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Abstract 

 
Vitamin K (VK) is a fat soluble vitamin required in fish diets for normal growth and development since they 

are not able to synthesize it de novo. VK can be naturally found as phylloquinone (VK1; vegetable origin) or 

menaquinone (VK2; microbial or animal origin); and synthetically produced as menadione (VK3). Two major 

roles of VK metabolites have been described up-to-date. As a co-factor of the enzyme γ-glutamyl carboxylase 

which performs the conversion of Glu into Gla residues in VK-dependent proteins (VKDPs), through which 

VK is controlling blood clotting, representing the most widely recognized function of VK. VK also 

participates in transcriptional regulation, acting as ligand for the steroid xenobiotic receptor or pregnane X 

receptor (PXR), which is mostly known as a master regulator of xenobiotic metabolism. However, little is 

known about its metabolism and its specific requirements along fish development. Here, we will briefly 

review what is known, and identify what still remains to be unveiled about VK and fish physiology. In this 

sense, new findings regarding VK requirements on early fish development, metabolism and VK cycle 

regulation under different nutritional conditions will be enumerated. Finally, future perspectives on 

knowledge gaps, strategies and approaches to be applied will be discussed. 
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Historical overview of the greatest milestones on VK physiology: 

 

Vitamin K (VK) is a fat soluble vitamin discovered by Henrik Dam as the 

“Koagulationsvitamin” in 1935 (Dam 1935). However, its specific role in blood 

coagulation was only revealed in 1974, when its requirement for the conversion of glutamyl 

(Glu) to γ-carboxyglutamyl (Gla) residues, conferring calcium binding properties to the 

proteins nowadays known as VK-dependent proteins (VKDPs) was described (Magnusson 

et al. 1974; Nelsestuen et al. 1974; Stenflo et al. 1974). However, only 17 years later the 

enzyme catalyzing this conversion, the γ-glutamyl carboxylase (GGCX), was discovered 

and characterized (Wu et al. 1991). We still had to wait 10 years more to have a complete 

picture of the VK recycling process when the cloning of the enzyme vitamin K epoxide 

reductase complex 1 (VKORC1) was achieved (Li et al. 2004; Rost et al. 2004). Just one 

year before, and similarly to what has been found in the other fat soluble vitamins, the 

specific nuclear receptor to which VK is bind was discovered, the pregnane X receptor 

(PXR; Tabb et al. 2003). In this sense, PXR was largely known as as a master regulator of 

xenobiotic metabolism (Chen et al. 2012) and for cholesterol and bile acid metabolisms 

(Makishima 2005). More recently PXR was shown to have a key role in bone homeostasis, 

as demonstrated by the osteopenic phenotype induced in PXR knockout mouse (Azuma et 

al. 2010).  

 

In contrast to invertebrates, vertebrate genomes include two paralogous enzymes 

VKORC1 and VKORC1-like 1 (VKORC1L1) likely resulting from a gene duplication of 

an early common VKOR ancestor. Until 2011, VKORC1 protein was considered as the 

only player supporting VK recycling activity. Westhofen et al. (2011) demonstrated that the 

VKORC1L1 is able to reduce VK epoxide (the VK by-product after γ-glutamyl 

carboxylation) to VK, although showing a low enzymatic efficiency. More recently, 

Hammed et al. (2013) reported a VK recycling activity of VKORC1L1 in extrahepatic 

tissues in the absence or inhibition of VKORC1 protein, completing the full picture of VK 

roles known up-to-date (Fig.1). 



363 
 

Fernández, I. 2015. Vitamin K, Much More Than Blood. An Update on its Roles, Metabolism and Requirements in Fish Species. En: Cruz-Suárez, L.E., 
 Ricque-Marie, D., Tapia-Salazar, M., Nieto-López, M.G.,  Villarreal-Cavazos, D. A., Gamboa-Delgado, J., Rivas Vega, M. y Miranda Baeza, A. (Eds),  

Nutrición Acuícola: Investigación y Desarrollo, Universidad Autónoma de Nuevo León,  San Nicolás de los Garza, Nuevo León, México, 
 ISBN 978-607-27-0593-7, pp. 361-376. 

 
 

 
Figure 1. Vitamin K (VK) cycle showing the metabolic and transcriptional roles. VK, 

coming from dietary intake or glut microflora, is used by the γ-glutamyl carboxylase 

(GGCX) to convert glutamate into γ-carboxyl glutamate (Gla) residues in VK-dependent 

proteins (VKDPs), resulting in the production of a VK epoxide as a by-product. VK 

epoxide is then recycled to VK either by VK epoxide reductase complex 1 (VKORC1) or 

VKORC1-like 1 (VKORC1L1). In addition, VK is also a ligand of the pregnane X receptor 

(PXR). The activation of PXR by VK, promote the formation of a heterotetramer with 

retinoid X receptor (RXR), which finally bind to the PXR responsive elements (RE) on the 

promotor or enhancer regions of down-stream target genes, activating their transcription 

and thus the proteins synthesis. 

 

During the last decades different members of the VKDPs have been also identified. 

The first ones were those involved in the blood coagulation cascade such as the different 

clotting factors (II, VII, IX, and X), being this the reason why VK has been largely 

associated with blood coagulation (reviewed in Brenner et al. 2009). Subsequently, other 

VKDPs involved different biological processes have been identified. Matrix Gla protein 
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(MGP), has been identified by Price et al. (1983), and is known to act as an inhibitor of 

calcification in soft tissues such as arteries (Luo et al. 1997). Bone Gla protein (BGP), also 

known as osteocalcin, was already described in 1976 by Price and co-workers. In contrast 

to MGP, it is not only involved in the regulation of tissue mineralization, but it was recently 

shown to play a role also in glucose metabolism and spermatogenesis (Karsenty and Ferron 

2012). Further, the product of growth arrest specific (GAS) gene 6, GAS6, was discovered 

by Manfioletti et al. (1993) and has been suggested to be an important regulator of vascular 

homeostasis and platelet signaling and being a ligand for the tyrosine protein kinase 

receptors AX1, TYRO3 and MER implicated in cell growth, survival, adhesion and 

migration (reviewed by Maree et al. 2007). The last member of the VKDP family to be 

discovered was Gla rich protein (GRP) that was found in the last decade (Viegas et al. 

2008). It is the most densely γ-carboxylated protein and although it is expressed mainly in 

cartilaginous tissues (chondrocytes) and in bone cells (osteocytes) and thus, suggested to 

act as a modulator of calcium availability (reviewed in Cancela et al. 2012), however its 

molecular function is still to be unveiled. 

 

The discovery of all that diverse set of VKDPs, in addition to the one of its nuclear 

receptor, evidenced a broader biological impact for VK than it was initially foreseen and it 

is expectable that it might be expanded in the nearest future.  

 

What is known about VK in fish species? 

Vitamin K metabolites 

 

Vitamin K (VK) compile a family of compounds derived from quinone, all of them 

having a common 2-methyl-1,4-naphthoquinone ring, but differing in the side chain at the 

C3-position (Lambert and De Leenher 1992). Depending on their source, three different 

VK metabolites (or vitamers K) can be found. The first two can be found in nature as 

phylloquinone or the group of menaquinones. Phylloquinone or VK1 is produced by 

photosynthetic plants serving as a cofactor for Photosystem I-mediated electron transport, 

with green leafy vegetables being the ones showing higher contents (Booth and Sutie 
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1998). Menaquinones, VK2 or MK are a collection of isoprenologues with microbial origin 

that can be found in fermented products such as Nato or in foods of animal origin (Booth 

and Sutie 1998). Although more than 20 different menaquinoes have been described, 

named MK-n accordingly to the number (n) of prenyl groups in the unsaturated side chain, 

the most relevant from a nutritional point of view are MK-4 and MK-7 (Fodor et al. 2010).  

 Since the main sources of VK are the diet composition and the intestinal microbiota, 

an equilibrate intake of VK from diverse dietary sources and a healthy intestinal microbiota 

seems to be needed to the maintenance of proper VK levels in mammals; although 

contribution of colonic flora to vitamin K requirements remains controversial (Harshman et 

al. 2014). In this sense, some bacterial derived menaquinones have been found stored in the 

human liver (Suttie 1995). Although the use of antibiotics is known to affect intestinal 

microbiota (Mathers et al. 1990), the relevance and the impact of antibiotics on intestinal 

production of VK are still not known (Tan and Mai 2001). The third vitamer K is a 

synthetic water soluble salt, known as menadione or VK3, majorly produced as menadione 

sodium bisulphite (MSB) and menadione nicotinamide bisulphite (MNB).  

The complex metabolism and transformation from one vitamer K into another has 

been recently reviewed in detail and thus, for interested readers in this issue Shearer and 

Newman (2014) is recommended. 

 

VK sources used, dietary levels recommended and biomarkers proposed in fish species 

 

All natural vitamers K are insoluble in water, slightly soluble in alcohol and readily 

soluble in non-polar organic solvents. Although they are relatively thermostable 

compounds, vitamers K are highly sensitive to light and alkaline conditions (in Krossoy et 

al. 2011). In contrast, menadione is much more chemically unstable than the natural VK 

forms (Marchetti et al. 1999). Although it can be partly alkylated enzymatically to MK-4 in 

animal tissues when present in animal feeds (Graff et al. 2010; Krossoy et al. 2009), it is 

easily excreted and shows lower bioavailability than the naturally occurring K vitamers 

(reviewed in Krossoy et al. 2011). Furthermore, menadione cannot act directly as a co-

factor for GGCX as demonstrated by Krossoy et al. (2010). When the different K vitamers 
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are compared metabolically, it seems that conversion of menadione to MK-4 is highly rate 

limited, as it is its retention compared to that of phylloquinone (Graff et al. 2010). 

Importantly, meal and oil from alternative vegetable sources for the replacement of fish 

meal and fish oil, like soybean oil or canola oil, may contain higher levels of natural 

vitamin K1 compared to marine ingredients, although its incorporation might be hampered 

by anti-nutritional factors present in the same vegetable resources. 

Regarding the safe levels of VK metabolites, while a 50 and 100 % mortality has 

been observed in zebrafish (Danio rerio) embryos exposed from 0-5 dpf to 0.25 and 0.5 

mM VK3, respectively, the same concentrations of VK2 and VK1 only induced a 15 % 

mortality and not significantly different from the control group (Fernandez et al. 

unpublished data). Similarly, when other aquacultured species have been fed with MSB 

(20-30 mg Kg-1) a reduced growth has been verified (Grisdale-Helland et al. 1991; Grahl-

Madsen and Lie 1997). However, upper tolerance of 100 mg Kg-1 of VK1, 2500 mg Kg-1 

for MSB and 2000 mg Kg-1 for MNB have been reported in different fish species (reviewed 

in Krossoy et al. 2011). Thus, the VK source and the amounts present in fish diets seems to 

depend on fish species and developmental stages. 

 The most common VK deficiency signs in fish are mortality, blood coagulation 

time, reduced growth, anemia, hemorrhages, loss of fin tissue and abnormal skeletogenesis 

or bone homeostasis. Based on those parameters, different studies suggested different 

optimal dietary VK content for a diverse set of fish species (Table 1). Although quite 

sensitive biomarkers for nutritional VK status in humans are commonly used at clinical 

level, such as the rate of circulating uncarboxylated BGP or the combined rate of 

uncarboxylated and dephosphorylated MGP in blood samples, no reliable, sensitive and 

easy to apply biomarker has been found for fish species. In this sense, GGCX activity has 

been previously proposed as a sensitive marker for evaluating VK status and intake 

(Krossoy et al. 2010). Atlantic salmon (Salmo salar) juveniles fed with increasing levels of 

MNB (from 0 to 50 mg Kg-1) did not show differences in specific growth rate, condition 

factor, whole body proximate analysis, blood coagulation time, vertebra morphology or 

mechanical properties of vertebrae; although a positive dose-response relationship between 

dietary MNB and the level of MK-4 analysed in liver samples was reported (Krossoy et al. 
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2009). However, when the enzyme activity and gene expression of GGCX was analyzed in 

the same samples, the authors reported a decreasing GGCX activity with the increase of 

VK dietary content and no differences on its gene expression (Krossoy et al. 2010). Taking 

into account those results, GGCX activity seems not to be an accurate VK biomarker since 

it showed differences in animals with the same biological performance. This could be due 

to the quantification of γ-glutamyl carboxylase by assaying the incorporation of H14CO3- 

into synthetic peptides and subsequent quantification using liquid scintillation counting 

(Emson and Sutie, 1976). More sensitive and accurate quantification methods have been 

developed such as the described by Kaesler et al. (2012). Nevertheless, considering more 

recent results from in vivo and in vitro studies, the other two major players of the VK 

recycling, VKORs and PXR, have been proposed as more suitable biomarkers. Senegalese 

sole (Solea senegalensis) fed VK supplemented diets showed a better skeletal development 

and a lower expression of pxr and vkorc1 genes (Richard et al., 2014). Conversely, in 

zebrafish larvae and osteoprogenitor cells under a VK-induced deficiency through the 

exposure to increased levels of warfarin (an inhibitor of VK recycling), pxr and vkorc1 

genes were up-regulated (Fernandez et al. 2014, 2015). These results, although in 

phylogenetically distant fish species, strengthen the value of these markers as a robust 

indicator of the VK status in fishes. 
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Table 1. Suggested optimal dietary levels of VK in fish feeds 

 

Fish species Developmental 

stage 

Criteria Vitamer K Total VK 

content* 

Reference 

Lake trout Juvenile Haematology, 

coagulation 

time 

- 0.5-1 Poston, 1976 

Salmonids Juvenile Growth VK1 0.45 Woodward, 1994 

Atlantic cod Juvenile Mortality, 

haematology, 

coagulation 

time 

VK3 0.2 Grahl-Madsen 

and Lie, 1997 

Salmonids Juvenile Growth, 

mortality 

VK3 1.5 Kaushik et al. 

1998 

European 

seabass 

Juvenile Growth, 

mortality 

VK3 1.5 Kaushik et al. 

1998 

Salmonids Juvenile Growth - 10 Halver, 2002 

Haddock Juvenile Growth, bone 

health 

VK3 20 Roy and Lall, 

2007 

Atlantic 

salmon 

Juvenile Growth, 

coagulation 

time, bone 

health 

VK1 0.1 Krossøy et al. 

2009 

Senegalese 

sole 

Larvae Bone health VK1 4.5 Richard et al. 

2014. 

* in mg kg-1 
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Insights on new roles and future research needs 

 

The requirement of VK for the blood coagulation control has been largely known. 

More recent works also demonstrated its requirement in fish for the prevention of soft 

tissues calcification (Fernandez et al. 2014) and for a proper skeletogenesis (Richard et al. 

2014) and bone homeostasis (Fernandez et al. 2014). Further, Richard et al. (2014) 

presented evidences that VK might also be critical for a broader set of biological functions 

such as muscular contraction, resistance to osmotic stress, intracellular Ca2+ homeostasis or 

energetic metabolism, by applying proteomic analysis. Undoubtedly, new approaches and 

technologies with a high throughput like Next-Generation Sequencing (NGS) will help us 

to fully unveil the biological processes where VK has a key role in fish species, and 

confirm those already suggested in mammalian systems. In this regard, VK have an 

important role in the synthesis of sphingolipids that are crucial for the nervous system, and 

some correlation with cognition has been found (Ferland 2012). The undercarboxylated 

form of BGP in which Glu 13 is not carboxylated was shown to be active on β-cells and 

Leydig cells. In this way it is proposed that undercarboxylated BGP acts as a bone-derived 

hormone stimulating insulin secretion and β-cell proliferation in the pancreas, energy 

spending by muscles, insulin sensitivity in adipose tissues, muscles and liver, as well as by 

stimulating testosterone synthesis in the testis, promoting male fertility (Karsenty and 

Ferron 2012). Furthermore, Gray and Squires (2012), found that the transactivation of PXR 

in Leydig cells increased the expression of several genes involved in steroidogenesis, 

including cytochrome B5A and cytochrome B5 reductase 1, as well as hydroxysteroid (17-

beta) dehydrogenase 4 and retinol dehydrogenase 12. Treatment with rifampicin, an 

agonist of mammalian PXR but not of fish PXR (Ekins et al. 2008), resulted in 

significantly decreased sex steroid production and significantly increased production of 

androstene steroids. It is well known that androstene steroids are androgens controlling the 

development and maintenance of male characteristics in vertebrates by binding to androgen 

receptors, but also functioning as paracrine hormones required by the Sertoli cells to 

support sperm production. Further, the expression of genes involved in the biosynthesis of 

cholesterol and steroid hormones was found to be decreased in rats fed with VK deficient 
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diets; being the mRNA levels of cyp11a – a rate-limiting enzyme in testosterone synthesis 

– positively correlated with the MK-4 concentration in testis (Shirakawa et al. 2006). The 

same authors compared testosterone concentrations among rats fed control, VK 

supplemented and VK deficient diets, demonstrating decreased concentrations of 

testosterone in plasma and testis from rats fed VK deficient diet. Similar results regarding 

the role of MK-4 in testis and testosterone were also reported by Ito et al. (2011). Thus, 

since VK and warfarin are able to regulate gene expression of pxr in fish (Richard et al., 

2014; Fernández et al., 2014), and expression of PXR downstream target genes is also 

activated under warfarin exposure (which induces a VK-like deficiency), the VK nutritional 

status might affect fish gametogenesis. In this regard, although a previous report stated that 

VK deficiency in the parental fish did not affect the hatching rate of the eggs or the 

mortality of the larvae (Udagawa and Hirose 1998), little is known regarding the potential 

roles of VK in fish gametogenesis.  

 The last, but not the least, interaction of VK with other molecules should be 

revealed in order to find optimal nutritional levels in aquafeeds. In this sense, VK bound to 

its nuclear receptor can interact at the nuclear level with other fat soluble vitamins. Not 

only VK can activate PXR (Tabb et al. 2003), all forms of vitamin E are also able to 

activate gene expression via PXR (Landes et al. 2003). Since PXR form heterotetramers 

with retinoid X receptors (RXR; Wallace et al. 2013), it also might interact signaling 

pathways regulated by its ligands, the retinoids (vitamin A). Interestingly, vitamins A and 

D influence expression and synthesis of VKDPs (Darias et al. 2010; Fernandez et al. 2011), 

while VK is responsible for the posttranslational modification and activation of those 

VKDPs (Oldenburg et al. 2008). Another potential crosstalk between fat soluble vitamins 

which remains to be revealed might be the intestinal absorption mechanisms, since all fat 

soluble vitamins share some intestinal absorption proteins (Gonçalves and Reboul, 2011; 

Blomhoff and Blomhoff, 2006). 

 

  



371 
 

Fernández, I. 2015. Vitamin K, Much More Than Blood. An Update on its Roles, Metabolism and Requirements in Fish Species. En: Cruz-Suárez, L.E., 
 Ricque-Marie, D., Tapia-Salazar, M., Nieto-López, M.G.,  Villarreal-Cavazos, D. A., Gamboa-Delgado, J., Rivas Vega, M. y Miranda Baeza, A. (Eds),  

Nutrición Acuícola: Investigación y Desarrollo, Universidad Autónoma de Nuevo León,  San Nicolás de los Garza, Nuevo León, México, 
 ISBN 978-607-27-0593-7, pp. 361-376. 

 
 

Conclusions 

 

Studies from the 1990’s and 2000’s have revealed the basal requirements of VK in 

blood coagulation and evidenced its role in bone development and homeostasis (reviewed 

by Krossoy et al. 2011). More recently, research efforts on determination of VK dietary 

requirements on early developmental stages have also suggested new biological processes 

where VK might has an important role such as soft tissue pathological calcification, 

skeletogenesis, muscular contraction and energy metabolism among others. Certainly, new 

functions will be identified. Nevertheless, a reliable and accurate marker of VK nutritional 

condition in fish species is still lacking, hampering the determination of species and 

developmental stage specific VK requirements. Importantly, comparative studies on the 

suitability of the different K vitamers for aquafeed diets is an imperative for feed producers, 

which should be based on thermal and chemical stability, metabolic bioavailability and on 

toxicological parameters, for which the identification and characterization of enzymes and 

transport proteins are essential. 
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