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ABSTRACT

Vitamin K (VK) has long been known for its essential role in blood coagulation. However, over the
past decade, evidence has mounted for its intrinsic and essential roles in other functions within the
body, including bone metabolism, calcification, brain development and glucose metabolism. Thus,
VK should no longer be considered a single-function ‘haemostasis vitamin’, but rather as a
‘multi-function vitamin’. While current research has focused on its emerging role in human nutrition,
the role that VK plays in other species such as the horse has not been well described, with most of
our current understanding having been extrapolated from other species, especially rodents. This
review assesses the current state of knowledge of VK as it pertains to human and animal nutrition,
and, where data exist, its metabolism and nutrition in the horse is explored. Future research on the
roles of VK as they pertain to horses, particularly extra-hepatic functions, is necessary. Such insight
will allow a greater understanding of how VK is metabolised, facilitating the development of
recommendations to assist in the health, growth, and longevity of horses.

Keywords: animal nutrition, equine nutrition, menadione (MD), menaquinones (MK-n),
osteocalcin (OC), phylloquinone (PK), vitamin K (VK), vitamin K-dependent proteins (VKDPs).

Introduction

Vitamin K (VK) consists of a group of structurally related compounds (Fig. 1), all of which
have a 2-methyl-1, 4-naphthoquinone ring system, and differ in the structure of their
isoprenoid side chain at the 3- position (Shearer and Newman 2014). The two naturally
occurring classes of VK are phylloquinone (PK, also referred to as K;), which is synthesised
in a single form by plants, and the menaquinones (MK-n, also referred to as K5), which are
synthesised in a series of forms (MK-4 to MK-14) by intestinal bacteria. Menadione (MD;
sometimes referred to as K3) is the synthetic form of the vitamin and lacks a side chain
and is more accurately described as a provitamin. It can have toxic side-effects in
humans and horses (Rebhun et al. 1984; Thijssen et al. 2006) but is routinely added to
animal diets. The different forms of a vitamin are sometimes referred to as vitamers.

VK has received considerably less attention over the past 50 years than have other fat-
soluble vitamins. Intakes of VK beyond that required for normal blood coagulation were
believed to confer no additional benefits, and have therefore been rarely investigated
(Booth and Rajabi 2008). The requirements and physiological role of VK in humans
appeared to be well known (Booth 2009), especially as blood coagulation disorders were
rarely reported. This view of VK has changed following the delineation of its cofactor role in
protein carboxylation, and the growing awareness of its interactions with other essential
metabolic functions in tissues throughout the body, beyond that of blood coagulation,
including metabolism of bone, sphingolipids, energy, and inflammation (Shearer et al.
2012). At present, 17 vitamin K-dependent proteins (VKDPs) have been characterised
(Table 1), but the functionality of some remains to be elucidated (Shearer and Okano
2018). However, little research has been undertaken into the role that VK may play
beyond coagulation in the horse.

This review will explore the metabolism of VK as it relates to coagulation, and its role in
other metabolic processes beyond that of coagulation. While current research has focused
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Fig. 1. The different forms of vitamin K (VK): phylloquinone (PK),
menaquinones (MK-n), menaquinone-4 (MK-4) and menadione (MD).

on its emerging role in human nutrition, the role that VK plays
in other species such as the horse has not been well described,
with most of our current understanding being extrapolated
from other species such as rodents; caution should be
exercised when extrapolating to other species. Where data
exist, the role of VK and VKDPs in the horse will be
discussed along with other relevant studies. The possible
roles of VK in the modulation of equine metabolic diseases
will also be addressed. However, before turning to the
horse, an overview of the history, along with our current
understanding of VK metabolism and function, is discussed.

Historical perspective

VK was discovered independently in 1935 by two research
scientists, namely, Henrich Dam in Denmark (Dam 1935a,
1935b) and Herman Almgquist in the USA (Almquist and
Stokstad 1935a, 1935b). Two references are cited for both
Dam and Almquist here, as both references are cited
interchangeably for each author when the discovery of VK
is reviewed. This new dietary factor cured a haemorrhagic

Table 1. Vitamin K-dependent proteins (VKDPs) (adapted from
McCann and Ames 2009; Cancela et al. 2012; Rishavy and Berkner
2012; Wen et al. 2018).

VKDP Location Function
Hepatic proteins
Prothrombin, Liver Coagulation

Factor VII, IX, and X
Proteins C, Sand Z Unknown Anti-coagulation
Extra-hepatic proteins

Matrix Gla-protein Inhibition of calcification

(MGP)

Osteocalcin

Cartilage, vascular
tissue

Osteoblasts Bone turnover and glucose

metabolism

Gla-rich protein CNS, spinal cord, Modulation of Ca

(GRP) thyroid
Gasé Smooth muscle, Regulation of vascular
endothelium homeostasis and sphingolipid
metabolism
Periostin Periosteum, Fibrilogenesis and wound

osteoblasts,
remodelling tissues

healing

Keratoepithelin Most extra-hepatic  Microtubule stability and

tissues positive regulation of
mutations.
Transmembrane Unknown Unknown
Gla-proteins (TMG)
1,2,3,4

condition that developed in chicks fed low-lipid diets.
Dam (1935a) named the factor VK, as it was the next letter
in the alphabet that had not been used to designate a
vitamin and coincidently the first letter of the Danish word
‘koagulation’. In 1943, the Nobel Prize in Physiology or
Medicine was co-awarded to Henrik Dam ‘for his discovery
of vitamin K’ and to Edward Doisy ‘for his discovery of the
chemical nature of vitamin K’. Dam and Almquist have both
given accounts of the discovery of VK (Almquist 1941, 1975;
Dam 1942) and it is interesting to compare these accounts,
with those prepared by Jukes (1980), Bentley and Meganathan
(1982), and van Oostende et al. (2011).

At about the time of the discovery of VK, there was interest
in North America in a haemorrhagic condition that occurred
predominantly in cattle consuming mouldy sweet clover
(Melilotus alba and Melilotus officinalis) hay (Cheeke 1998).
Horses also suffered from sweet clover poisoning/toxicity,
but the only recorded case is of a Percheron mare in Canada
(McDonald 1980). Link (1959) provided a fascinating
description of the discovery of dicumarol, the compound
responsible for sweet clover poisoning/toxicity. Sweet clover
contains a glycoside that is converted to dicumarol by fungal
metabolism. The isolation of dicumarol and its derivatives,
which were shown to be potent VK antagonists, was conducted
at the University of Wisconsin. The most widely used
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dicumarol derivative is warfarin. Warfarin is named for the
Wisconsin Alumni Research Foundation, and it is used globally
in human and veterinary medicine and as a rodenticide.

A breakthrough in our understanding of VK functionality
occurred in 1974 when John Suttie (also University of Wisconsin)
and colleagues discovered the VK-dependent (VKD) carboxy-
lation of y-carboxyglutamic acid (Gla) residues in the liver
microsomes of rodents, paving the way for research to
uncover various VK-dependent proteins (VKDPs) throughout
the body (Shah and Suttie 1974). It was soon shown that Gla-
proteins originating from liver were essential components of
the blood-clotting cascade, including prothrombin, factors
VIL, XI, X, Protein C and S (Price et al. 1980). The discovery
of extra-hepatic VKDPs, Gla-protein mRNA and carboxylase
in a wide range of tissues suggested that the functions of
Gla-proteins and, consequently of VK, extended beyond
their well established role in blood clotting (Marchetti et al.
2000). This discovery has led to VK becoming a multifunc-
tional vitamin, with roles in many tissues rather than a single
purpose ‘haemostasis’ vitamin. This has prompted further
research, resulting in the discovery of several VKDPs with
distinct roles in an array of additional functions, including,
calcium homeostasis, growth and energy metabolism, signal
transduction and apoptosis (Hallgren et al. 2013). Involvement
of these proteins extends beyond the liver to metabolism in a
range of areas, including bone, sphingolipids, glucose and
even reproduction (Oury et al. 2013; Manna and Kalita 2016).

In any discussion of VK, it would be remiss not to include
the significant contribution of Carl Martius, a Swiss scientist,
made in the 1950s (Martius 1961), before the role of VK in
protein carboxylation was known. The discoveries by Martius
and his colleagues have been fundamental to unravelling the
perplexing questions surrounding the interconversion of VK
vitamers; (PK, MD and MK-4) as described by Shearer (2022).
They were able to show that the side chain of PK was removed
after absorption and the resulting metabolite, MD, a precursor
of MK-4, is formed by prenylation of MD in the target tissue
(Shearer and Okano 2018). Another important advance has
been the isolation of the gene UbiA prenyltransferase domain
containing 1 (UBIAD1), that encodes for prenyltransferase, by
Okano and his group in Japan (Shearer and Okano 2018).
Importantly, a recent study by Ellis et al. (2022) demonstrated
that conversion to MK-4 was found for a range of VK vitamers
(PK, MK-4, MK-7, MK-9) in different tissues, suggesting that
this is a common pathway for in vivo VK metabolism, with
MK-4 being the ‘active’ metabolite/vitamer. In this pathway,
MD is an intermediary, and this appears to provide an
explanation of why MD has been successful as an animal
feed supplement. Moreover, this study by Ellis et al. (2022)
provided a possible explanation of how the different K
vitamers can maintain VK status and biological function of
an individual or animal.

Impetus for many of the human VK studies is due to
the known links between warfarin therapy, haemodialysis,
and chronic kidney disease (CKD) to arterial calcification

(Westenfeld et al. 2012; Fusaro et al. 2015; Holden et al. 2015;
Fusaro et al. 2017a; McCabe et al. 2017). As a result of the
widespread use of warfarin, a VK antagonist, as an
anticoagulant, studies have evaluated the effects of its long-
term use on patients, and therefore much of the recent
knowledge on the functions of VK is based on this body of
research. Likewise, research on VK in animals has also been
conducted on warfarin and anticoagulation therapies, predom-
inantly utilising rodent models (Belij et al. 2012).

Metabolism, function and assessment of VK
status

The metabolism (absorption, distribution, excretion) of VK is
complex due to the different molecular forms of the vitamin.
Some aspects of metabolism are poorly defined and species
differences may exist but require elucidation. To complicate
matters, MK-4 appears to be produced in the tissues of
mammals via conversion from both PK and MD after either
injection or oral supplementation (Al Rajabi et al. 2012). In
the intestine, MD may be produced as an intermediary from
the conversion of PK within the gut endothelium, where it
is converted to MK-4 by the enzyme UBIADI (Thijssen et al.
2006). However, as noted above, the recent papers by Ellis
et al. (2022) and Shearer (2022) provided an explanation
for this apparent confusion. A detailed account of the key
features of VK metabolism and function has been given by
Shearer and Okano (2018). Except for the very early research
with chickens, our current understanding of VK metabolism
has been acquired from human studies using rodent models,
although there has been some research undertaken with fish
(Krossoy et al. 2011).

Absorption, transport, and excretion

Each of the different forms of VK varies in absorption
efficiency, reflecting different chemical structures and the
rate of release from the food or bacterial matrix in which it
is encased (Schurgers and Vermeer 2000). As a fat-soluble
substance, VK is absorbed in a manner similar to dietary
fats, and there is evidence that absorption of the vitamin
is enhanced by dietary fat (Goncalves et al. 2015). The
absorption of VK was first described by Hollander (1973),
who identified maximal uptake of PK in the duodenum and
jejunum of rats. In contrast, Goncalves et al. (2015) found
greater uptake in the ileum. In contrast, MK-n occurs in
various forms with different side-chain lengths (as denoted
by ‘n’; Shearer and Newman 2008). There are short- and
long-chain menaquinones from MK-4 to MK-14 (Shearer
and Newman 2014) and the length of the side chain
influences absorption (Thane et al. 2002). MD, unlike the
other forms, lacks a side chain and there has been conjecture
as to whether this prevents this form from activating extra-
hepatic VKDPs, other than those involved in the blood clotting
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cascade (Al Rajabi et al. 2012); however, its conversion to
MK-4 is now well described.

In the intestinal lumen, PK and MK-n are incorporated into
mixed micelles and then taken up by intestinal enterocytes
(Shearer et al. 2012). Micelles are a combination of bile
salts, products of pancreatic lipolysis and other lipids (Shearer
et al. 2012). After being absorbed into the enterocytes, PK is
thought to be transported by a carrier protein, but specific
carrier proteins for intra-cellular transport across the enterocyte
have not been identified (Reboul and Borel 2011). In the
enterocyte, the vitamin becomes bound to chylomicrons
(Schurgers and Vermeer 2002) and in this configuration it
is released into circulation via the lymphatic system to be
recruited by the liver (Shea and Booth 2007). The release
into circulation of these particles is achieved via the thoracic
duct (Shearer and Newman 2008). Receptor mediated uptake
of the chylomicron remnants (CR) into the liver is then
facilitated by hepatic parenchyma cells (Schurgers and
Vermeer 2002).

Transport of VK, like that of vitamin E, appears to be
facilitated by lipoproteins; however, unlike vitamin E, VK
has no specific plasma carrier protein (Shearer 1995). The
primary transporters of PK are believed to be triglyceride-
rich lipoproteins (TRL) and very low-density lipoproteins
(VLDL; Shea and Booth 2007). After intestinal absorption,
both PK and MK-n are transported by these lipoproteins to
the liver (Shearer et al. 2012). Binding of the chylomicrons
to these lipoproteins allows them to enter the hepatocytes
via receptor-mediated endocytosis.

Although VK is absorbed in a manner similar to that of
other fat-soluble vitamins it is not stored to the same extent
and requires regular dietary replenishment. PK, the major
source of VK intake, is rapidly absorbed but efficiently
excreted, as shown by Shearer et al. (1974), who found it
to be rapidly metabolised and excreted in bile (40-50%)
via faeces, and in urine as glucuronide conjugates (20%)
(Barkhan and Shearer 1977). Similar studies have not been
undertaken with MK-n but large concentrations have been
found in faeces, presumably reflecting poor absorption in
the hindgut (Karl et al. 2017). Interestingly, minimal concen-
trations of MK-4 are found in plasma and faeces, but MK-4 is
rarely produced by bacteria (Collins and Jones 1981;
Fernandez and Collins 1987).

Tissue distribution and uptake

VK vitamers are distributed throughout the body, with uptake
occurring in the liver, heart, pancreas, lungs, kidneys, brain,
and bone (Thijssen and Drittij-Reijnders 1996), with the
highest concentrations occurring in adipose tissue (Shea et al.
2010). However, the distribution of the different vitamers is
not uniform throughout the body. The liver contains high
concentrations of VK and is the primary site for synthesis of
VKD coagulation factors (Shearer 1995; Shearer and Newman
2008). It is well documented in humans and rats that PK

preferentially accumulates in the liver (McCann and Ames
2009). There is now good evidence that the hepatic turnover
of long-chain MK-n is very much slower than that of PK in both
rats and humans, resulting in much greater hepatic stores of
MK-n (in particular MK-7 to MK-13) than PK (Shearer and
Newman 2008). It has been suggested that MK-n may be of
greater importance than PK in alleviating risk of age-related
diseases such as osteoporosis (Inoue et al. 2009; Pizzorno
2011). This may be attributable to different absorption and
transport pathways as MK-n is readily transported to extra-
hepatic tissues in humans, whereas most PK is excreted
(Falcone et al. 2011).

The uptake of VK by bone (Newman et al. 2002) was
discovered with the isolation of VKDPs from the bone
matrix (Shearer et al. 2012). However, the exact molecular
basis of VK transport and uptake by extra-hepatic tissues has
not been as extensively studied. The primary delivery vesicles
of VK into bone are believed to be chylomicrons, with low-
density lipoproteins (LDL) being the predominate lipoprotein
transporters. This was established by Newman et al. (2002)
who found that the most efficient uptake of PK into osteoblasts
was achieved via LDL. While TRL are believed to be the
primary transporters, MK-n has been detected in both LDL
and high-density lipoproteins (HDL), suggesting differential
transport and uptake routes, perhaps in different tissues (Shea
and Booth 2007). This is supported by known differences in
human tissue specificity among different isomers, with MK-n
being the major form in circulation and bone, and PK being
stored at higher concentrations in the liver (Shea and Booth
2007). LDL are the primary transporters of PK to osteoblasts;
however, uptake can also occur via TRL and HDLs (Shearer
et al. 2012).

There has been much recent interest in the role that VK
plays in the brain because of a possible role in cognition
(Ferland 2012; Alisi et al. 2019). It has an important role in
synthesis of sphingolipids that contribute to both the structural
integrity and functionality of brain cell membranes. The
VKDP Gas 6 has been located in brain cells and participates
in a range of functions, including cell proliferation and
differentiation, myelination, mitogenesis and chemotaxis
(Ferland 2012). Studies by Thijssen et al. (1996) and Ellis
et al. (2022) showed that MK-4 is the only VK vitamer found
in the brain, suggesting that only MD, the smallest vitamer,
can cross the blood-brain barrier and is then converted to
MK-4 (Shearer 2022).

Another tissue that permits limited VK translocation is the
placenta. In humans, PK concentrations in umbilical cord
blood are extremely low, implying that placental transfer of
VK is poor (Shearer et al. 2012). Oral supplementation of VK
before delivery in humans significantly increases maternal
plasma and umbilical-cord plasma concentrations of PK (Kazzi
et al. 1990). In humans, it appears that VK traverses the
placenta poorly; as a result, infants who do not receive a
prophylactic dose of VK at birth, either orally or by intramus-
cular injection, are at risk of the haemorrhagic disease,
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VK-deficiency bleeding (VKDB) (Greer et al. 1997; Shearer
2009). Other contributing factors to the incidence of VKDB
are low concentrations of VK in human breast milk at birth
(Dror and Allen 2018). Australia has one of the lowest instances
of VKDB in the developed world (Zurynski et al. 2020).

The VK cycle and y-carboxylation

The VK cycle is depicted in Fig. 2. An appreciation of the
VK cycle is crucial to understanding the complexity of VK
metabolism, and the roles it plays in many functions. VK
functions as a cofactor for the enzyme glutamyl carboxylase
to convert glutamyl residues to gamma-carboxy-glutamic
acid (Gla) residues in proteins. These Gla residues are
required for the calcium-mediated action of the proteins
and are the location of specific calcium-binding sites. These
activated VKDPs are found in many tissues throughout the
body and as discussed below are involved in many important
physiological processes in addition to blood coagulation.
The VK cycle facilitates the post-translational conversion
of glutamate (Glu) to gamma-carboxyglutamate (Gla) by
gamma-glutamyl carboxylase (GGCX) by using a reduced
form of VK (KH,), as was well depicted in Stafford (2005).
In so doing, VK undergoes oxidation and reduction in three
stages and is regenerated. In the cycle, KH, is oxidised to
VK epoxide (KO), and KO is reduced to VK-by-VK epoxide
reductase (VKOR; Li et al. 2004). The reduction of VK to KH,
is performed primarily by this enzyme (Hammed et al. 2013).

OH
CH,
~ 7, o
VKR R Cco,
OH

/ Vitamin K

The oxidation of KH, to VK 2,3-epoxide (KO) is a two-step
reduction process, enabling KO to then be converted back
to KH, via the enzymes VKOR and VK reductase (VKR;
Tie et al. 2016). Two primary enzymes involved in the
carboxylation process are GGCX and VKOR (Tie et al. 2016).
While less is understood about the enzyme VKR, there is no
doubt of its importance in the VK cycle, but its exact identity
remains unknown (Caspers et al. 2015). In summary, the VK
cycle, which is coupled to the carboxylation of proteins, facilitates
this process, and allows for the recycling of reduced VK. In the
presence of an anticoagulant, the recycling of VK is blocked by
the inhibition of VKOR and VKR (Shearer and Newman 2008).

The carboxylation of VKDPs is a vital post-translational
modification (PTM) process, and as shown in Fig. 3, coverts
specific glutamate residues (Glu) to y-carboxyglutamate (Gla)
residues in VKDPs (Berkner 2005; Lacombe and Ferron 2015).
It is essential for the biological function of numerous VKDPs,
including the clotting factors (Wallin and Martin 1985). The
Gla residues are required for the calcium-mediated action of
the proteins and are the location of specific calcium-binding
sites. Gla residues adopt a calcium-dependent conformation
that promotes clotting factors binding to a membrane surface
(Tie and Stafford 2016). The resulting Gla residues show an
increased affinity for calcium ions (Malashkevich et al. 2013).
Binding then elicits a conformational change, rendering the
VKDPs biologically active (Shearer and Newman 2014).
The extent to which these proteins become carboxylated
influences their activity. This role of the vitamin defines its

VKDP

0 hydroquinone Glu

(o)
Vitamin K \

o)
CH,
VKOR
0 CH,
i R Gla
CH
o]

GGCX

Carboxylated
VKDP

/\/Y\/\

2N
“00C COO~

Vitamin K epoxide

Fig.2. The VK cycle. During vitamin K-dependent carboxylation, glutamate (Glu) is converted to
gamma-carboxyglutamate (Gla) by gamma-glutamyl carboxylase (GGCX), by using a reduced form
of VK (KH,), carbon dioxide, and oxygen as cofactors. KH, is oxidised to VK epoxide (KO). KO is
reduced to VK-by-VK epoxide reductase (VKOR). The reduction of VK to KH, is performed by
VKOR and an as-yet-unidentified VKR (adapted from Tie and Stafford 2016).
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The y-carboxylation of VKDPs. During vitamin K-dependent carboxylation, glutamate

(Glu) is converted to gamma-carboxyglutamate (Gla).

significance for important physiological processes in addition
to blood coagulation, including bone metabolism, energy
metabolism, insulin resistance, inflammation, spermatogenesis,
apoptosis, and immunity. These latter processes are usually
overlooked as the role of many of the VKDPs has not been
fully elucidated. Most of the research that has examined
these aspects of VK metabolism has been conducted with
cell lines (Vermeer et al. 2017).

Assessment of VK status

Traditionally, assessment of VK status has relied on the
measurement of blood coagulation, for which VK is an
essential cofactor and is therefore indicative of an adequate
VK status (Suttie and Booth 2011). In humans, circulating
concentrations of VK have been found to have large inter-
and intra-individual variation (Shea et al. 2012). Such
findings make determining species and gender-specific
dietary requirements challenging (Shea and Booth 2016).

With the various challenges presented in determining VK
status by using blood clotting time or circulating concentra-
tions of VK (Gérska 2019), there is an urgent need to explore
other possible measures. The measurement of osteocalcin
(OC) has been proposed to be a more suitable measure of
subclinical VK deficiency (Gundberg et al. 1998). It is
believed that VK is preferentially taken-up by the liver to
facilitate optimal blood coagulation (Booth 2009). The
remaining VK is then available to facilitate carboxylation of
extra-hepatic VKDPs such as OC (McCann and Ames 2009).
It is for this reason that inadequate VK intake, or VK intake
that meets only the requirement for coagulation, may result
in subclinical VK deficiency and induction of underlying
diseases such as osteoporosis (Misra et al. 2013). For instance,
although OC is not specifically regulated by VK, it influences
the extent to which OC becomes carboxylated (Gundberg et al.
2012) and therefore functional. Recent research has suggested
the degree of carboxylation of VKDPs, especially of circulating
OC, is a more sensitive indicator of VK status than is
coagulation (Fusaro et al. 2017b).

To reduce the risk of subclinical VK deficiency and allow
determination VK requirements, the analytical challenges pre-
sented by VK need to be overcome. It is unlikely that a single

biomarker will suffice for VK as different VKDPs are implicated
in different diseases and the biomarker will depend on the
outcome studied (Shea and Booth 2016). It is beyond the scope
of this review to describe the complexity of VK analysis, and the
interested reader is referred to Gorska (2019) and Card et al.
(2020), who have comprehensively reviewed this topic.

VK metabolism and horse nutrition

As depicted in Table 2, there have been only a few studies to
investigate VK metabolism in horses. Duello and Matschiner
(1970) were the first to identify and extract PK from horse
liver. The recovery of PK as the only identified form of VK
in horse liver adds support to the view that liver contains
mainly those forms of VK provided in the diet of the animal.
In a study of different tissues from horses, cattle, pigs, guinea
pigs, chickens, rats, and mice, Hirauchi et al. (1989) were able
show a range of vitamers in liver, kidneys, heart, spleen, and
muscle. The results for all horse tissues and hepatic values for
the other species are shown in Table 3. All species had PK and
MK-4 in all tissues, but different longer-chain MK-n in hepatic
and extra-hepatic tissues. In bovine livers, all MK-n from MK-6
to MK-14 were present as they were in the pig, but at much
lower concentrations. Although the guinea pig and horse
are hindgut fermenters, like in the pig, their tissues did not
contain the very long-chain MK-n. This may reflect differences
in either intestinal bacterial MK-n synthesis or absorption. In
hindgut fermenters, both activities will occur in the hindgut
where the bioavailability of MK-n is likely to be low, as
discussed below. In contrast, in foregut fermenters, such
as cattle, microbial synthesis of MK-n occurs in the rumen
and the synthesised vitamers are subjected to digestion and
absorption in the small intestine, the major site of VK
absorption (Shearer et al. 2012). These differences in digestive
physiology may explain the much higher concentrations of
MK-n in bovine tissues.

The results of Hirauchi et al. (1989) also indicated that
intestinally synthesised MK-n does contribute to the VK
economy of the host animal; however, is this significant in
horses? Inoue et al. (2009) suggested that MK-n may not be
nutritionally significant in horses as they found significantly
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Table 2. Studies investigating the absorption and, plasma and tissue concentrations of VK and markers of bone metabolism in the horse.

Study Cohort/samples Response Form of VK and intake Outcome
Duello and Matschiner Horse liver. Tissue PK. No VK administered. Identification of PK in horse liver.
(1970) — Tissue analysis
of PK
Rebhun et al. (1984) — n = six horses. Plasma Parenteral administration of MD (intake MD induced renal toxicity in five of the
Effect of Menadione menadione. unknown). six horses.
Hirauchi et al. (1989) — Horse tissue samples. PK, MK-4, No VK administered. Identification of PK in horse tissues.
Tissue analysis of VK MK-5-MK-14.
Siciliano et al. (2000a) — n = 12 horses Total OC Both groups were allowed free access No significant correlation was present
Effect of exercise on VK (QH, 18-24 months).  (HAP-binding to brome grass hay (273 mg of PK/ among the serum measures, OC and
status capacity), 100 g). Additionally, the exercise group hydroxyapatite-binding capacity of serum

serum PK. received 40 mg of PK/100 g on the days OC, and the bone measures.

the animals were exercised.

Siciliano et al. (2000b) — n = 15 horses Total OC No VK administered. In conclusion, VK status increased, and
Effect of age at weaning (QH and TB foals). (HAP-binding serum OC decreased with age. In
on VK status. capacity), addition, VK status tended to increase at

serum PK. a greater rate in foals weaned early than

in those weaned late.
Piccione et al. (2005) — n = five horses Serum PK. No VK administered. Serum VK concentration displayed an
Diurnal monitoring of VK (TB mares, 8 years). acrophase, which occurred during the
evening.

Biffin et al. (2008a) — n = 69 horses Total OC %. In total, 14 horses from the 69 with In those horses administered PK, %

Effect of VK on bone
density and OCD

Inoue et al. (2009) —
Circulating VK status and
absorption

Biffin et al. (2010) — Effect

radiographed (TB
yearlings). (n = 14
monitored from the
group with visible
lesions).

TB (young horses and
mares).
(n = unknown).

n = 26 horses

Plasma vitamin
PK, MK-4, and
MK-7.

Growth, bone

of VK supplementation (TB, 2 years). density,

on bone density plasma PK.
Terachi et al. (2011) — n = |6 horses (eight PK, MK-4,

Circulating VK status and ~ mares and eight menadione.

absorption

geldings).

visible lesions on radiography were
monitored for 2 months. A quantity of
3 mg PK in proprietary soluble form
administered to three of these horses
for 9 days.

A quantity of 9 mg per day of
supplemental menadione.

A quantity of 7 mg QAQ per day, and
the control group a blank powder.

Each group was given PK, MK-4, or MD
at 58 pmol per day, or no VK
supplement for 7 days.

carboxylated OC increased but was not
significant. Likewise, in the 14 horses
monitored on pasture for 2 months and
then stabled for 2 weeks, no significant
difference was detected.

Plasma MK-7 concentration was
extremely low in horses, the nutritional
importance of MKn, which is synthesised
in the intestinal tract, may not be
significant in horses. MD increased MK-4
concentration.

Horses may receive suboptimal intakes
of VK, and further research is required
to determine equine requirements in
different management systems and the
efficacy of different forms of the vitamin.

The PK concentration increased

(P < 0.001) after feeding in the PK
group, but no changes in the plasma PK
concentration were observed after
feeding in the other groups. Plasma
MK-4 concentration was greater

(P < 0.001) in the MD group.

lower plasma concentrations of bacterial-synthesised MK-7
than those of PK. This supports the findings of Hirauchi
et al. (1989) who found that PK concentrations were much
higher in almost all horse tissues than were values for MK-n
(Table 3). It should be noted that bile is required for VK
absorption, as occurs with all lipids (Yeum et al. 2017), but
both the horse and rat do not store bile in a gall bladder
but appear to secrete it continually, which is different from
other species (Cunningham and Klein 2007). Moreover, bile
salts and acids are digested in the small intestine and are

unlikely to be present to facilitate MK-n absorption in the
hindgut (Cunningham and Klein 2007). Further, the horse,
unlike rodents, rarely practices coprophagy (Stevens and
Hume 1995) and this practice allows rodents access to
microbially synthesised MK-n (Harshman et al. 2017). These
results and observations suggest that the source, absorption,
and distribution of VK in horses may be different from
those in humans and rodents, and reflect experimental
protocols used in the respective studies, and this requires
further research. Rodent studies also suggest that there may
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Table 3. Comparison of different animal species liver VK concentrations with those in liver and other tissues in the horse (adapted from Hirauchi
et al. 1989).
Species Tissue PK MK-4 MK-6 MK-7 MK-8 MK-9 MK-10 MK-11 MK-12 MK-13 MK-14
Cattle Liver 18.4 8.2 24.5 181.8 48.4 15.3 66.3 136.4 215.6 436.9 22.6
Pig Liver 0.5 5.9 0.4 6.1 5.6 2.6 5.1 72 44 4.9 0.3
Guinea pig Liver 393 17.0 78 5.1 1.5 3.0 13.3 2.4 0.2 ND ND
Chicken Liver 25.2 39.6 0.3 ND 0.9 0.4 0.3 ND ND ND ND
Rat Liver 4.7 7.7 26.8 ND 1.5 1.0 4.8 ND ND ND ND
Mice Liver 1.2 2.6 5.4 ND ND ND 1.2 0.5 ND ND ND
Horse Liver 76.7 2.1 1.0 23 1.2 1.4 0.5 ND ND ND ND
Kidneys 5.8 1.5 ND ND ND ND 1.6 ND ND ND ND
Heart 14.5 0.4 2.8 0.9 ND ND 0.9 0.9 1.3 4.1 ND
Spleen 23.7 0.7 1.1 0.9 0.8 0.4 ND ND ND ND -
Muscle 14.9 2.0 0.2 2.3 - - - - - - -

Note: MK-5 was analysed but not detected.

be sex, age, and strain differences in the metabolism of VK
(Harshman et al. 2016), but these factors have not been
examined in horses.

Terachi et al. (2011) evaluated plasma VK concentrations
in horses, after dosing (58 pmol/day) with PK, MK-4 or MD for
7 days. Plasma PK concentrations were highest following PK
administration and MK-4 concentration was highest in the
MD-administered group. The authors concluded that as MK-
4 has been suggested to be the most potent form of VK to
assist bone metabolism in rodents, their results indicated
that MD is a good source of VK for bone health in horses as
it was the only vitamer that increased the plasma concen-
tration of MK-4. This finding is in accord with previous
research conducted by Inoue et al. (2009), and further
highlights the pivotal role of MK-4 in VK and bone metabolism,
by inhibiting osteoclasts and promoting osteoblast formation
(Shearer 2022).

Equine requirements

The dietary VK requirement of most species is not well defined
and depends, to a large extent, on the sensitivity of the
clotting-based assay used, the route of vitamin administra-
tion, and the form of the vitamin used (Zwakenberg et al.
2017). None of the major reference authorities on the nutrition
of the horse in the United States (National Research Council
(NRC) 2007), France (Martin-Rosset 2015), or Germany (GEH
2013) lists requirements for VK. This reflects a lack of data on
which to predict requirements. In many respects, VK has been
neglected in equine nutrition research, due, in part, to very
few instances of equine bleeding disorders being reported.
There is also a widely held belief that horses receive an
adequate intake of VK from grass and forage, along with
microbial synthesis in the gut. Nevertheless, McDowell (2000)
stated that equine VK status is met by microbial synthesis and
yet there is no or very weak evidence to support this

conclusion, as detailed in this review. Like the horse, pigs
and rabbits are hindgut fermenters and it is recommended
that these two species receive a VK dietary supplement of
0.5 mg/kg and 2 mg/kg (McDowell 2000).

Perhaps the horse also requires dietary supplementation
with VK. Supplements of VK are added to horse feeds and
may indicate the level of VK required. However, current
feeding-rate recommendations of commercially available
equine VK supplements and feeds that contain a VK premix
vary. According to labels, 7 mg/500 kg bodyweight per day
is recommended for Bonafide® (Quinaquinone®) for mature
horses stabled or without access to pasture. In Kentucky
Equine Research’s commercial pre-mixed horse feeds (KER
All Phase), 22 mg/kg of MD is added, with a recommended
feeding rate of 0.75-1 kg/500 kg bodyweight per day,
depending on activity. However, it is difficult to compare
these commercial preparations, as Quinaquinone® is based
on a soluble form of PK, while the KER product is MD.
There is evidence that Quinaquinone® is more rapidly and
completely absorbed than is MD (Skinner et al. 2014).

The other question that needs to be addressed when
considering VK requirements is whether blood-clotting assays
are appropriate for determining VK status; however, as discussed
in this review, there is a growing body of evidence to indicate
that other biomarkers are required. This becomes very
relevant with the identification of several Gla-proteins now
known to be reliant on VK for bone mineralisation. Thus, are
VK requirements being met to support the optimal equine
bone health when only blood clotting is considered? While
current evidence in human studies suggests a supportive
role (Bonjour et al. 2009), often the doses used are very
high pharmacological doses and therefore not reflective of
nutritional uptake. Further research is needed to ascertain
requirements and the conditions in which supplementation
may be warranted.
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Equine VK deficiency

VK deficiency is most commonly defined by an impairment of
blood coagulation resulting from decreased prothrombin
activity (Tie et al. 2016). Moreover, unlike other fat-soluble
vitamins, VK reserves are rapidly depleted from the body
(Shearer and Newman 2014) but the salvage of VK by the
VK cycle reduces the possibility of reduced blood-clotting
capacity. While a deficiency of VK in adult horses is believed
to be improbable and has not been described, the VK status of
young growing horses may be deficient due to decreased
pasture intake and limited microbial synthesis (Siciliano
et al. 2000a), but little research on the VK status of young,
growing horses is available. Likewise, whether there are
increased requirements associated with gastrointestinal issues
such as fat malabsorption or liver disease is currently not
known (Harris et al. 2005). Nevertheless, as discussed below,
it is the neonatal foal that is more likely to experience VK
deficiency.

The overt clinical sign of a VK deficiency across all species
is decreased blood coagulation due to the undercarboxylation
of proteins associated with blood coagulation. However, there
is increasing recognition of subclinical VK deficiency arising
from undercarboxylation of Gla-proteins associated with
other functions, such as under-carboxylated osteocalcin (unOC).
A subclinical deficiency of this protein has been implicated in
the pathogenesis of bone-related diseases such as osteoporosis
in poultry and humans (Zhang et al. 2003; Lanham-New
2008). These findings suggest that higher intakes of VK are
required for the optimum vy-carboxylation of proteins in
extra-hepatic tissues than of hepatic VKDPs (McCann and
Ames 2009). Findings by Biffin et al. (2008a) suggest a
possible association between inadequate VK intake and
development of bone diseases in young horses. This observa-
tion warrants further investigation as the consequence of
under-carboxylation of extra-hepatic VKDPs is not fully
understood (Rishavy and Berkner 2012).

Anticoagulant-induced VK deficiency

There are equine reports of overt VK deficiency induced by
anticoagulants, most noticeably warfarin (Vrins et al. 1983).
In the presence of warfarin, the pattern of PK excretion
changes to a greater proportion in urine (40%) than in bile
(20%) (Shearer and Newman 2008). As detailed in Table 4
there have been several reports in which horses have experienced
bleeding episodes following accidental ingestion of a roden-
ticide containing warfarin or related compounds. Deaths of
racehorses following exercise (Carvallo et al. 2015) and
abortion in an Arabian mare (Zakian et al. 2019) have also
been reported after exposure to rodenticides. The effects of
warfarin as an anticoagulant have been studied in ponies
(Scott et al. 1978, 1979, 1980), and horses (Byars et al. 1986)
where it was demonstrated that PK, an antidote to warfarin
toxicosis, reversed anticoagulation and controlled haemorrhage.

Vermeer and Ulrich (1982) looked at the effects of antico-
agulation therapy on carboxylase in the liver, spleen, and
kidney of horses and like Scott et al. (1980), they found
that in all tissues carboxylase was inhibited following antico-
agulation therapy.

Toxicity

VK is considered to have low toxicity, with the National
Research Council (NRC) (1987, 2007) reporting oral toxicity
at greater than 1000 times the recommended dietary
allowance. MD, which is used widely in vitamin premixes
for animal feeds, has been shown to induce kidney toxicity
in horses with intravenous or intramuscular use (Rebhun
et al. 1984) or in very high oral doses. Rebhun et al. (1984)
demonstrated renal tubular nephrosis in horses following
administration of MD, at the manufacturer’s dosage guidelines,
emphasising the toxicity of this vitamer to horses. Six
Standardbred racehorses experienced significant MD toxi-
city following intravenous injection of the vitamer with
200 mg (50 mg/mL mixed with 7% N-butyl alcohol and
aminocaproic acid) prior to racing to counteract exercise-
induced pulmonary haemorrhage or epistaxis (Maxie et al.
1992). Within 48 h of administration, all horses exhibited
significant signs of toxicity including weakness, depression,
muscle stiffness and colic, and were markedly azotemic.
Mohamed et al. (2017) observed similar clinical signs within
24 h of draught horses being orally dosed with MD; however,
the dose used (10 mg/kg bodyweight) was much higher than
the recommended dosage of 0.01-0.02 mg/kg bodyweight.
The prognosis for horses with MD toxicity is generally poor
due to nephrosis and probable renal failure. In horses, MD
should be administered only to treat VK-deficiency coagu-
lopathies as occurs with warfarin, and not to treat other
haemorrhagic disorders.

VK status of foals

As noted above, at birth the human neonate can suffer from
severe VK deficiency haemorrhagic disease or VKDB (Greer
et al. 1997; Shearer 2009; Zurynski et al. 2020). This condition
can result from subclinical maternal deficiency, poor placental
transfer, and low milk concentrations of VK (Shearer 2009). It
has also been demonstrated that supplementation of VK during
the last trimester of pregnancy results in improvements in the
carboxylation of OC both in mothers and the newborn, on the
basis of measurements of umbilical cord blood (Vermeer
2012).

With respect to coagulation, foals appear to have sufficient
VK at birth, as there has been only one report of VKDB in foals.
Nevertheless, is the VK status of foals adequate for optimum
functioning of extrahepatic VKDPs? In the reported incidence
of VKDB in a 4-week-old Standardbred colt, there was no
history of anticoagulant ingestion (McGorum et al. 2009).
The administration of VK successfully stopped the bleeding
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Table 4. Equine research and case studies investigating the effect of anticoagulants.
Study Cohort/samples Response Form of vitamin K and intake Outcome
Scott et al. (1978, n = four horses. Prothrombin time Anticoagulant (Warfarin) administered. Haemorrhage, PK administered
1979, 1980) (PT). intravenously (IV) to reverse

Vermeer and Ulrich
(1982) — Effect of
warfarin

n = eight horses
(Four warfarin
treated, four
controls).

Byars et al. (1986) —
Therapeutic response
of PK

n = four horses.

n = six SB
racehorses.

Maxie et al. (1992)

Edens et al. (1993)

Rathgeber et al.
(2001)

Foal (n = one).

McGorum et al.
(2009)

Skinner et al. (2014) —
Absorption of vitamin
K

n = 12 horses
(geldings).

Skinner et al. (2015) —
Hindgut absorption of
K vitamers

n = four horses
(geldings).

Fischer et al. (2017) —
Maternal transfer of
vitamin K

and foals).

SB colt (n = one).

SB colt (n = one).

n = 18 horses (mares

Coagulation time,

growth, tissue PK.

Coagulation time,
Serum PK.

Coagulation factors.

Coagulation factors.

Coagulation factors.

Coagulation factors.

Plasma was analysed

for PK, MK-4 and
menadione.

Plasma PK, MK-4 and

menadione.

Plasma and milk

sampled for PK and

menadione.

No VK administered, | g anticoagulant
administered.

PK (100 mg per dose), 300 mg of PK IV,
and two horses were given 300 mg of
PK subcutaneously.

MD administered prior to racing to
control EIPH.

No VK administered.

No VK administered.

No VK administered.

There were six treatments (200 mg);
control, PK, MK-4, MD and KQ
(Quinaquanone™, a soluble form of PK
and MKn in the ratio of 10:1).

200 mg oral of either (1) KQ (2) KQ
coated with 1.5% calcium alginate or (3)
PK oil.

Treatment groups (n = six): no VK
supplementation (carrier paste only);
MD (15 mg); vitamin KQ a soluble form
of PK and MKn (15 mg).

anticoagulation and control
haemorrhage.

Synthesis of extrahepatic VKDPs is
reduced in parallel with the synthesis of
the Coagulation factors I, VII, IX and 9.

After discontinuation of warfarin
administration, there was a prothrombin
time (PT) reversal time of approximately
5 days from the last dose of warfarin.
The 100 mg dose of PK shortened the
therapeutic response time to 12 h and
the PT reversal time to 24 h.

MD toxicity.

Decreased activity of protein C — hyper
coagulation and renal disease.

Foal diagnosed with Von Willebrand
disease. Normal platelet function was
compromised.

Although VK administration resolved
colt A’s VKDB, and coagulation indices
were normal 5 days after cessation of
VK administration, colt A was
euthanised at 9 weeks of age because of
prolonged failure to thrive.

The soluble form of the vitamin, KQ,
was the most efficiently absorbed. There
is no specific conversion of PK to MD
or MD to MK-4 in plasma.

There was no further uptake of PK from
the spheres in the hind gut, suggesting
that the hind gut does not facilitate VK
absorption in the horse.

PK concentrations in the foal pre-suck
plasma and umbilical cord samples were
below the detection limit of the analysis
(<0.01 ng/mL) across all groups.

and prothrombin time returned to normal within 18 h. This
case suggests that in horses, as has been shown in humans
and rodents, that placental transfer of VK is limited and VK
content of milk is low. We have been able to confirm that
trans-placental transfer of VK in the mare is low, as negligible
concentrations of VK were found in both umbilical cord and
foal plasma at birth (Fischer et al. 2017).

An important aspect of improving foal VK status and
reducing the risk of VKDB is the provision of VK to the
neonate by milk. Most research investigating the composition
and quality of mares’ milk has been conducted in Western
Europe (KreSimir et al. 2011). Mare’s milk has a composition
different from that in most domestic species, but is relatively
similar in composition to breast milk, and is frequently

utilised as a substitute for infant’s intolerant to cow’s milk
in some countries (Doreau and Boulot 1989; Pieszka et al.
2016; Barreto et al. 2019). Colostrum is a more concentrated
source of vitamins for foals than is milk produced throughout
lactation (Csap6 et al. 1995), as shown in Table 5. Recently,
Skinner (2020) demonstrated that VK supplementation
of the mare increases the concentration of VK in milk,
especially in the first few days following parturition. This
suggests that colostrum is a critical source of VK for neonatal
foals in the period before their gut is sufficiently developed
for them to obtain the vitamin from pasture or intestinal
microbial synthesis. Furthermore, Siciliano et al. (2000a)
identified that VK status tended to increase with age,
particularly in foals weaned early as opposed to those
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Table 5. Vitamin content of mare colostrum and milk (mg/kg;
adapted from Csapé et al. 1995).

Postpartum days

Vitamin 0-0.5 8-45 5-270
A 0.8800 0.3400 0.3520
Ds; 0.0054 0.0032 0.0029
E 1.3420 1.1280 1.1350
PK 0.0430 0.0290 0.0320
C 23.800 17.200 15.320

weaned late, possibly suggesting increased uptake of VK from
pasture.

Sources and bioavailability of VK

Horses receive VK from three sources, namely from forage
and other feedstuffs, intestinal bacterial synthesis, and feed
additives. The relative importance of these sources for
meeting the horse’s requirements will change depending on
whether the horse is stabled or on pasture. Most research
on VK content of food has been surveys of the human diet
(Bolton-Smith et al. 2000; Harshman et al. 2014; Vermeer
et al. 2018), which show that VK is provided by leafy green
vegetables, vegetable oils, natto, cheese and other animal
products. Vegetable oils, especially from soybeans and rapeseed
have high concentrations (1500 pg/kg) of PK, which is
susceptible to heating and destroyed by light (Ferland and
Sadowski 1992). There is no consensus on the importance
of MK-n to the vitamin economy of humans or animal hosts
(McCann et al. 2019) but it is well documented that PK is
the predominate form in herbivores and MK-n in omnivores
and carnivores (Thijssen et al. 1996). However, little attention
has been given to VK concentrations of animal feedstuffs,
because of the lack of bleeding conditions in livestock and
the availability of MD as an animal feed additive.

VK in grains and hay

The concentration of the vitamin in cereal grains is very low
(0.2-0.4 mg/kg DM) but much higher (3-22 mg/kg DM) in
forages (McDowell 2000). The VK status of pastures also
varies considerably (Booth 2012) and is largely dependent
on environmental factors such as the season, weather, and
time of day. Stage of growth and ultraviolet radiation will
influence VK status of pasture, with freshly growing green
pasture containing the highest concentration of PK. Likewise,
the VK content of hay varies and is also sensitive to drying and
exposure to ultraviolet radiation (Erkkila et al. 2004). Biffin
et al. (2008b) reported that the VK content of forage was
rapidly reduced as it dried during hay production. Therefore,
the VK content of hay can be minimal (Biffin et al. 2008b).

This has implications for horses with restricted access to
pasture, where the VK status of their diet may be insuffi-
cient to ensure optimal functioning of extra hepatic VKDPs.
Biffin et al. (2008a) concluded that stabled horses fed hay-
and a grain-based complete feed should be supplemented
with VK.

VK in chloroplasts and bacteria

The commonly held belief is that the requirements for VK can
be met from the concentrations of the vitamin found in the
diet, and the amount synthesised by gut microbes. However,
there is human and rodent evidence that these sources of
the VK are not always available (Shearer et al. 2012). VK
availability is a function of digestion, absorption, and utilisa-
tion. For most nutrients, digestion and absorption are the rate-
limiting steps in availability and this appears to be the case for
VK, as release from plant or bacterial cells is problematic. PK is
tightly bound within the membrane of chloroplasts in plants
where it plays a critical role in photosynthesis and in the
formation of disulfide bridges in proteins (van Oostende
et al. 2011). Likewise, MK-n are tightly bound to cytoplasmic
membranes of bacteria where they mediate electron transfer
reactions and provide protection from lipid oxidation
(Bentley and Meganathan 1982). Studies in humans have
shown that PK in leafy vegetables has low availability when
compared with PK in vegetable oils. Surprisingly, MK-n in
animal products (fermentation products and dairy products,
including cheese) were much more available than was the
PK in vegetables (Gijsbers et al. 1996; Garber et al. 1999;
Schurgers and Vermeer 2000). The same relative VK
bioavailability (release from food matrix) was also found in
in vitro studies (Jensen et al. 2022). These results suggest
that PK in plant cells is resistant to digestion, a situation
also likely to occur in the horse, while the MK-n from
animal products is released by digestion. Perhaps intestinally
synthesised MK-n are not released into the gut to the same
extent, given the lack of digestive enzymes in the hindgut.
Moreover, the preparation and processing of animal products
for human consumption may increase PK digestibility.
Animal-based products are unlikely to occur in equine diets.

In a free form or after release from plant cells, PK is readily
absorbed in the small intestine (Shearer and Newman 2008),
and this has been shown in the horse (Skinner et al. 2014);
however, this is less clear in the large intestine, where there
is evidence that PK is poorly absorbed (Skinner et al. 2015).
For absorption, bile salts are required for micelle formation
but are lacking in the hindgut and this may partly explain
the lack of PK absorption. Moreover, the mechanisms by
which MK-n are absorbed from the colon in humans are
unknown (Karl et al. 2017). For these reasons and as it has
many forms, MK-n, if it is released from bacterial cells in
the caecum and colon of the horse, may not be absorbed;
this questions the contribution of MK-n to VK status in horses.
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Synthetic VK

To eliminate the possibility of VK deficiency, MD, the
synthetic form of VK, is routinely added to animal diets,
usually as a sodium bisulphide complex (MSBC), which is
soluble and has biological activity at least equal to that of
PK (Scott et al. 1976). The European Food Safety Authority
(EFSA) reviewed the available evidence and considered MD
safe for all animals (EFSA Panel on Additives and Products
or Substances used in Animal Feed (FEEDAP) 2014), but
did not consider renal toxicity for horses as described
above. However, the EFSA Panel on Additives and Products
or Substances used in Animal Feed (FEEDAP) et al. (2021)
did conclude that synthetic PK is an effective source of VK
for horses. The cost of producing the natural forms of VK
(PK and MK-n) has precluded their use in feed supplements;
it is 100 times more expensive than is MSBC. Phytonadione
is PK that is chemically synthesised from MD and has been
used in human pharmaceuticals and food supplements since
the middle of last century. However, as new roles for VK
emerge, there is a consumer-driven push to produce ‘natural’
VK by using biotechnology rather than chemical synthesis
(Tarento et al. 2019; Kang et al. 2022). There are many
biomanufacturing challenges when scaling the production
of a new product to market (Speight et al. 2022) that will
need to be overcome in this new era of VK supplementation.

Interactions with other nutrients

Although the availability of a nutrient is usually considered as
a function of an individual feedstuff, many factors affect
availability, and it has been shown that total diet composition
can significantly affect free PK absorption (Jones et al. 2009).
This could reflect lipid content or the concentrations of other
fat-soluble vitamins in the diet. Moreover, diet can influence
the concentrations of different VK vitamers in the gut
indirectly through modulation of the gut microflora (Ellis
et al. 2021) and this has also been shown when animals are
medicated with antibiotics (Quinn et al. 2020). Interactions
of the fat-soluble vitamins A, D, E and K have been demon-
strated in rodents (Traber 2008) and chickens (Abawi and
Sullivan 1989; Guo et al. 2021), especially in relation to
intestinal absorption due to competition for similar transport
and uptake mechanisms (Goncalves et al. 2014). Large doses
of vitamin A have been shown to antagonise VK uptake in
humans. Furthermore, human studies have demonstrated
that increased dietary vitamin E concentrations will reduce
VK absorption (Booth et al. 2004). It has subsequently been
shown that high vitamin E concentrations also decrease
post-absorptive metabolism of VK that is accompanied by
decreased MK-4 tissue concentrations (Tovar et al. 2006).
These interactions have not been examined in horses and
question the arbitrary micronutrient supplementation practiced
in some racehorse stables (Southwood et al. 1993). The
interaction between VK and the antioxidant glutathione also

warrants further investigation in the horse, with in vitro
studies in rats suggesting that VK inhibits glutathione
depletion (Elkattawy et al. 2022).

Antagonism between vitamins E and K has been known for
many years (Traber 2008). Data from other animals suggest
that coagulopathy and impaired bone mineralisation can
occur when diets with excessive vitamin E (above the upper
safe limit of 1000 mg/kg DM; National Research Council
(NRC) 1987) are consumed. However, in horses no signs
indicating vitamin E toxicosis have yet been reported even
at the high intakes recommended for treatment of equine
degenerative myeloencephalopathy (EDM) and other conditions.
Interest of late has switched to vitamins D and K, as both have
roles in bone health and osteoporosis prevention (Shearer
1997; Fleming 2008; Lanham-New 2008). Both vitamins
regulate bone mineralisation, and this is well defined for
vitamin D through modulation of calcium and phosphorus
homeostasis; a complex area of mineral metabolism (Li
et al. 2017). The role for VK is less clear but the vitamin
mediates hydroxyapatite formation through carboxylation
of proteins required for this process (Shearer and Okano
2018). An important protein in this regard is OC and
vitamin D regulates its synthesis (Shearer 1997). Moreover,
vitamin D stimulates intestinal calcium absorption, while
VK stimulates renal calcium resorption (Iwamoto et al. 2003),
both important aspects of calcium homeostasis. Delineation of
the interdependence of calcium, phosphorus, vitamin D and
VK in equine nutrition is an area worthy of detailed research.

Emerging roles of VK for horses

In this section, implications for equine metabolism and nutrition
of some of the roles for VK beyond coagulation are discussed.

VK and bone metabolism

With the isolation of VKDPs located in bone, especially OC,
there has been much interest in delineating the role of VK
in skeletal health, especially osteoporosis and osteoarthritis
(Mott et al. 2019; Su et al. 2019). All the research into the
relationship of VK to bone accretion and turnover has centred
on these human maladies that usually occur in older adults;
similar conditions have not been reported in older animals.
However, there are several developmental bone diseases in
horses, pigs, chickens, turkeys, and dogs (Ytrehus et al. 2007)
that have many similarities with osteoporosis. Research
into these animal conditions has not been undertaken with
VK, but raises the question of a possible role for VK in the
pathogenesis of diseases related to equine bone develop-
ment, as horses are particularly susceptible to anomalies of
bone metabolism.

The VKDP OC is located within bone and plays a vital role
in bone metabolism, facilitating the binding of bone minerals
with protein (Hauschka et al. 1989). Decreased functionality
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of this protein has been found to be associated with an
increased fracture risk and osteoporosis in humans. The
y-carboxylation of OC, and matrix Gla-proteins (MGP) in
humans is indicative of bone health, with higher percentages
of ucOC associated with a lower bone mineral density (BMD)
and an increased risk of hip fracture (Gundberg et al. 2012).
Biffin et al. (2008a) found that Thoroughbred yearlings with
radiological lesions had a significantly lower BMD than did
those with clean X-rays.

Binkley and Suttie (1995) found that in adults, a maximum
VK supplemental intake of 1000 pg was effective in reducing
percentage ucOC to its lowest level. Biffin et al. (2010)
suggested that to attain 90% carboxylation of OC, 7 mg of
vitamin K/day was required by a 500 kg horse using a
bioavailable soluble form (Quinaquanone®; KQ); however,
it is important to note that this pertains only to horses
without access to fresh green pasture (Biffin et al. 2008a).
Although a significant difference was not reported, these
results emphasised that a higher intake of VK may be necessary
for optimal functioning of VKDPs than was previously thought,
especially for bone development of the foal. However, when
Siciliano et al. (2000b) supplemented young Quarter horses
at the initiation of exercise training with PK, there were
no differences between treatments in relative bone density
distribution in the carpal bones, or cumulative gross lesion
score of the carpal joints. No significant correlation was
present between OC and hydroxyapatite-binding capacity of
serum OC, and other bone measures.

VK and energy metabolism

Studies examining the role of VK in bone health have
highlighted the possible role of bone and therefore VK in
energy metabolism, leading to the suggestion that bone is
an endocrine organ (Lee et al. 2007). Studies in mice and
rats found that removal of OC was associated with obesity
and reduced glucose and insulin sensitivity, suggesting a
link between OC and metabolic-related disorders such as
diabetes (Gundberg et al. 2012). It was found that OC had a
modulatory effect on adiposity in mice, by improving glucose
metabolism, increasing p-cell proliferation and insulin
secretion in the pancreas (Booth et al. 2013). Thus, bone was
acting as an endocrine organ with OC, produced by osteoblasts,
acting as a messenger for bone, targeting the pancreas and
adipose tissue (Schwetz et al. 2012; de Paula and Rosen
2013; Moser and van der Eerden 2019). However, it has
been proposed that OC may exert its effects through the
hormone adiponectin (Booth et al. 2013). An intriguing
finding of these mechanistic studies with knockout mice
has been that the hormonally active form of OC is undercar-
boxylated, contrary to involvement in bone metabolism
where it is carboxylated (Han et al. 2018; Wang et al. 2021;
Alonso et al. 2023). Following carboxylation, OC binds with
the minerals in the extracellular bone matrix. However,
during bone resorption, the pH drops, creating a more

acidic environment that facilitates de-carboxylation of OC.
Undercarboxylated osteocalcin is released into the blood as
it has lower affinity for the bone matrix and can circulate
as a bone hormone (Han et al. 2018; Wang et al. 2021;
Alonso et al. 2023).

Although the role of bone in energy metabolism is now
appreciated, there is still much to unravel to fully understand
the complexity of the intrinsic relationship between bone
metabolism and whole-body energy homeostasis (de Paula
and Rosen 2013; Dirckx et al. 2019). This is illustrated by
studies in humans where a relationship between ucOC and
glucose metabolism remains to be demonstrated clinically
(Lin et al. 2018). Furthermore, in studies with three different
OC knockout mouse models, a hormonal role for the undercar-
boxylated molecule was not always displayed by the different
mouse phenotypes (Wang et al. 2021). Detailed discussions
of the inconsistent results of the mouse models and the
conflicting views on the endocrine role of OC have been
provided by Han et al. (2018), Wang et al. (2021) and
Alonso et al. (2023). Moreover, delineating cause and effect
has become more complex as compounds with hormonal
activity, in addition to OC, have been identified as originating
from bone (Oldknow et al. 2015; Han et al. 2018; Dirckx et al.
2019; Wang et al. 2021; Alonso et al. 2023).

There are several equine metabolic disorders that relate to
disturbances of energy metabolism, most noticeably obesity,
hyperlipidaemia, insulin resistance, and equine metabolic
syndrome (EMS). Equine metabolic syndrome was first
described at the turn of this century; Johnson (2002) and
Harris et al. (2020) have outlined how the concept of EMS
has evolved. Insulin resistance is an important component
of the disease, but the term insulin dysregulation is now
preferred (Frank and Tadros 2014). The disease in horses
and the metabolic syndrome in humans differ, but both
involve vascular pathology, with the equine syndrome often
resulting in laminitis, while cardiovascular disease is the
outcome in humans (Ertelt et al. 2014). The pathogenesis of
both syndromes is similar but poorly understood. There
appears to be a relationship between the syndrome and
osteoporosis in humans (Wong et al. 2016), suggesting an
interplay with bone and possible hormonal role of OC.

Other pathways mediated by VK

With the recognition of bone as an endocrine organ, interac-
tions with apparently unrelated organs have been found.
A role for VK in the function of the brain and nervous system
was postulated (Ferland 2012) and it now appears that the
vitamin plays a role in brain development and cognition
(Moser and van der Eerden 2019). The deposition of calcium
in vascular tissues also appears to be in part mediated by
VKDPs, with MGP found to act as a calcification-inhibitor
(Bjorklund et al. 2020).

Recent research suggests that OC influences the
hypothalamic-pituitary-gonadal axis, with a regulatory
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function on spermatogenesis and male fertility (Oury et al.
2011; Shan et al. 2021; Wang et al. 2021). Furthermore,
there is evidence that OC is required for mounting the
acute stress response (Berger et al. 2019) or the fight/flight
reaction. It is not surprising therefore, that there is increasing
evidence of a role for OC in adaption to, and energy utilisation
by muscle during exercise (Mera et al. 2016; Dirckx et al.
2019; Alonso et al. 2023).

All these pathways have implications for the nutrition and
management of horses. In this regard, an area of research that
has received considerable attention in production animals is
gut health or gut homeostasis, an area of great importance
to horses. Significantly, there is accumulating evidence
(reviewed by Lai et al. 2022) that VK plays a role in gut
homeostasis through maintenance of intestinal barrier
integrity and the gut microbiota, modulation of intestinal
immunity, and reduction of inflammation.

Conclusions and perspective

Although VK was discovered some 90 years ago, it is only in
the past 20 years, that the extent of the biochemical function
of VK has been appreciated. With this increased understand-
ing, VK should no longer be considered a single-function
‘haemostasis vitamin’, but rather as a ‘multi-function vitamin’.
It is involved in many physiological processes in addition to
blood coagulation, including bone and energy metabolism,
spermatogenesis and immunity. These latter processes are
usually overlooked as the role of many of the VKDPs has
not been elucidated. Most of the research that has examined
these aspects of VK metabolism has used either in vitro studies
with cell lines or knockout mouse models. This is a complex
area as the various vitamers of VK are different, not only
with regard to their cofactor activity, but also their absorption,
transport, tissue distribution and turnover. Moreover, unlike
other fat-soluble vitamins, VK reserves are rapidly depleted
from the body.

VK is essential for bone formation and bone mineralisation.
The biosynthesis and activation of the key bone proteins (OC,
matrix Gla-protein, and protein S) rely on VK. There has been
much interest of late in the role of OC as a hormonal
messenger for bone and the role that bone plays in whole-
body energy homeostasis. Paradoxically, it is the carboxylated
form of OC that is active in bone, but the undercarboxylated
form of OC that has hormonal activity. The mitigation of
osteoporosis in some aging human populations by VK shows
much promise, but information on the role of VK in the bone
integrity of young children and adults is lacking, as it is for
rapidly growing animals. As horses are particularly susceptible
to anomalies of bone metabolism, does VK have a role in
improving equine bone health?

It is generally accepted that the requirements for VK are
met from the diet and from microbial synthesis in the gut.

However, there is evidence that these sources of the vitamin
are not always bioavailable; PK is synthesised in green plants
but destroyed by drying and MK-n is synthesised by bacteria
in the hindgut but there is limited evidence that it is absorbed.
There are many questions that recent research findings raise
for the use of VK in horse nutrition. Which form of VK, when
added to animal diets, will provide optimum performance and
health, is a very important question. Much of the research on
VK metabolism and requirements in animals occurred some
two decades ago, but in the intervening period much progress
has been made in our understanding of the pivotal role that
VKDPs play in different aspects of metabolism and health.
There is increasing awareness of the role of VK in bone
health, energy metabolism and immunity, but little research
has been conducted with animals. How do these findings in
humans and rodents relate to VK status and the health and
welfare of horses? However, a clear understanding of VK
metabolism and function will not be possible till the current
analytical limitations of the quantification of the vitamin and
its different metabolic forms are overcome. It should then be
possible to define the role of VK in equine metabolism and
nutrition.
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