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ABSTRACT

Adipose,	muscle,	and	bone	tissues	modulate	the	metabolic	state	of	mammals.	However,	the	role	
of	bone	tissue	as	a	metabolic	state	modulator	in	sows	has	not	been	studied.	During	the	gestation–
lactation	transition,	sows	undergo	metabolic	adaptations	to	meet	their	nutritional	requirements.	
Among	these	adaptations,	bone	remodeling	 is	characterized	by	the	synthesis	and	 inhibition	of	
hormones	that	participate,	together	with	hormones	from	other	tissues,	in	fetal	development	and	
lactogenesis.	Osteocalcin	is	a	hormone	synthesized	by	the	bone	tissue	which	has	been	associated	
in	different	biological	models	with	the	 improvement	of	the	metabolic	state.	However,	 in	sows,	
published	results	on	the	concentration	of	osteocalcin	are	scarce,	and	its	concentration	through-
out	the	reproductive	cycle	is	unknown.	Therefore,	with	information	from	published	trials	on	the	
measurement	 of	 serum	 osteocalcin,	 a	 structured	 review	 was	 conducted	 under	 the	 following	
objectives:	 (1)	to	review	the	promising	effect	of	osteocalcin	on	energy	metabolism	 in	different	
models	and	 (2)	 to	characterize	and	model	 the	serum	concentrations	of	osteocalcin	during	 the	
reproductive	cycle	of	the	sow.	According	to	the	review,	the	results	obtained	for	humans	and	other	
animal	models	suggest	that	osteocalcin	regulates	energy	metabolism,	which	has	been	associated	
with	the	need	for	 integrated	metabolism	to	cope	with	the	metabolic	demand	during	gestation	
and	lactation	in	mammals.	If	these	effects	are	significant	in	the	sow,	current	recommendations	
for	dietary	balance	should	be	reconsidered,	particularly	during	the	gestation–lactation	transition	
period.	According	to	mathematical	modeling,	it	was	the	period	in	which	the	lowest	concentration	
of	osteocalcin	was	found.
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Introduction

The adoption of recent technologies has resulted in substan-
tial improvements in sow productivity in recent decades 
[1]. In the 1980s, the first swine production systems were 
developed to intensify the rearing of this species. However, 
the productive potential of sows was not optimal, which was 
reflected in the high production costs [2]. The development 
of hyperprolific sows was initiated as a solution to the low 
productivity problem through the implementation of genetic 
improvement programs during the 90s [3–5]. However, the 
increase and rapid dissemination of this type of sow globally 
translated into difficulties, rather than benefits. The genetic 
improvement of reproductive indicators was not concomi-
tant with the knowledge of the physiology of this new type 
of sow, which caused productivity gaps in the systems [6].

Currently, there is still a productivity gap in the systems, 
which is associated with the fact that modern sows face 
considerable metabolic challenges. During the transition 
between gestation and lactation, the sow must resort to 
metabolic modifications because of the increased demand 
for nutrients for fetal development and lactogenesis [7]. 
These metabolic adaptations lead to a deficit in feed intake 
at lactation, generating a catabolic state in sows owing 
to the mobilization of their body reserves, with adipose, 
muscle, and bone tissues being affected to a greater extent 
[7,8]. The deficit in feed intake of lactating sows is mainly 
compensated by the catabolism of body reserves [8]. 
During lactation, a sow’s energy metabolism is affected 
both by their body condition at the end of gestation and by 
their energy intake [9,10]. In most cases, the alteration of 

©	The	authors.	This	is	an	Open	Access	
article	distributed	under	the	terms	of	
the	Creative	Commons	Attribution	4.0	
License	(http://creativecommons.org/
licenses/by/4.0)

https://orcid.org/0000-0003-4502-3727
https://orcid.org/0000-0001-6684-4765


http://bdvets.org/javar/	 	 635Ordaz et al. / J. Adv. Vet. Anim. Res., 9(4): 634–648, December 2022

fat metabolism is accompanied by the catabolism of mus-
cle tissue and changes in protein metabolism. Low energy 
intake implies reduced protein availability and subsequent 
alterations in biochemical indicators [11,12].

A third important reserve tissue is the bone. The skel-
eton of the sow is the main source of calcium during preg-
nancy and lactation [13]. Bone tissue turnover increases 
during the peripartum period because of calcium demand 
for fetal skeletal formation, uterine contractions, and early 
lactation [14]. However, as serum calcium levels stabi-
lize during the reproductive cycle of sows [13–15], bone 
markers are useful alternatives for monitoring the bone 
metabolism of sows [15]. As a marker for bone formation, 
osteocalcin can provide information on bone turnover, cal-
cium metabolism, and thus the metabolic status of the sow 
[16]. It has been hypothesized that energy metabolism, 
reproduction, and bone mass may have a common hor-
monal regulatory mechanism [17]. This conjecture is asso-
ciated with insulin and leptin [18] acting on osteoblasts to 
stimulate or inhibit osteocalcin, a hormone that modulates 
insulin sensitivity [19]. However, there is little evidence of 
the behavior of osteocalcin concentration throughout the 
reproductive cycle of the sow, and no information on its 
effect on the energy metabolism of the sow. Therefore, the 
objectives of this study were (1) to review the promising 
effect of osteocalcin on energy metabolism in different 
models, and (2) to characterize and model the serum con-
centrations of osteocalcin during the reproductive cycle of 
the sow.

Methodological Approach

Because the data were obtained from existing data, no 
approval was applied for from an animal care and use 
committee.

Schematic modeling
Information from the main research on this topic was 

used for the characterization and schematic modeling 
of serum osteocalcin concentration and its relationship 
with energy metabolism in different biological models. 
The information was analyzed under the methodological 
approach of the General Systems Theory, which postulates 
that, with the integration of different scientific disciplines, 
the solution of problems is achieved integrally [20]. In the 
“real world”, complex scenarios and processes cannot be 
classified by their correspondence with a single discipline, 
resulting in complex systems [21,22]. A complex system 
represents a slice of reality, conceptualized as an orga-
nized whole, in which the elements are characterized by 
1) not being separable, 2) having a specific delimitation 
(feedback), and 3) not being studied in isolation [23,24]. 
To study a phenomenon in isolation is to eliminate the 

analysis of the context [environment] in which observable 
relationships develop, which is neither ideal nor possible. 
Every biological system interacts directly with the envi-
ronment [23].

Complex systems, such as swine production systems, 
are generally composed of four elements: context, humans, 
animals, and technology [24]. However, for this review, the 
technological component was prioritized because a pro-
duction system of this nature is determined by its technical 
elements. This is represented in two contexts: 1) the phys-
ical context associated with alternatives used to control 
variability, and 2) the biological context associated with 
the knowledge generated to control the parameters inher-
ent to the biology of the species [25]. In addition, the opti-
mal balance of the four components to reduce variability to 
zero is not possible because a system in total equilibrium 
runs the risk of disappearing due to the precision exerted 
by a greater entropy contained in its products; therefore, 
biological systems move away from equilibrium for as long 
as possible. Therefore, for a system not to enter entropy, it 
must: (1) invest in the process of increasing the amounts of 
energy extracted from the environment by modifying the 
biological system [sow] through technology and (2) trans-
fer the price of energy loss to the subsystems by modifying 
the interaction between the system’s components [22].

Hence, the serum concentration of osteocalcin in breed-
ing sows was characterized and modeled using two sche-
matic organization models. The first model contained a 
black box approach, where the factors attributable and not 
attributable to the phenomenon (and which were likely 
to condition the operation of the system) were obtained. 
In the second model, a more formal approach was consid-
ered. The data were analyzed considering Goodall’s [26] 
criteria: 1) internal homogeneity concerning properties 
of the system; 2) relative interdependence of the compo-
nents of the system; and 3) related disciplines as a basis for 
breaking down the system. This eliminated, to the great-
est possible extent, any inconsistencies that might bias the 
perception of reality.

Mathematical Modeling

Database description

A database containing indicators of the characteristics of 
the animals used, diet composition, and serum concen-
trations of osteocalcin, calcium, and phosphorus during 
gestation and lactation was developed. Information was 
collected from 12 articles published in scientific journals 
indexed in PubMed and Science Direct. Studies that met the 
following criteria were included: 1) adequately described 
research methods (feeding, sampling, and blood analysis); 
2) the experiments always had a control group. Because 
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of the limited results that the search yielded (17 publica-
tions) for the measurement of osteocalcin in reproduc-
tive sows, the control group of each selected experiment 
was used to characterize the osteocalcin concentration in 
serum during gestation and lactation; 3) the genotypes 
used in the research were related to the genotypes used 
in current swine production systems; studies using Guinea 
pigs and Vietnamese pigs used in research as biological 
models were omitted; and 4) serum osteocalcin, calcium, 
and phosphorus concentrations were determined at least 
during three different points in the reproductive cycle of 
the sow.

The main variables in the database about animals, i.e., 
their dietary composition and the serum concentrations 
of osteocalcin, calcium, and phosphorus, are reported 
in Table 1. The response variables (dependent) were 
the serum concentrations of osteocalcin (ng/ml), cal-
cium, and phosphorus (mmol/l). The values of all vari-
ables for each observation could not be determined for 
all the observations. Therefore, the number of observa-
tions used for statistical analysis differed between the 
response variables.

Statistical analysis

The data were analyzed according to the method of 
St-Pierre [27], who considered the random effect of a study 
and its possible interaction with fixed-effect factors. The 
MIXED procedure (SAS Institute. Inc., Cary, NC) was used 
to solve the following base model:
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�
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where, Yij is the observed result for the dependent variable 
(Y ) in the ith experiment according to evaluation day (D), 
i = 1, 2,…, 143 (1, 2, …, 115 = gestation phase; 116, 117, …, 
143 = lactation phase); b0 is a general intercept; D is the 
evaluation day; b1, b2, and b3 are the regression coefficients 
for D, D2, and D3 (fixed effects);  is the random effect of the 
study (i.e., a change in the intercept for each study); si is 
the random interaction of the study × D (i.e., a change in 
the linear term for each study); and  is eij the residual error.

In Equation (1), it is assumed that
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As the data were drawn from various investigations, each 
with its own experimental design, it was important to 
properly estimate the observations (the reported means) 
according to their relative precision (SE). Therefore, obser-
vations were weighted by the number of animals in each 
trial to account for the uneven residual variation between 
trials [28]. An unstructured variance-covariance matrix 
(TYPE = UN in the MIXED procedure) was used to model 
the random intercepts and slopes, allowing for random 
covariance between the slopes and intercepts across ran-
domized studies [27].

Table 1.	 Descriptive	statistics	of	the	indicators	included	in	the	data	set.

Indicator Trials number Obs. number Average SEM Min. Max.

Sows	number/trial 12 92 26.7 3.03 5.0 100.0

Diet	composition

Gestation

	 Crude	protein,	% 12 84 14.5 0.13 13.0 15.1

	 Metabolizable	energy,	kcal/kg 12 84 3,115.9 17.5 2,772.0 3,230.0

	 Calcium,	% 12 84 0.83 0.02 0.70 1.0

	 Phosphorus,	% 12 84 0.56 0.01 0.50 0.66

Lactation

	 Crude	protein,	% 12 84 18.1 0.15 16.5 21.0

	 Metabolizable	energy,	kcal/kg 12 84 3,359.1 8.6 3,280.0 3,470.0

	 Calcium,	% 12 84 0.95 0.02 0.71 1.20

	 Phosphorus,	% 12 84 0.62 0.01 0.54 0.69

	 Osteocalcin,	ng/ml 12 92 90.2 3.9 28.5 188.3

	 Calcium,	mmol/l 12 92 1.95 0.06 1.2 3.2

	 Phosphorus,	mmol/l 12 92 2.05 0.04 0.72 3.3
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Interaction of osteocalcin with metabolic indicators in 
different biological models

Over the past few decades, several studies, mainly in mice, 
have been published [29,30] that provide evidence for 
osteocalcin-driven metabolic effects. Such studies have 
focused on the question of why a bone-specific hormone 
would regulate energy metabolism. As reported on the 
role of the skeleton in energy metabolism in murine mod-
els, when translated to reproductive sows, osteocalcin in 
sows reflects an essential need to integrate homeorhetic 
changes, i.e., “coordinated changes in the metabolism of 
tissues body tissues necessary to support a physiological 
state” [31]. By understanding and modulating the concen-
tration of osteocalcin and its effects on biochemical indica-
tors in reproductive sows, it can be possible to implement 
feeding strategies that favorably modulate the metabolic 
state and increase productivity. However, this also requires 
an understanding of the interactions between skeleton, 
energy, and protein metabolism and their effects on metab-
olism in general (Fig. 1).

What is known about osteocalcin as a modulator of energy 
metabolism?

When it was discovered that obesity lowers the incidence 
of osteoporosis in humans, the idea that the skeleton may 
play a role in energy homeostasis and homeorhesis was 
initially put forth in 1993 [33]. The relationship between 
bone metabolism and glucose in knockout mice was first 
reported in 1996, both in normal mice and in mice specific 
for osteoblasts that encode osteotesticular protein tyrosine 

phosphatase, a protein that has an affinity to be expressed 
in bone, testis, and ovary [34,35]. Both Esp knockout ani-
mals displayed lower blood glucose levels, higher serum 
insulin concentrations, improved glucose and insulin toler-
ance tests, larger pancreatic islets, and greater cell prolif-
eration in addition to higher insulin sensitivity and lower 
visceral fat.

A hormonal and neurological mechanism that con-
trols bone remodeling was established in 1998 by Corral 
et al. [36]. Leptin improves the osteoblastic development 
of bone marrow progenitors and prevents late differen-
tiation to adipocytes, according to a 1999 publication by 
Thomas et al. [37]. Therefore, it is hypothesized that leptin 
may function largely in the maturation of stromal cells in 
both lineages to regulate these two differentiation routes 
physiologically, the idea that the same hormones control 
both bone and energy metabolism dates back to 2000 [38]. 
By proving that leptin, via a hypothalamic pathway, is the 
primary regulator in the suppression of bone develop-
ment, in vivo evidence of central regulation of bone mass 
is provided.

Leptin influences energy balance and the neuroendo-
crine axis through hypothalamic linkages, according to 
Ahima [39], who published her findings in 2000. In 2002, 
Cornish et al. [40] published the first study demonstrating 
the systemic effects of leptin administration on histomor-
phometry and resistance in bone tissue in wild mice. They 
found that leptin: (1) directly regulates bone cell function 
in vivo and decreases bone fragility, and (2) the peripheral 
effect of leptin (mediated by insulin) outweighs the central 
effect.

Figure 1. Relations between the skeleton and energy metabolism. Figure modified from Wolf [32].
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In 2004, it was demonstrated that excessive bone 
mass in fat-free mice could be rectified with the infusion 
of transgenic leptin, demonstrating that it is responsible 
for the bone phenotype [41]. This demonstrated that the 
integrity of sympathetic transmission is required for the 
increase in bone resorption induced by gonadal failure and 
contributed to the discovery in 2005 that leptin controls, 
through a neurological mechanism, the two components 
of bone remodeling. The receptor activator nuclear fac-
tor-kB stimulates bone resorption in the sympathetic ner-
vous system (SNS; RANKL). The phosphorylation of ATF4 
is necessary for this sympathetic activity. Due to Cocaine 
and Amphetamine Regulatory Transcript (CART) whose 
expression is regulated by leptin, and which was repressed 
in the model (ob/ob), which prevents bone resorption 
by modifying RANKL, bone resorption does not rise in 
gonadectomized mice lacking the B2 adrenergic receptor 
receptor [42].

It was not until 2007 that Lee et al. [29] established that 
osteocalcin, which is a bone hormone, regulates energy 
metabolism and glucose homeostasis. In 2009, for the first 
time in humans, plasma osteocalcin was reported to be 
inversely related to fat mass and plasma glucose [43]. In 
addition, the association of osteocalcin with insulin sensi-
tivity and metabolic syndrome has been reported [44,45]. 
It should be noted that since the proportion of carboxyl-
ated osteocalcin (Gla) was reduced in Esp-/-mice, it was 
suggested that Esp regulates the carboxylation of osteo-
calcin and that non-carboxylated osteocalcin (Glu) is the 
one that participates as a hormone that regulates glucose 
metabolism [29]. Furthermore, Esp was found to inhibit 
insulin signaling in osteoblasts by dephosphorylating 
the insulin receptor, and insulin signaling inhibited FoxO, 
which induced Opg and Esp expression but reduced osteo-
calcin expression [46,47]. Because reduced Opg expres-
sion leads to increased bone resorption, which induces 
osteocalcin decarboxylation, it was proposed that serum 
osteocalcin Glu, by inducing bone resorption, increases 
insulin signaling in osteoblasts [46].

Leptin as a modulator of osteocalcin

Since leptin was discovered in 1994, the majority of studies 
on it have focused on how it affects calorie intake, repro-
ductive function, and appetite regulation [48]. Clinical 
studies, however, have demonstrated recently that leptin 
also impacts bone remodeling [17]. Based on the unique 
properties of this hormone for appetite, reproduction, or 
energy expenditure in vertebrates, these investigations 
[30,39,49] were conducted. For instance, worms and flies 
can have poor nutritional status, be fertile or infertile, 
and still not produce leptin. Leptin is now considered to 
be typical of vertebrates; in fact, it first appeared with 

the development of bone [30]. It suggests that leptin may 
co-regulate the metabolism of both bones and energy.

Leptin has been shown to affect bone metabolism in 
a variety of ways. Studies in mice have shown that leptin 
gene-mutated ob/ob mice have a high bone mass pheno-
type similar to leptin receptor-deficient db/db mice [38]. 
Leptin gene therapy corrects bone abnormalities in ob/ob 
mice [50], thus indicating that leptin is responsible for the 
particular bone phenotype. In 1995, it was reported that 
the medial basal hypothalamus had the highest density of 
neurons expressing the leptin receptor and was a critical 
target of leptin [51]. In leptin-deficient mice, leptin treat-
ment has been shown to cause bone loss, and it has been 
determined that leptin suppresses bone production via 
the hypothalamic relay [38]. Additionally, leptin has been 
demonstrated to control bone formation via the SNS (Fig. 
2). This finding suggests that the ventromedial hypothal-
amus’s neurons are implicated in leptin’s anti-osteogenic 
action [52]. As a link between the hypothalamus and the 
bone, this action also needs a healthy SNS. Functional β2 
adrenergic receptors were also found in osteoblasts and 
β2 adrenergic antagonist could increase bone mass in mice 
[52]. This proves that signals are sent to osteoblasts via the 
SNS after leptin attaches to its receptor on ventromedial 
neurons [30].

Peripheral leptin enhances bone mass by interacting 
with mesenchymal stem cells in the bone marrow, as well 
as with osteoblasts, osteoclasts, and chondrocytes, in addi-
tion to its effects on bone metabolism through the central 
pathway [53,54]. High-affinity leptin receptors have been 
found in the bone marrow of humans [37], where they can 
differentiate into adipocytes or osteoblasts. Leptin has also 
been shown to enhance proliferation and mesenchymal 
stem cell differentiation in the osteoblastic lineage while 
inhibiting those in the adipocyte lineage [55,56]. Leptin 
can promote osteoblast proliferation, de novo collagen syn-
thesis, and mineralization in vitro, and facilitate osteoblast 
signaling to osteoclasts [57].

In summary, leptin affects bone metabolism through 
the central and peripheral pathways. On one hand, when 
acting via the central pathway, leptin appears to inhibit 
bone formation and promote bone resorption, thus lead-
ing to bone loss. In contrast, via the peripheral pathway, 
leptin appears to increase bone formation and inhibit bone 
resorption, thus increasing bone mass.

Neuropeptide Y (NPY) as a modulator of bone metabolism

NPY, a 36-amino acid peptide, is highly expressed in the 
arcuate nucleus of the hypothalamus [58]. NPY infusion 
led to a significant reduction in cancellous bone volume in 
mice [38]. Studies in mice have reported that NPY-deficient 
animals appear to have increased bone mass associated 
with increased osteoblast activity [59]. Brain-specific NPY 



http://bdvets.org/javar/	 	 639Ordaz et al. / J. Adv. Vet. Anim. Res., 9(4): 634–648, December 2022

overexpression and Y-receptor deactivation models have 
also been reported, thereby revealing a potent anabolic 
pathway of the NPY system in the control of bone metab-
olism [60]. Moreover, central leptin signaling can also 
inhibit NPY production in leptin-sensitive NPY neurons, 
suggesting a possible interaction between NPY and leptin 
in the regulation of bone formation [54].

Vitamin K as a cofactor for osteocalcin carboxylation

The first reports indicating the effect of vitamin K on bone 
metabolism were published in the 1970s after malforma-
tions were observed in infants born to women treated with 
vitamin K antagonist drugs [61]. Numerous studies have 
reported that vitamin K deficiency in diet or circulation is 
associated with lower bone density [62–64]. Vitamin K has 
also been shown to affect osteocalcin carboxylation [65], 
reduce urinary calcium excretion, and improve bone turn-
over profile [66].

For osteocalcin to exert an effect on energy metab-
olism, it must be decarboxylated; however, there is no 

extracellular or circulating gamma decarboxylase, which 
suggests that this process depends on bone resorption. 
This hypothesis was derived from the following observa-
tions: 1) Gla-osteocalcin binds to the mineralized matrix 
through Gla residues, and can be released from the matrix 
by osteoclasts [67]; 2) Gla-osteocalcin residue Gla can be 
decarboxylated when exposed to an acidic pH, and bone 
resorption causes acidification of the bone matrix [68], 
and 3) vitamin K functions as a cofactor for the enzyme 
glutamate carboxylase (GGCX) [69].

Therefore, gamma-carboxylation (Fig. 3) is depen-
dent on vitamin K and is essential for the protein to 
have a high affinity for minerals and to allow osteocalcin 
(Gla-osteocalcin) to attract calcium ions and incorporate 
them into hydroxyapatite crystals [71]. In contrast, Glu-
osteocalcin has a lower affinity for bone and is found in 
greater proportions in the circulation [72]. Therefore, car-
boxylation or its absence favors the release of osteocalcin 
into circulation, respectively. It has been shown in vitro in 
isolated islets and primary adipocytes that the carboxylate 

Figure 2. This figure, modified by Lee and Karsenty [17], schematically represents the regula-
tion of bone mass by fat. 1) Leptin binds to its receptor on hypothalamic neurons, subsequently 
via the SNS via CART expression of RANKL in osteoblasts. 2) Osteoblasts regulate insulin gene 
expression in β cells and adiponectin gene expression in adipocytes. Osteoblasts or Esp -/- were 
co-cultured with β cells or adipocytes. This procedure resulted in increased insulin gene expres-
sion, increased insulin secretion, and increased adiponectin gene expression, which resulted in 
increased insulin sensitivity. 3) Osteocalcin in its non-carboxylated form (Glu-OC) derived from 
osteoblasts improves glucose kinetics. OST-PTP, the product of the Esp gene, favors, through still 
unknown mechanisms, the carboxylation of osteocalcin. In the absence of Esp, most osteocalcin is 
not carboxylated. This non-carboxylated form of osteocalcin increases insulin gene expression in 
β cells and adiponectin gene expression in adipocytes, resulting in increased insulin secretion and 
insulin sensitivity, respectively.
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form is inactive, and the non-carboxylate form is active in 
isolated islets and primary adipocytes [17]. This was cor-
roborated by the exposure of adipocytes to carboxylated 
(Gla-) and non-carboxylated (Glu-) recombinant osteocal-
cin. Adipocytes exposed to Glu-osteocalcin produced twice 
the amount of adiponectin. Similarly, culturing pancreatic 
cells cultured with Glu-osteocalc showed an increase in the 
amount of insulin (i.e., 1.5-fold) and the level of cyclin D (an 
indicator of cell proliferation, 2.5-fold), with a subsequent 
increase in pancreatic β-cells. Similarly, insulin sensitivity 
also increased, thus improving glucose kinetics [30].

However, the molecular mechanisms underlying the 
beneficial role of vitamin K in insulin sensitivity and glu-
cose homeostasis remain unclear. At the general systemic 
level, the concentration of total osteocalcin includes the val-
ues of both Gla- and Glu-osteocalcin levels. The percentage 
of Glu-osteocalcin decreases in response to vitamin K sup-
plementation and increases with vitamin K depletion [73]. 
Interestingly, vitamin K intake, which causes a decrease 
in Glu-osteocalcin concentration, has been reported to 
reduce insulin resistance in patients with diabetes [74,75], 
which is opposite to the expected outcomes from animal 
studies [17]. Therefore, there is an inconsistency between 
human evidence and experimental models regarding the 
involvement of osteocalcin in glucose metabolism.

Characterization and modeling of the serum concentration 
of osteocalcin in breeding sows 

The descriptive statistics for the evaluated indicators 
are presented in Table 1. An average of 26.7 sows per trial 

was used, but there was considerable variability in the 
number of sows used in the trials (ranging from 5 to 100 
sows per trial). Serum osteocalcin concentrations ranged 
from 28.5 to 188.3 ng/ml, with a mean of 90.2 ng/ml 
across all studies. The mean serum calcium and phospho-
rus concentrations of the sows ranged from 1.2 to 3.2 and 
from 0.7 to 3.3 mmol/l, respectively.

Figure 4 shows the uncorrected serum concentrations 
of osteocalcin, calcium, and phosphorus on each sampling 
day for each trial. The variation in the concentrations of 
serum osteocalcin, calcium, and phosphorus between tri-
als is quite evident (Fig. 4). The estimated parameters, SE, 
root mean square error (RMSE), and parameters of the 
covariance components for the model [1] are presented 
in Table 2. The sampling day provided evidence of cubic 
behavior for the serum osteocalcin concentration, while 
serum calcium and phosphorus concentrations showed 
linear behavior (Table 2).

Regarding the linear behavior of serum calcium and 
phosphorus concentrations, breeding sows have higher 
nutrient requirements at the end of gestation and during 
lactation [7]. However, data on the mineral requirements, 
especially calcium and phosphorus, are limited. Inadequate 
nutrition, as well as suboptimal feed intake at times with 
increased nutritional demand, can lead to unbalanced 
mineral nutrition or even mineral deficiency, negatively 
affecting bone quality and its association with metabolic 
indicators [76,77].

Figure 3. Vitamin K cycle. Vitamin K functions as a cofactor for the GGCX, which is essential for 
the conversion of glutamate (Glu) to g-carboxyglutamate (Gla) residues of G-dependent proteins. 
Vitamin K (VKD): the g-carboxylation transforms the sub-carboxylated VKD proteins (ucVKD) into 
carboxylated ones (cVKD). Source: Manna and Kalita [70].
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Figure 4. Effect of the sampling day (productive phase) on the serum concen-
tration of osteocalcin, calcium, and phosphorus (12 trials, 588 sows evalu-
ated: 222 primiparous ○ and 366 multiparous ●).
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In breeding sows, due to the strong correlation that 
exists between calcium and phosphorus regulation, the 
serum concentrations of these minerals are constant. This 
characteristic is observed in the prediction models (Table 
2), which makes it difficult to deduce whether there is a 
mineral deficiency. Therefore, indicators of bone resorp-
tion, such as serum osteocalcin, indirectly predict the 
degree of bone remodeling, the metabolic status of the 
reproductive sow, and whether there is mineral use of cal-
cium and phosphorus in the bone matrix [15].

In terms of the distribution of the residuals, no evidence 
of bias (linear or nonlinear) was found in the prediction 
models for serum concentrations of osteocalcin, calcium, 
and phosphorus (Fig. 5). Most residuals were less than 
30 ng/ml for osteocalcin, while for calcium and phospho-
rus they were less than 0.5 mmol/l, which is equivalent to 
<33% of the average of each indicator. A strong relation-
ship was observed between the adjusted and measured 
values of osteocalcin (adjusted R = 0.84), calcium (adjusted 
R = 0.87), and phosphorus (adjusted R = 91) (Fig. 6). This 
relationship indicates that the observations within the 
study were highly predictable.

The adjusted values of serum osteocalcin, calcium, and 
phosphorus levels were the observed values corrected 
for a study effect. However, the random effects of the trial 
[i.e., the variance due to the trials, the intercept (σs

2), and 
the linear effect of the sampling day (σs

2)] were large and 
differed significantly from zero (Table 2). This implies 
that both parameters in the cubic function (for osteocal-
cin) and the linear function (for calcium and phosphorus) 
depend on specific factors within each trial. This quanti-
tative analysis generated more precise prediction models 
to explain the serum concentrations of osteocalcin, cal-
cium, and phosphorus observed in each assay. However, 
predictions of future results may not be highly accurate 
with the models reported in Table 2 because the context 
for the development of future trials might differ [21]. In 
addition, important unidentified factors (other than those 
reported in trials already published and considered in the 
model) can be suggested that have an impact on the rela-
tionship between the environment, the day of sampling, 
and the serum concentrations of osteocalcin, calcium, and 
phosphorus.

Table 2.	 Prediction	equations	for	linear	or	polynomial	regression	of	the	response	of	osteocalcin,	calcium,	and	phosphorus	according	to	the	
day	of	sampling	and	type	of	sow.

Parameters Covariance components a

Dependent variable Independent 
variable

Estimator SE p-value RMSE σs
2 σa

2 σ2
s,a

Osteocalcin,	ng/ml Intercept 15.8798 13.96 0.0046 23.31 0.9707 108.37 0.0312

D 1.1203 0.56 0.0186

D2 −0.0211 0.01 0.0271

D3 0.0001 0.00004 <0.0001

Calcium,	mmol/l Intercept 0.9186 0.31 0.0003 0.341 0.6537 0.8169 0.0147

D −0.0018 0.0002 0.0062

Phosphorus,	mmol/l Intercept 0.2085 0.07 0.0004 0.538 0.898 0.894 0.0094b

D −0.0003 0.0001 0.0145

Primiparous	sows

Osteocalcin,	ng/ml Intercept 61.9401 20.71 0.0062 21.97 0.5670 83.283b 0.0016

D 1.7522 0.82 0.0432

D2 −0.0287 0.01 0.0382

D3 0.0001 0.00006 0.0491

Multiparous	sows

Osteocalcin,	ng/ml Intercept −6.0179 13.03 0.0215 18.97 1.191 130.207 0.0026

D 0.6059 0.62 0.0435

D2 −0.0130 0.01 0.0136

D3 0.00006 0.00004 0.0541

a	σs
2
	is	the	variance	estimate	for	the	intercept	due	to	trial;	σa

2	is	the	estimated	variance	for	the	random	linear	term	for	sampling	day	(i.e.,	trial	×	sampling	day	
interaction);	σ2

s,a	is	the	estimated	covariance	between	the	intercept	and	the	slope.
b	Estimated	variance	or	covariance	was	not	significantly	different	from	zero	(p	>	0.05).
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The age of the sow was one of the indicators evaluated 
that inherently modified the serum concentration of osteo-
calcin (Table 2 and Fig. 7). The day of sampling had the 
greatest impact on the serum concentration of osteocal-
cin because it established the productive stage (gestation, 
peripartum, or lactation) of the sows (Fig. 6). The age of 
the sows (classified as primiparous or multiparous sows) 
also affected the serum osteocalcin concentration, with 
primiparous sows showing higher concentrations (Table 
2 and Fig. 7). In terms of the day of evaluation of serum 
osteocalcin concentration, on the farrowing day, bone 
deposition activity (concentration) was lower than that 
observed during pregnancy (Figs. 6 and 7). This favored 
physiological changes in the mineral mobilization from 
the maternal skeleton, parallel to the change in placental 
calcium transfer during gestation toward the production 
of calcium-rich milk [78]. This behavior reflects greater 
requirements for the skeletal development of fetuses 
and milk production [15,79]. Sows have been reported to 
deposit approximately 50% (10.4 ± 1.3 gm/piglet; 131 ± 
12 gm/litter) of the calcium accumulated during the last 
2 weeks of gestation [80].

According to the prediction models for serum osteo-
calcin (Table 2), it can be deduced that bone deposition 
evolves to a state of net loss during late gestation and lac-
tation (gestation days 84–21). This is true even though this 
productive phase presents greater absorption efficiency. 
Therefore, it can be deduced that the minerals absorbed 
from the feed may not meet the higher calcium and phos-
phorus demands for fetal development and milk production 
or that feed intake is inadequate for the purpose described 
above [15,81]. It has been established that vitamin and 
mineral intake are also important factors associated with 
bone metabolism [77,82]. This is the case for vitamin D; 
1,25-(OH)2D3 is involved in the transport and mobilization 
of calcium and phosphorus [83,84], and it facilitates the 
skeletal mineralization of fetal growth during gestation 
and milk production during lactation [85].

The higher serum concentration of osteocalcin in prim-
iparous sows (Fig. 7) is associated with their continuous 
growth during gestation compared to that in multiparous 
sows. Primiparous sows may require more nutrients for the 
growth and development of muscle and skeletal tissues than 
multiparous sows [86]. However, nutrient requirements for 
multiparous sows vary according to weight loss from the 
previous lactation period and concomitant nutrient deposi-
tion. However, dietary calcium and phosphorus do not influ-
ence the serum concentration of osteocalcin [15,16].

Conclusion

The metabolic adaptations that a sow undergoes during 
late gestation and lactation (independent of the fact that 

Figure 5. Plot of residuals (observed – predicted) against 
osteocalcin, calcium, and phosphorus predicted from the mixed 
model. The line represents the regression of the residuals on 
predicted osteocalcin [Y = 0.000083 (23.69) – 8.8 × 10-7 (0.26) 
× predicted osteocalcin; R2 = 0.004; p > 0.05], predicted calcium 
[Y = 0.00028 (3.79) – 0.00016 (2.08) × predicted calcium; R2 = 
0.001; p > 0.05] and predicted phosphorous [Y = 0.0623 (11.84) 
– 0.0303 (5.77) × predicted phosphorus; R2 = 0.001; p > 0.05].
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Figure 6. The average concentration of osteocalcin, calcium, and phos-
phorus versus prediction model (solid line) in response to gestation and 
lactation period [solid line calculated using Equation (1)].
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these are physiological adaptations) limit the productive 
potential of the sow, as they affect her energy consumption 
during lactation. This is reflected in body catabolism and 
its subsequent effect on post-weaning productive indica-
tors: weaning-estrus interval, repeated services, fertility, 
and prolificacy. Therefore, strategies should be developed 
to minimize this problem. Studies on the effect of osteo-
calcin on energy metabolism in various biological models 
project this hormone as a possible means to modulate the 
metabolic state of sows during late gestation and lactation. 
Manipulating energy metabolism and bone metabolism in 
a coordinated manner would affect productivity and may 
have the potential to modify the post-weaning productive 
gap. If these effects are shown to be significant for pig pro-
duction, prevailing recommendations for dietary balance 
should be reconsidered, particularly during the nursery 
period and lactation. Therefore, it is necessary to quanti-
tatively determine the importance of bone resorption for 
health, production, and reproductive performance.

Mathematical modeling elucidates the relationships 
between the serum concentrations of osteocalcin, calcium, 
and phosphorus and the day of sampling (stage of the sow). 
This model shows that there are factors, such as age, that 
can interact with the productive stage of the sow to affect 
the serum concentration of osteocalcin. However, future 
work is needed to characterize and model the serum con-
centration of osteocalcin in sows and to more accurately 
associate the behavior of this hormone with biochemi-
cal indicators. This may be even more important for the 

current genotypes of hyperprolific sows in the context of 
developing strategies that favorably modulate metabolic 
state and increase sow productivity. This finding is consis-
tent with the results reported for other animal models on 
the effect of osteocalcin on the metabolism of lipids and 
carbohydrates.

Obituary: The authors wish to express our posthumous 
recognition to Dr. José Antonio Rentería Flores, DVSc, who 
was well known for his lifelong dedication to his work and 
his research interests, as well as for his active participa-
tion in the development of this publication. May he rest in 
peace!

List of Abbreviations

CART, Cocaine and amphetamine regulatory transcript; 
Gla, carboxylated osteocalcin; Glu, non-carboxylated 
osteocalcin; NPY, Neuropeptide Y; RANKL, receptor activa-
tor nuclear factor-kB; RMSE, root mean square error; SNS, 
sympathetic nervous system.

Acknowledgment

Nothing to disclose.

Conflict of interests 

We certify that there is no conflict of interest with any 
financial organization regarding the material discussed in 
the manuscript.

Figure 7. The average concentration of osteocalcin versus prediction model (solid line) in 
response to the gestation and lactation period according to the type of sow [primiparous; multip-
arous; solid line calculated using Equation (1)].



http://bdvets.org/javar/	 	 646Ordaz et al. / J. Adv. Vet. Anim. Res., 9(4): 634–648, December 2022

Authors’ contributions 

The research was conducted by G.O., and supervised by 
J.A.R., and G.M. G.O. drafted the manuscript, while J.A.R. 
and G.M. revised and approved the final version of the 
manuscript.

References
[1] Piñeiro C, Morales J, Rodríguez M, Aparicio M, Manzanilla EG, 

Koketsu Y. Big (pig) data and the internet of the swine things: a 
new paradigm in the industry. Anim Front 2019; 11:9(2):6–15; 
https://doi.org/10.1093/af/vfz002

[2] Rocadembosch J, Amador J, Bernaus J, Font J, Fraile LJ. Production 
parameters and pig production cost: temporal evolution 2010–
2014. Porc Health Manag 2016; 2:1–11; https://doi.org/10.1186/
s40813-016-0027-0

[3] Boulot S. L’hyperprolificité en 2002: ¿quels résultats, quel impact 
sur la longévité des truies? Journ Rech Porc 2004; 36:429–34. 
Available via http://www.journees-recherche-porcine.com/tex-
te/2004/04txtBienetre/08be.pdf

[4] Tvrdon Z, Humpolicek P. Impact of hyper-prolific population 
generation on the reproduction of sows in multiplication herds. 
Arch Anim Breed 2010; 53:176–83; https://doi.org/10.5194/
aab-53-176-2010

[5] Tokach MD, Goodband BD, O’Quinn TG. Performance-enhancing 
technologies in swine production. Anim Front 2016; 6:15–21; 
https://doi.org/10.2527/af.2016-0039

[6] Foxcroft GR. Reproduction in farm animals in an era of rapid 
genetic change: will genetic change outpace our knowledge of 
physiology? Reprod Domest Anim 2012; 47(4):313–9; https://doi.
org/10.1111/j.1439-0531.2012.02091.x

[7] Père MC, Etienne M, Dourmad JY. Adaptations of glucose metabolism 
in multiparous sows: effects of pregnancy and feeding level. J Anim 
Sci 2000; 78:2933–41; https://doi.org/10.2527/2000.78112933x

[8] Le Cozler Y, Ringmar-Cederberg E, Johansen S, Dourmad JY, Neil 
M, Stern S. Effect of feeding level during rearing and mating strat-
egy on performance of Swedish Yorkshire sows 1. Growth, puberty 
and conception rate. Anim Sci 1999; 68:355–63; https://doi.
org/10.1017/S1357729800050359

[9] Revell DK, Williams IH, Mullan BP, Ranford JL, Smits RJ. Body 
composition at farrowing and nutrition during lactation affect 
the performance of primiparous sows: I. Voluntary feed intake, 
weight loss, and plasma metabolites. J Anim Sci 1998; 76:1729–37; 
https://doi.org/10.2527/1998.7671729x

[10] Weldon WC, Lewis AJ, Louis GF, Kovar JL, Miller PS. Postpartum 
hypophagia in primiparous sows: II. Effects of feeding level during 
pregnancy and exogenous insulin on lactation feed intake, glucose 
tolerance, and epinephrine stimulated release of nonesterified 
fatty acids and glucose. J Anim Sci 1994; 72:395–403; https://doi.
org/10.2527/1994.722395x

[11] Neil M, Ogle B, Anner K. A two-diet system and ad libitum lactation 
feeding of the sow 1. Sow performance. Anim Sci 1996; 62:337–47; 
https://doi.org/10.1017/S135772980001465X

[12] Yang H, Foxcroft GR, Pettigrew JE, Johnston LJ, Shurson GC, Costa 
AN, et al. Impact of dietary lysine intake during lactation on fol-
licular development and oocyte maturation after weaning in 
primiparous sows. J Anim Sci 2000; 78:993–1000; https://doi.
org/10.2527/2000.784993x

[13] Giesemann MA, Lewis AJ, Miller PS, Akhter MP. Effects of the repro-
ductive cycle and age on calcium and phosphorus metabolism and 
bone integrity of sows. J Anim Sci 1998; 76:796–807; https://doi.
org/10.2527/1998.763796x

[14] Mahan DC, Vallet JL. Vitamin and mineral transfer during fetal 
development and the early postnatal period in pigs. J Anim Sci 
1997; 75:2731–8; https://doi.org/10.2527/1997.75102731x

[15] Liesegang A, Loch L, Bürgi E, Risteli J. Influence of phytase added 
to a vegetarian diet on bone metabolism in pregnant and lactating 
sows. J Anim Physiol Anim Nutr (Berl) 2005; 89:120–8; https://
doi.org/10.1111/j.1439-0396.2005.00549.x

[16] Lauridsen C, Halekoh U, Larsen T, Jensen SK. Reproductive perfor-
mance and bone status markers of gilts and lactating sows sup-
plemented with two different forms of vitamin D. J Anim Sci 2010; 
88:202–13; https://doi.org/10.2527/jas.2009-1976

[17] Lee NK, Karsenty G. Reciprocal regulation of bone and energy 
metabolism. Trends Endocrinol Metab 2008; 19:161–6; https://
doi.org/10.1016/j.tem.2008.02.006

[18] Rosen CJ. Insulin-like growth factor I and bone mineral density: 
experience from animal models and human observational studies. 
Best Pract Res Clin Endocrinol Metab 2004; 18:423–35; https://
doi.org/10.1016/j.beem.2004.02.007

[19] Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, 
et al. Mechanisms controlling mitochondrial biogenesis and res-
piration through the thermogenic coactivator PGC-1. Cell 1999; 
98:115–24; https://doi.org/10.1016/S0092-8674(00)80611-X

[20] Bertalanffy LV. Fundamentos, Desarrollo, y Aplicaciones; Teoría 
General de los Sistemas. Ed. Fondo de Cultura Económica. México 
D.F. 1976:13–64.

[21] García R. Sistemas complejos. Conceptos, método y fundamen-
tación epistemológica de la investigación interdisciplinaria. 
Gedisa, Barcelona, Spain, pp 19–35, 2006.

[22] Ortiz BPA, Delgado RA, Gómez RF. Sistemas alejados del equilibrio: 
un lenguaje para el dialogo transdiciplinario. 1st ed. Clave, México, 
p 10, 2016.

[23] Spedding CRW. An introduction to agriculture systems. 2nd edi-
tion, Elsevier Applied Science, London, UK, p 189, 1988. 

[24] Van Gigch J. Teoría general de sistemas. 3rd edition, Editorial 
Trillas, México, México, p 581, 1998. 

[25] Gilbert EH, Normand DW, Winch FE. An overview of farming sys-
tems research. In: Farming system research: a critical appraisal. 
Paper No. 6. Department of Agricultural Economics, Michigan State 
University. East Lansing, Michigan, 1980. Available via https://pdf.
usaid.gov/pdf_docs/PNAAW670.pdf#page=26

[26] Goodall DW. The hierarchical approach to model building. In: 
Arnolds GW, de Wit CT (ed.). Critical evaluation of system analysis 
in ecosystems research and management. Pudoc, Wageningen, The 
Netherlands, pp 10–21, 1976.

[27] St-Pierre NR. Invited review: integrating quantitative find-
ings from multiple studies using mixed model methodology. 
J Dairy Sci 2001; 84:741–55; https://doi.org/10.3168/jds.
S0022-0302(01)74530-4

[28] Sauvant D, Schmidely P, Daudin JJ, St-Pierre NR. Meta-analyses of 
experimental data in animal nutrition. Animal 2008; 2:1203–14; 
https://doi.org/10.1017/S1751731108002280

[29] Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, et al. 
Endocrine regulation of energy metabolism by the skeleton. Cell 
2007; 130:456–69; https://doi.org/10.1016/j.cell.2007.05.047

[30] Karsenty G. Convergence between bone and energy homeosta-
ses: leptin regulation of bone mass. Cell Metabol 2006; 4:341–8; 
https://doi.org/10.1016/j.cmet.2006.10.008

[31] Bauman DE, Currie WB. Partitioning of nutrients during preg-
nancy and lactation: a review of mechanisms involving homeosta-
sis and homeorhesis. J Dairy Sci 1980; 63:1514–29; https://doi.
org/10.3168/jds.s0022-0302(80)83111-0

[32] Wolf G. Energy regulation by the skeleton. Nutr Rev 2008; 66:229–
33; https://doi.org/10.1111/j.1753-4887.2008.00027.x

[33] Felson DT, Zhang Y, Hannan MT, Anderson JJ. Effects of weight and 
body mass index on bone mineral density in men and women: the 
Framingham study. J Bone Miner Res 1993; 8:567–73; https://doi.
org/10.1002/jbmr.5650080507

[34] Lee K, Nichols J, Smith A. Identification of a developmen-
tally regulated protein tyrosine phosphatase in embryonic 

https://doi.org/10.1093/af/vfz002
https://doi.org/10.1186/s40813-016-0027-0
https://doi.org/10.1186/s40813-016-0027-0
http://www.journees-recherche-porcine.com/texte/2004/04txtBienetre/08be.pdf
http://www.journees-recherche-porcine.com/texte/2004/04txtBienetre/08be.pdf
https://doi.org/10.5194/aab-53-176-2010
https://doi.org/10.5194/aab-53-176-2010
https://doi.org/10.2527/af.2016-0039
https://doi.org/10.1111/j.1439-0531.2012.02091.x
https://doi.org/10.1111/j.1439-0531.2012.02091.x
https://doi.org/10.2527/2000.78112933x
https://doi.org/10.1017/S1357729800050359
https://doi.org/10.1017/S1357729800050359
https://doi.org/10.2527/1998.7671729x
https://doi.org/10.2527/1994.722395x
https://doi.org/10.2527/1994.722395x
https://doi.org/10.1017/S135772980001465X
https://doi.org/10.2527/2000.784993x
https://doi.org/10.2527/2000.784993x
https://doi.org/10.2527/1998.763796x
https://doi.org/10.2527/1998.763796x
https://doi.org/10.2527/1997.75102731x
https://doi.org/10.1111/j.1439-0396.2005.00549.x
https://doi.org/10.1111/j.1439-0396.2005.00549.x
https://doi.org/10.2527/jas.2009-1976
https://doi.org/10.1016/j.tem.2008.02.006
https://doi.org/10.1016/j.tem.2008.02.006
https://doi.org/10.1016/j.beem.2004.02.007
https://doi.org/10.1016/j.beem.2004.02.007
https://doi.org/10.1016/S0092-8674(00)80611-X
https://pdf.usaid.gov/pdf_docs/PNAAW670.pdf#page=26
https://pdf.usaid.gov/pdf_docs/PNAAW670.pdf#page=26
https://doi.org/10.3168/jds.S0022-0302(01)74530-4
https://doi.org/10.3168/jds.S0022-0302(01)74530-4
https://doi.org/10.1017/S1751731108002280
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1016/j.cmet.2006.10.008
https://doi.org/10.3168/jds.s0022-0302(80)83111-0
https://doi.org/10.3168/jds.s0022-0302(80)83111-0
https://doi.org/10.1111/j.1753-4887.2008.00027.x
https://doi.org/10.1002/jbmr.5650080507
https://doi.org/10.1002/jbmr.5650080507


http://bdvets.org/javar/	 	 647Ordaz et al. / J. Adv. Vet. Anim. Res., 9(4): 634–648, December 2022

stem cells that is a marker of pluripotential epiblast and 
early mesoderm. Mech Dev 1996; 59:153–64; https://doi.
org/10.1016/0925-4773(96)00586-2

[35] Mauro LJ, Olmsted EA, Davis AR, Dixon JE. Parathyroid hormone 
regulates the expression of the receptor protein tyrosine phos-
phatase, OST-PTP, in rat osteoblast-like cells. Endocrinol 1996; 
137:925–33; https://doi.org/10.1210/endo.137.3.8603605

[36] Corral DA, Amling M, Priemel M, Loyer E, Fuchs S, Ducy P, et al. 
Dissociation between bone resorption and bone formation 
in osteopenic transgenic mice. Proc Natl Acad Sci USA 1998; 
95(23):13835–40; https://doi.org/10.1073/pnas.95.23.13835

[37] Thomas T, Gori F, Khosla S, Jensen MD, Burguera B, Riggs BL. Leptin 
acts on human marrow stromal cells to enhance differentiation to 
osteoblasts and to inhibit differentiation to adipocytes. Endocrinol 
1999; 140:1630–8; https://doi.org/10.1210/endo.140.4.6637

[38] Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, et al. 
Leptin inhibits bone formation through a hypothalamic relay: a 
central control of bone mass. Cell 2000; 100:197–207; https://doi.
org/10.1016/s0092-8674(00)81558-5

[39] Ahima RS. Body fat, leptin, and hypothalamic amenorrhea. N Engl J 
Med 2004; 351:959–62; https://doi.org/10.1056/NEJMp048214

[40] Cornish J, Callon KE, Bava U, Lin C, Naot D, Hill BL, et al. Leptin 
directly regulates bone cell function in vitro and reduces bone 
fragility in vivo. J Endocrinol 2002; 175(2):405–15; https://doi.
org/10.1677/joe.0.1750405

[41] Elefteriou F, Takeda S, Ebihara K, Magre J, Patano N, Kim CA, 
et al. Serum leptin level is a regulator of bone mass. Proc Natl 
Acad Sci USA 2004; 101(9):3258–63; https://doi.org/10.1073/
pnas.0308744101

[42] Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X, et al. 
Leptin regulation of bone resorption by the sympathetic nervous 
system and CART. Nature 2005; 434(7032):514–20; https://doi.
org/10.1038/nature03398

[43] Kindblom JM, Ohlsson C, Ljunggren O, Karlsson MK, Tivesten A, 
Smith U, et al. Plasma osteocalcin is inversely related to fat mass 
and plasma glucose in elderly Swedish men. J Bone Miner Res 
2009; 24(5):785–91; https://doi.org/10.1359/jbmr.081234

[44] Fernández-Real JM, Izquierdo M, Ortega F, Gorostiaga E, Gómez-
Ambrosi J, Moreno-Navarrete JM, et al. The relationship of serum 
osteocalcin concentration to insulin secretion, sensitivity, and 
disposal with hypocaloric diet and resistance training. J Clin 
Endocrinol Metab 2009; 94(1):237–45; https://doi.org/10.1210/
jc.2008-0270

[45] Saleem U, Mosley TH Jr, Kullo IJ. Serum osteocalcin is associated 
with measures of insulin resistance, adipokine levels, and the pres-
ence of metabolic syndrome. Arterioscler Thromb Vasc Biol 2010; 
30(7):1474–8; https://doi.org/10.1161/ATVBAHA.110.204859

[46] Ferron M, Wei J, Yoshizawa T, Del Fattore A, DePinho RA, Teti A, 
et al. Insulin signaling in osteoblasts integrates bone remodeling 
and energy metabolism. Cell 2010; 142(2):296–308; https://doi.
org/10.1016/j.cell.2010.06.003

[47] Rached MT, Kode A, Silva BC, Jung DY, Gray S, Ong H, et al. FoxO1 
expression in osteoblasts regulates glucose homeostasis through 
regulation of osteocalcin in mice. J Clin Invest 2010; 120(1):357–
68; https://doi.org/10.1172/JCI39901

[48] Magni P, Motta M, Martini L. Leptin: a possible link between food 
intake, energy expenditure, and reproductive function. Regul Pept 
2000; 92:51–6; https://doi.org/10.1016/s0167-0115(00)00149-x

 [49] Coll AP, Farooqi IS, O’Rahilly S. The hormonal control of food 
intake. Cell 2007; 129:251–62; https://doi.org/10.1016/j.
cell.2007.04.001

[50] Iwaniec UT, Boghossian S, Lapke PD, Turner RT, Kalra SP. Central 
leptin gene therapy corrects skeletal abnormalities in leptin-de-
ficient ob/ob mice. Peptides 2007; 28:1012–9; https://doi.
org/10.1016/j.peptides.2007.02.001

[51] Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, 
Devos R, et al. Identification and expression cloning of a 
leptin receptor, OB-R. Cell 1995; 83:1263–71; https://doi.
org/10.1016/0092-8674(95)90151-5

[52] Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, et 
al. Leptin regulates bone formation via the sympathetic ner-
vous system. Cell 2002; 111:305–17; https://doi.org/10.1016/
s0092-8674(02)01049-8

[53] Baldock PA, Sainsbury A, Allison S, Lin EJ, Couzens M, Boey D, et al. 
Hypothalamic control of bone formation: distinct actions of leptin 
and y2 receptor pathways. J Bone Miner Res 2005; 20:1851–7; 
https://doi.org/10.1359/JBMR.050523

[54] Allison SJ, Baldock PA, Herzog H. The control of bone remodeling 
by neuropeptide Y receptors. Peptides 2007; 28:320–5; https://
doi.org/10.1016/j.peptides.2006.05.029

[55] Reseland JE, Syversen U, Bakke I, Qvigstad G, Eide LG, Hjertner 
O, et al. Leptin is expressed in and secreted from primary cul-
tures of human osteoblasts and promotes bone mineralization. 
J Bone Miner Res 2001; 16:1426–33; https://doi.org/10.1359/
jbmr.2001.16.8.1426

[56] Astudillo P, Ríos S, Pastenes L, Pino AM, Rodríguez JP. Increased 
adipogenesis of osteoporotic human-mesenchymal stem cells 
(MSCs) characterizes by impaired leptin action. J Cell Biochem 
2008; 103:1054–65; https://doi.org/10.1002/jcb.21516

[57] Gordeladze JO, Drevon CA, Syversen U, Reseland JE. Leptin stim-
ulates human osteoblastic cell proliferation, de novo collagen 
synthesis, and mineralization: impact on differentiation markers, 
apoptosis, and osteoclastic signaling. J Cell Biochem 2002; 85:825–
36; https://doi.org/10.1002/jcb.10156

[58] Lin S, Boey D, Herzog H. NPY and Y receptors: lessons from trans-
genic and knockout models. Neuropeptides 2004; 38:189–200; 
https://doi.org/10.1016/j.npep.2004.05.005

[59] Baldock PA, Lee NJ, Driessler F, Lin S, Allison S, Stehrer B, et al. 
Neuropeptide Y knockout mice reveal a central role of NPY in 
the coordination of bone mass to body weight. PLoS One 2009; 
4:e8415; https://doi.org/10.1371/journal.pone.0008415

[60] Shi YC, Baldock PA. Central and peripheral mechanisms of the NPY 
system in the regulation of bone and adipose tissue. Bone 2012; 
50:430–6; https://doi.org/10.1016/j.bone.2011.10.001

[61] Pettifor JM, Benson R. Congenital malformations associated 
with the administration of oral anticoagulants during preg-
nancy. J Pediatr 1975; 86:459–62; https://doi.org/10.1016/
s0022-3476(75)80986-3

[62] Hodges SJ, Akesson K, Vergnaud P, Obrant K, Delmas PD. Circulating 
levels of vitamins K1 and K2 decreased in elderly women with 
hip fracture. J Bone Miner Res 1993; 8:1241–5; https://doi.
org/10.1002/jbmr.5650081012

[63] Szulc P, Chapuy MC, Meunier PJ, Delmas PD. Serum undercar-
boxylated osteocalcin is a marker of the risk of hip fracture: a 
three year follow-up study. Bone 1996; 18:487–8; https://doi.
org/10.1016/8756-3282(96)00037-3

[64] Booth SL, Tucker KL, Chen H, Hannan MT, Gagnon DR, Cupples LA, 
et al. Dietary vitamin K intakes are associated with hip fracture but 
not with bone mineral density in elderly men and women. Am J Clin 
Nutr 2000; 71:1201–8; https://doi.org/10.1093/ajcn/71.5.1201

[65] Douglas AS, Robins SP, Hutchison JD, Porter RW, Stewart A, Reid 
DM. Carboxylation of osteocalcin in post-menopausal osteoporotic 
women following vitamin K and D supplementation. Bone 1995; 
17:15–20; https://doi.org/10.1016/8756-3282(95)00133-x

[66] Knapen MH, Hamulyák K, Vermeer C. The effect of vitamin K sup-
plementation on circulating osteocalcin (bone Gla protein) and 
urinary calcium excretion. Ann Intern Med 1989; 111:1001–5; 
https://doi.org/10.7326/0003-4819-111-12-1001

[67] Ducy P. The role of osteocalcin in the endocrine cross-talk between 
bone remodelling and energy metabolism. Diabetologia 2011; 
54:1291–7; https://doi.org/10.1007/s00125-011-2155-z

https://doi.org/10.1016/0925-4773(96)00586-2
https://doi.org/10.1016/0925-4773(96)00586-2
https://doi.org/10.1210/endo.137.3.8603605
https://doi.org/10.1073/pnas.95.23.13835
https://doi.org/10.1210/endo.140.4.6637
https://doi.org/10.1016/s0092-8674(00)81558-5
https://doi.org/10.1016/s0092-8674(00)81558-5
https://doi.org/10.1056/NEJMp048214
https://doi.org/10.1677/joe.0.1750405
https://doi.org/10.1677/joe.0.1750405
https://doi.org/10.1073/pnas.0308744101
https://doi.org/10.1073/pnas.0308744101
https://doi.org/10.1038/nature03398
https://doi.org/10.1038/nature03398
https://doi.org/10.1359/jbmr.081234
https://doi.org/10.1210/jc.2008-0270
https://doi.org/10.1210/jc.2008-0270
https://doi.org/10.1161/ATVBAHA.110.204859
https://doi.org/10.1016/j.cell.2010.06.003
https://doi.org/10.1016/j.cell.2010.06.003
https://doi.org/10.1172/JCI39901
https://doi.org/10.1016/s0167-0115(00)00149-x
https://doi.org/10.1016/j.cell.2007.04.001
https://doi.org/10.1016/j.cell.2007.04.001
https://doi.org/10.1016/j.peptides.2007.02.001
https://doi.org/10.1016/j.peptides.2007.02.001
https://doi.org/10.1016/0092-8674(95)90151-5
https://doi.org/10.1016/0092-8674(95)90151-5
https://doi.org/10.1016/s0092-8674(02)01049-8
https://doi.org/10.1016/s0092-8674(02)01049-8
https://doi.org/10.1359/JBMR.050523
https://doi.org/10.1016/j.peptides.2006.05.029
https://doi.org/10.1016/j.peptides.2006.05.029
https://doi.org/10.1359/jbmr.2001.16.8.1426
https://doi.org/10.1359/jbmr.2001.16.8.1426
https://doi.org/10.1002/jcb.21516
https://doi.org/10.1002/jcb.10156
https://doi.org/10.1016/j.npep.2004.05.005
https://doi.org/10.1371/journal.pone.0008415
https://doi.org/10.1016/j.bone.2011.10.001
https://doi.org/10.1016/s0022-3476(75)80986-3
https://doi.org/10.1016/s0022-3476(75)80986-3
https://doi.org/10.1002/jbmr.5650081012
https://doi.org/10.1002/jbmr.5650081012
https://doi.org/10.1016/8756-3282(96)00037-3
https://doi.org/10.1016/8756-3282(96)00037-3
https://doi.org/10.1093/ajcn/71.5.1201
https://doi.org/10.1016/8756-3282(95)00133-x
https://doi.org/10.7326/0003-4819-111-12-1001
https://doi.org/10.1007/s00125-011-2155-z


http://bdvets.org/javar/	 	 648Ordaz et al. / J. Adv. Vet. Anim. Res., 9(4): 634–648, December 2022

[68] Engelke JA, Hale JE, Suttie JW, Price PA. Vitamin K-dependent 
carboxylase: utilization of decarboxylated bone Gla protein and 
matrix Gla protein as substrates. Biochim Biophys Acta 1991; 
1078:31–4; https://doi.org/10.1016/0167-4838(91)90088-h

[69] Stafford DW. The vitamin K cycle. J Thromb Haemost 2005; 
3:1873–8; https://doi.org/10.1111/j.1538-7836.2005.01419.x

[70] Manna P, Kalita J. Beneficial role of vitamin K supplementation on 
insulin sensitivity, glucose metabolism, and the reduced risk of 
type 2 diabetes: a review. Nutrition 2016; 32:732–9; https://doi.
org/10.1016/j.nut.2016.01.011

[71] Weber P. Vitamin K and bone health. Nutrition 2001; 17:880–7; 
https://doi.org/10.1016/s0899-9007(01)00709-2

[72] Motyl KJ, McCabe LR, Schwartz AV. Bone and glucose metabolism: 
a two-way street. Arch Biochem Biophys 2010; 503:2–10; https://
doi.org/10.1016/j.abb.2010.07.030

[73] Booth SL, Centi A, Smith SR, Gundberg C. The role of osteo-
calcin in human glucose metabolism: marker or mediator? 
Nat Rev Endocrinol 2013; 9:43–55; https://doi.org/10.1038/
nrendo.2012.201

[74] Yoshida M, Jacques PF, Meigs JB, Saltzman E, Shea MK, Gundberg C, 
et al. Effect of vitamin K supplementation on insulin resistance in 
older men and women. Diabetes Care 2008; 31:2092–6; https://
doi.org/10.2337/dc08-1204

[75] Kumar R, Binkley N, Vella A. Effect of phylloquinone supplemen-
tation on glucose homeostasis in humans. Am J Clin Nutr 2010; 
92:1528–32; https://doi.org/10.3945/ajcn.2010.30108

[76] McDowell LR. Minerals in animal and human nutrition. Chapter 
2 - Calcium and phosphorus. 2nd edition, Elsevier Science BV, 
Amsterdam, The Netherlands, vol. 2, pp 33–100, 2003; https://
doi.org/10.1016/B978-0-444-51367-0.50005-22003

[77] van Riet MMJ, Millet S, Aluwé M, Janssens GPJ. Impact of nutrition 
on lameness and claw health in sows. Livest Sci 2013; 156:24–35; 
https://doi.org/10.1016/j.livsci.2013.06.005

[78] Hansard SL, Itoh H, Glenn JC, Thrasher DM. Placental transfer 
and fetal utilization of calcium in developing swine. J Nutr 1966; 
89:335–40; https://doi.org/10.1093/jn/89.3.335

[79] Vermeer C, Gijsbers BL, Crāciun AM, Groenen-van Dooren MM, 
Knapen MH. Effects of vitamin K on bone mass and bone metab-
olism. J Nutr 1996; 126:1187S–991S; https://doi.org/10.1093/
jn/126.suppl_4.1187S

[80] Mahan DC, Watts MR, St-Pierre N. Macro- and micromineral com-
position of fetal pigs and their accretion rates during fetal devel-
opment. J Anim Sci 2009; 87:2823–32; https://doi.org/10.2527/
jas.2008-1266

[81] Counotte GHM, Groenland G, Salden N. Verloop van botspecifieke 
biomarkers osteocalcine en C-telopeptide in bloed van derde en 
oudere worps zeugen na gelijktijdige verstrekking van extra cal-
cium en vitamine D. Tijdschr Diergeneesk 2009; 134:230–7.

[82] New SA, Robins SP, Campbell MK, Martin JC, Garton MJ, Bolton-
Smith C, et al. Dietary influences on bone mass and bone metabo-
lism: further evidence of a positive link between fruit and vegetable 
consumption and bone health? Am J Clin Nutr 2000; 71:142–51; 
https://doi.org/10.1093/ajcn/71.1.142

[83] Liesegang A, Eicher R, Sassi ML, Risteli J, Kraenzlin M, Riond JL, et 
al. Biochemical markers of bone formation and resorption around 
parturition and during lactation in dairy cows with high and low 
standard milk yields. J Dairy Sci 2000; 83:1773–81; https://doi.
org/10.3168/jds.S0022-0302(00)75048-X

[84] Taylor MS, Knowlton KF, McGilliard ML, Seymour WM, Herbein JH. 
Blood mineral, hormone, and osteocalcin responses of multipa-
rous Jersey cows to an oral dose of 25-hydroxyvitamin D3 or vita-
min D3 before parturition. J Dairy Sci 2008; 91:2408–16; https://
doi.org/10.3168/jds.2007-0750

[85] Liesegang A, Risteli J, Wanner M. The effects of first gestation and 
lactation on bone metabolism in dairy goats and milk sheep. Bone 
2006; 38:794–802; https://doi.org/10.1016/j.bone.2005.11.006

[86] Mahan DC, Newton EA. Effect of initial breeding weight on macro- 
and micromineral composition over a three-parity period using a 
high-producing sow genotype. J Anim Sci 1995; 73:151–8; https://
doi.org/10.2527/1995.731151x

https://doi.org/10.1016/0167-4838(91)90088-h
https://doi.org/10.1111/j.1538-7836.2005.01419.x
https://doi.org/10.1016/j.nut.2016.01.011
https://doi.org/10.1016/j.nut.2016.01.011
https://doi.org/10.1016/s0899-9007(01)00709-2
https://doi.org/10.1016/j.abb.2010.07.030
https://doi.org/10.1016/j.abb.2010.07.030
https://doi.org/10.1038/nrendo.2012.201
https://doi.org/10.1038/nrendo.2012.201
https://doi.org/10.2337/dc08-1204
https://doi.org/10.2337/dc08-1204
https://doi.org/10.3945/ajcn.2010.30108
https://doi.org/10.1016/B978-0-444-51367-0.50005-22003
https://doi.org/10.1016/B978-0-444-51367-0.50005-22003
https://doi.org/10.1016/j.livsci.2013.06.005
https://doi.org/10.1093/jn/89.3.335
https://doi.org/10.1093/jn/126.suppl_4.1187S
https://doi.org/10.1093/jn/126.suppl_4.1187S
https://doi.org/10.2527/jas.2008-1266
https://doi.org/10.2527/jas.2008-1266
https://doi.org/10.1093/ajcn/71.1.142
https://doi.org/10.3168/jds.S0022-0302(00)75048-X
https://doi.org/10.3168/jds.S0022-0302(00)75048-X
https://doi.org/10.3168/jds.2007-0750
https://doi.org/10.3168/jds.2007-0750
https://doi.org/10.1016/j.bone.2005.11.006
https://doi.org/10.2527/1995.731151x
https://doi.org/10.2527/1995.731151x

