeostasis 

plays an important role in the maintenance of hepatocyte survival as illustrated by the rapid 

liver degeneration observed in zebrafish embryos with defects in mitochondrial transport 

(tom22)[43], mitochondrial RNA helicase activity (supv3L1)[44] and mitochondrial 

antioxidant activity (trx2)[45]. Some zebrafish mutants such as def[46,47], elys[48,49], 

ssrp1a[50] and bms1l[51] exhibit liver hypoplasia due to nucleolar defects that culminate in 

replication stress or a DNA damage response. In similar work, Sadler and colleagues have 

determined that uhrf1 mutants developed a small-for-size liver during development due to 

DNA hypomethylation, which leads to cell cycle arrest and the induction of 

apoptosis[52-55]. Several genes that are highly enriched in the developing liver such as 

matrix metalloproteinase mmp23b[56], as well as the secretory pathway components 

leg1[57,58] and sec13[59] are required for hepatocyte proliferation. Other genes including 

augmenter of liver regeneration (alr)[60], zfyve9a[61] and klf6[62] seem to be specifically 
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requires for proliferation during the outgrowth phase of liver development. Together, these 

studies begin to identify factors that are required for the survival and proliferation during 

liver development.

Small molecules that modulate liver growth during liver development—One of 

the key advantages of studying liver formation in zebrafish is that the embryos develop ex 

utero, which facilitates chemical screening. We conducted a chemical screen in zebrafish 

embryos and identified numerous small molecules that modulate hepatic growth during 

development (Figure 2). Among the hits, we observed that small molecules impacting on 

retinoic acid (RA), prostaglandin (PGE2) and nitric oxide (NO) signaling regulated liver 

formation. We found that RA receptor (RAR) agonists such as ATRA enhanced liver size 

during development, whereas the RA pathway inhibiter DEAB impaired liver 

development[32]. Related work by Negishi et al. has shown that RA signaling positively 

regulates liver development by inducing wnt2bb[63]. Our lab has published a series of 

studies that have uncovered a previously unappreciated role for PGE2 signaling in 

regulating cell fate and hepatic growth[64-67]. These studies have shown that PGE2 

exposure stimulates Wnt signaling to enhance hepatic growth, whereas cyclooxygenase 

inhibition impairs liver development. These findings build on previous investigations by 

Jones and colleagues that showed that PGE2 regulates β-catenin stability in Apc-deficient 

zebrafish[68,69]. We recently identified that NO signaling is required for optimal liver 

development[70]. At the mechanistic level, NO did not regulate hepatic growth by classical 

cGMP-mediated vasodilation, but rather via S-nitrosoglutathione reductase (GSNOR)-

regulated S-nitrosothiol (SNO) signaling. An innovative chemical screen was recently 

performed by Yin and colleagues to identify small molecules that regulate the number of 

hepatic stellate cells[11]. This study found that RA signaling or the inhibition of the VEGF 

pathway reduced the number of HSCs, whereas the RXR agonist methoprene acid increased 

HSC formation. Early studies by Farooq et al. found that the HDAC inhibitor valproic acid 

impaired liver development by inhibiting hepatoblast specification and differentiation[71]. 

Embryonic exposure to 5-azacytidine has a deleterious effect on biliary development due to 

DNA hypomethylation and stimulation of an interferon-γ mediated inflammatory 

response[72,73]. Recent work using the mTORC inhibitors Torin1 or rapamycin have 

revealed a critical role for mTOR signaling in Wnt-mediated liver hyperplasia[74]. 

Together, these studies show how small molecules can be used in conjunction with genetic 

models to gain new insights into aspects of liver development.

Liver injury models to study hepatic regeneration in zebrafish

Introduction to adult liver physiology—The anatomy of the adult zebrafish liver has 

been the focus of several recent reviews[75,76]. The zebrafish liver is a trilobar structure 

that lies at the anterior end of the intestinal tract. Similar to other vertebrates, zebrafish 

hepatocytes are arranged as bi-layered hepatic cords separated by sinusoids distributed 

radially around a central vein. Consistent with their directivity of absorption and secretion, 

zebrafish hepatocytes are polarized with the basal membrane adjacent to endothelial cells 

that encompass the sinusoids and the apical membrane forming the canaliculi that drain into 

the bile preductular cells. Unlike mammals, the zebrafish liver is not organized into zonated 

liver lobules with a central vein and portal triads. Instead, the intercellular biliary canaliculi 
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anastomose into the biliary tree, which transports bile through the common hepatic duct into 

the gallbladder and ultimately the intestine.

Liver regeneration following partial hepatectomy—By far the most well established 

model of liver regeneration is the partial hepatectomy model[2]. Innovative studies by 

Sadler and colleagues characterized liver regeneration following one-third partial 

hepatectomy in adult zebrafish[53,54]. In this model, the inferior lobe running along the 

ventral side of the fish is surgically removed. In contrast to the compensatory hyperplasia 

observed in mammals, liver regeneration in zebrafish involves the recovery of the original 

lobular structure (Figure 3). By measuring inferior lobe regrowth the authors showed that 

liver regeneration was impaired in uhrf1-deficient (uhrf1+/−) zebrafish. In parallel studies, 

we used the one-third partial hepatectomy model to reveal that the Wnt pathway plays a key 

role in liver regeneration[23]. In these studies, inferior lobe regrowth was accelerated in 

apc+/− mutants and heat-shocked Tg(hsp70:wnt8) transgenics, whereas liver regeneration 

was stunted in heat-shocked Tg(hsp70:dnTCF) transgenics. Corresponding partial 

hepatectomy experiments revealed an elevated regenerative capacity in Apc+/min mice 

compared to wild-types, illustrating that the Wnt pathway plays an evolutionarily conserved 

role as a master regulator of liver regeneration. In addition, we recently revealed that PGE2 

pathway impacts upon Wnt activity in the context of liver regeneration[64,65]. Building on 

developmental studies implicating S-nitrosothiol signaling in hepatic growth, we recently 

examined the impact of GSNOR inhibition on inferior lobe regeneration following partial 

hepatectomy and found that it accelerated hepatic regrowth, whereas inhibition of NO 

signaling stunted regeneration[70]. Studies by Izpisua Belmonte and colleagues examined 

the dynamics of liver regeneration following partial hepatectomy and found that BMP and 

FGF signaling are required for optimal liver regeneration[77]. In another report, Dovey et al. 

found that top2a is haploinsufficient for liver regrowth following partial hepatectomy[78]. 

Recent efforts have enriched our understanding of maladaptive regeneration following 

partial hepatectomy by revealing that def is required for the resolution of the fibrotic scar 

forms at the amputation site[79]. Together, these studies have revealed new insights into the 

regulation of hepatic growth following partial hepatectomy and laid the platform for future 

studies.

Adaptive and maladaptive regenerative responses to drug-induced 
hepatotoxicity—In the Goessling laboratory, we have developed a clinically relevant 

zebrafish model of acetaminophen (APAP) induced liver injury[66,70,80] (Figure 3). In the 

clinic, APAP (Tylenol) is the most common cause of acute liver failure and the only FDA-

approved therapy, N-acetylcysteine (NAC), works as an antidote to limit oxidative 

damage[81]. We reasoned that drug screening in a zebrafish model of APAP toxicity could 

lead to the identification of small molecules that promote regeneration, which could be used 

in conjunction with NAC. A chemical modifier screen in APAP-exposed larvae identified 

prostaglandin (PGE2) as a novel compound that acts synergistically with NAC to inhibit 

liver damage and enhance survival[66]. At the mechanistic level, we found that PGE2 

activates the Wnt pathway to stimulate regeneration in the context of APAP-induced liver 

injury. More recently, we determined that S-nitrosothiol signaling enhances survival after 

APAP-induced liver injury[70]. GSNOR inhibition provided hepatoprotection by causing 
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sustained activation of the Nrf2 oxidative stress response pathway. GSNOR inhibition 

synergized with NAC and enhanced survival even after delayed treatment. GSNOR-

deficient mice were resistant to APAP-induced liver injury, confirming the conservation of 

hepatoprotective properties provided by S-nitrosothiol signaling across vertebrates. These 

thought-provoking studies lend support to the hypothesis that mediators of inflammation 

(PGE2 and NO), which are generated upon liver injury, orchestrate regeneration (Figure 3).

Perhaps the best studied hepatotoxin in zebrafish is ethanol[82], which induces hepatic 

steatosis[83,84]. At the molecular level, ethanol metabolism generates ROS and induces the 

unfolded protein response (UPR) in the endoplasmic reticulum (ER), which activates the 

lipogenic transcription factors SREBP and ATF6[83,85-88]. Ethanol promotes maladaptive 

regeneration by activating HSCs, which proliferate and increase the deposition of 

extracellular matrix components leading to scar formation[11]. These studies illustrate how 

amenable the zebrafish system is to study the pathways regulating maladaptive regeneration 

in the context of ethanol-induced hepatotoxicity.

Liver regeneration following nitroreductase-mediated hepatocyte ablation—
The most recent methodology adopted to induce liver injury in zebrafish is nitroreductase 

(NTR)-mediated hepatocyte ablation. This approach emerged from cancer gene therapy 

studies that used NTR as a prodrug gene suicide system to eliminate cancer cells exposed to 

the substrate CB1954[89]. Pioneering studies by the Stainier[90,91] and Parsons[92,93] 

laboratories provided the proof-of-principle that the NTR system could be adapted to ablate 

specific cell types in zebrafish (Figure 3). These studies took advantage of an alternate 

substrate metronidazole (MTZ), which was well tolerated and had greatly reduced off-target 

and bystander effects. Transgenic fish were developed for use in liver regeneration studies 

that expressed a Cyan Fluorescent Protein (CFP)-NTR fusion driven by the hepatocyte 

promoter fabp10a[90,91]. Upon exposure of the Tg(fabp10a:CFP-NTR) fish to MTZ the 

hepatocytes were rapidly ablated, while leaving the other cell types unaffected[90,91]. 

Recent studies have taken advantage of Tg(fabp10a:CFP-NTR) fish to show that the biliary 

epithelial cells (BECs) transdifferentiate to mature hepatocytes during liver regeneration 

following hepatocyte ablation[94,95]. These elegant studies used a Cre/lox approach to 

indelibly label BECs and follow their fate during liver regeneration after hepatocyte 

ablation. BECs dedifferentiated into hepatic progenitors and then differentiated to highly 

proliferative hepatocytes. Mechanistic studies with mutant NTR lines demonstrated that 

sox9b was necessary for BEC transdifferention[95], whereas wnt2bb was required to 

stimulate hepatocyte proliferation during regeneration[94]. Recent work by Huang et al. has 

further developed the MTZ-NTR-mediated hepatocyte ablation model to encompass 

maladaptive regeneration and fibrosis[96]. In this model, sustained fibrosis is achieved by 

pretreating larvae with ethanol, which activates hepatic stellate cells and leads to the 

deposition of laminin and collagen. The authors used the MTZ-NTR fibrosis model to 

demonstrate an antagonistic interactionn between Notch and Wnt in which stimulation of the 

Wnt pathway is required to promote liver regeneration. Together, these studies highlight the 

benefits of using the MTZ-NTR-mediated hepatocyte ablation model to enhance our 

understanding of the cellular and molecular basis of liver regeneration.
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Conclusion

Liver research in the zebrafish field has expanded from its origins in embryonic 

development to a growing cadre of clinically relevant liver injury models that can be used to 

study regeneration. Fueled by the development of innovative chemical genetic approaches 

and in vivo imaging, zebrafish have greatly contributed to our understanding of the 

molecular underpinnings of liver development and regeneration. Ultimately, it is hoped that 

such studies will provide us with novel therapeutic approaches to treat liver disease.
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(2013).

-This review focuses on recent insights into hepatic stellate cells using 

zebrafish as a model system.
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(2013).
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Open 2, 30-36 (2013).

-This paper demonstrates that endodermal cells are directly converted into 

hepatoblasts upon induction of Wnt8a.
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decisions and endodermal outgrowth. Dev Cell 28, 423-437 (2014).
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-This paper identifies that S-nitrosothiol signaling regulates liver growth 
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nitrosothiol signaling activates the Nrf2 pathway.
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-In this paper, the authors demonstrate the ethanol metabolism and 

oxidative stress play a key role in alcoholic liver disease.

87 Howarth, D.L. et al. Activating transcription factor 6 is necessary and 

sufficient for alcoholic fatty liver disease in zebrafish. PLoS Genet 10, 

e1004335 (2014).

-This manuscript finds that the unfolded protein response (UPR) sensor 

ATF6 is both necessary and sufficient to induce fatty liver disease.
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Figure 1. 
The advantages of zebrafish as a model system to study liver physiology.
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Figure 2. 
Pathways regulating liver development.
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Figure 3. 
Models of liver injury that can be used to study liver regeneration.
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