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Abstract

Calcium (Ca) absorption occurs by two mechanisms, nonsaturable paracellular
absorption and saturable transcellular absorption. The activity of these mechanisms
depends on the concentration of Ca in the diet. At high dietary Ca concentration, the
nonsaturable mechanism is more active, whereas at low dietary Ca concentration, the
saturable mechanism is more involved. The saturable mechanism is vitamin-D dependent,
because the expression of genes related to the transcellular transport may be influenced
by the active form of vitamin D. Increasing dietary Ca decreases the mRNA expression
of transient receptor potential cation channel, subfamily V, member 6 (TRPV6), which
is used for absorption of Ca into the enterocytes in the jejunum. However, this does not
result in less absorption of Ca, because as dietary Ca increases, an increased proportion
of Ca is absorbed via the paracellular route in the small intestine and the total percentage
of Ca that is absorbed is almost constant regardless of dietary Ca concentration. High
concentrations of dietary Ca will also reduce the mRNA expression in the kidneys of
TRPV6, TRPVS, $100 calcium binding protein G, and calbindin 1, but because there is
no paracellular reabsorption of Ca in the kidneys excretion of Ca in the urine is increased
as dietary Ca concentration increases. As a consequence, body Ca concentrations are
primarily regulated in the kidneys.
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14.1 Introduction

Calcium (Ca) is important for bone health, muscle contraction, transmission of nerve
pulses, and other important physiological functions (Crenshaw, 2001; Ewing and
Charlton, 2007; Vitti et al., 2010). Calcium is mainly absorbed in the small intestine by
two mechanisms: paracellular absorption and transcellular absorption (Bronner, 1987).
Paracellular absorption of Ca is nonsaturable and does not require energy, whereas
transcellular absorption of Ca is a saturable process that not only requires energy, but also
needs Ca channels and Ca transporters (Christakos, 2012).

C.L. Walk et al. (ed.) Phytate destruction - consequences for precision animal nutrition 217
DOI 10.3920/978-90-8686-836-0_14, © Wageningen Academic Publishers 2016



].C. Gonzilez-Vega and H.H. Stein

Vitamin D may influence the expression of genes involved in transcellular transport of
Ca, which is mainly active if dietary Ca is relatively low (Kutuzova and DeLuca, 2004).
Extensive research has been conducted in broiler chickens, rats, and mice to evaluate
the effect of dietary Ca concentrations on expression of genes involved in transcellular
transport of Ca in the small intestine and kidneys (Armbrecht et al., 1980, 2003; Healy et
al., 2005; Hurwitz et al., 1995; Ko et al., 2009; Rosenberg et al, 1986; Van de Graaf et al,
2004). However, for pigs, only limited data have been reported.

14.2 Calcium absorption

Calcium absorption in pigs is similar to that in other species with the active energy-
requiring transcellular route being the primary form of absorption at low concentrations
of dietary Ca, whereas the paracellular route is used more extensively at greater dietary
concentrations of Ca (Bronner, 2003). When combined, the two routes of absorption
result in a near constant rate of absorption of Ca from the intestines regardless of the
concentration of Ca in the diet (Stein et al,, 2011). However, increased dietary Ca has a
negative impact on the digestibility and absorption of phosphorus (Steinetal., 2011), which
may be a result of formation of Ca-phosphorus complexes or possibly Ca-phosphorus-
phytate complexes in the intestinal tract.

In the kidneys, Ca may also be absorbed into the bloodstream from the distal tubule, but
in this case, only active transport is used, which means that Ca is absorbed only if there is
a low concentration of plasma Ca. As a consequence, if plasma concentrations of Ca are
adequate, less Ca will be absorbed from the kidney tubules, and more will be excreted in
the urine (Blaine et al., 2015).

14.2.1 Active absorption of calcium

Active absorption of Ca is also referred to as transcellular absorption because Ca is
absorbed via active absorption passes through the cell. Active transport of Ca occurs
primarily in the proximal small intestine (duodenum and proximal jejunum) and is a
saturable process requiring energy and a Ca-binding protein for transport (Bouillon ef
al., 2003; Gropper et al., 2009). The low pH in the stomach causes dietary Ca to solubilize
and Ca enters the lumen of the small intestine in the form of Ca salts. The free Ca enters
the enterocyte by Ca channels located in the brush border membrane (Bronner, 2003;
Gonzalez-Vega et al., in press). The Ca channels are referred to as transient reception
potential vanilloids (TRPV). In the small intestine TRPV6 is present, whereas TRPV5 is
located in the kidneys (Christakos, 2012). Upon absorption into the enterocytes, Ca binds
to the Ca-binding proteins (CaBP) which are upregulated or down regulated by Vitamin
D. The Ca-binding proteins, also known as calbindin, move Ca across the enterocyte
(Gropper et al,, 2009). The CaBP9k is mainly found in the intestines and CaBP28k in
kidneys (Bouillon et al., 2003). In mice, it has been demonstrated that Ca exits the cell on
the basolateral membrane by active transport using a Ca-sodium (Na) pump or an ATPase
(Bronrier, 2003), an enzyme that releases ATP and al.ows Ca to exit from the cell (Gropper
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et al,, 2009), and it is believed that a similar mechanism is present in most other species
(Bouillon et al.,, 2003).

14.2.2 Passive absorption of calcium

Passive absorption is also referred to as passive diffusion or paracellular absorption. This
process occurs primarily in the jejunum and ileum in the small intestine and is dependent
on the concentration of Ca in the intestinal lumen and the electrochemical gradient across
the epithelium (Gropper et al., 2009). It is imperative that this pathway is regulated to
allow selective permeability. Using the passive transport pathway, Ca is passively moved
from the lumen of the small intestine through the tight junctions between the enterocytes
(Gropper et al., 2009). Passive absorption is increased with increased solubility of Ca in
the distal small intestine and increased by the amount of time the chyme resides in these
segments of the intestine (Gropper et al,, 2009).

14.3 Site of calcium absorption

Although Ca source and type of diet may influence the place of Ca absorption (Gonzélez-
Vega et al., 2014; Partridge, 1978), Ca absorption mainly takes place in the small intestine
(Liu et al, 2000; Partridge, 1978), mostly in the duodenum at low Ca intake using active
absorption, but at greater Ca intake, absorption occurs primarily via the paracellular
route in the jejunum and ileum. There are however, differences among Ca sources in the
exact place in the small intestine where Ca is absorbed, presumably due to differences
in solubility, and for some sources of Ca, the main site of absorption appears to be the
jejunum or ileum (Gonzalez-Vega et al., 2014). Results of some experiments also indicated
that absorption of Ca may take place in the colon (Liu et al., 2000). However, results of
recent studies have indicated that no absorption of Ca takes place in the large intestine
(Bohlke et al., 2005; Gonzdlez-Vega et al., 2014).

14.4 Endocrine regulation of calcium homeostasis

The three primary hormones that are responsible for maintaining Ca homeostasis are
parathyroid hormane (PTH), vitamin D, and calcitonin (Crenshaw, 2001; Eklou-Kalonji
et al., 1999; Gropper et al., 2009). The PTH is produced and secreted by the chief cells in
the parathyroid gland and secretion of PTH results in an increase in serum Ca levels, but a
reduction in phosphorus levels. The primary regulation of PTH is a conformational change
in the Ca sensing receptor, which indirectly inhibits PTH secretion from the parathyroid
gland (Gropper ef al,, 2009). Vitamin D in the active form is referred to as calcitriol. The
overall effect of calcitriol is to increase levels of Ca in plasma. Calcitriol is synthesized in
the kidneys from 25-OH vitamin D using the enzyme 1-hydroxylase and this process is
stimulated by PTH. Calcitriol causes reabsorption of Ca in the kidneys using CaBP28k,
and in the intestines calcitriol increases CaBP9k synthesis. Both CaBP28k and CaBP%k are
used to transport Ca across the epithelial cells from the luminal site to the basolateral site
and these proteins, therefore, are needed for the active absorption process of Ca.
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Calcitonin is synthesized by the parafollicular cells in the thyroid gland and has the
primary function of reducing serum Ca concentrations. This is primarily accomplished
by inhibiting the action of osteoclasts in the bone and increasing Ca excretion in the urine.
Calcitonin also inhibits bone resorption by osteoblasts (Gropper et al., 2009). The primary
function of calcitonin is to maintain the skeleton when Ca demands increase such as in
growth and lactation (Wimalawansa, 1996).

14.5 Gene expression of calcium transporters

The release of 1-hydroxylase in the kidneys at low plasma Ca concentrations results in
synthesis of 1,25-dihydroxycholecalciferol (1,25-(OH),D,), which is the active form of
vitamin D (Crenshaw et al., 2011; Hurwitz, 1996). Thus, the energy-requiring transcellular
absorption of Ca is vitamin D-dependent (Healy et al., 2005) and 1,25-(OH),D; increases
the expression of CaBP9k and TRPV6 (Christakos, 2012). Expression of the Ca-ATPase
that is needed to transport Ca out of the enterocyte via the basolateral membrane is also
up-regulated by 1,25-(OH),D; (Kutuzova and DeLuca, 2004). Combined, the action of
1,25-(OH), D, results in increased transport of Ca from the small intestinal lumen into
the enterocyte, transport inside the enterocyte to the basolateral membrane, and transport
out of the enterocyte over the basolateral membrane. In addition, 1,25-(OH),D; increases
expression of TRPV5 and CaBP28k in the kidneys which results in increased reabsorption
of Ca from the distal kidney tubules to plasma (Bouillon et al., 2003).

In broiler chickens, rats, and mice, the expression of TRPV6, TRPVS5, the intestinal binding
protein S100G, and/or the ATPase PMCA1 was increased in the small intestine and/or
in the kidneys at low dietary Ca concentrations (Armbrecht ef al., 1980, 2003; Hurwitz
et al., 1995; Ko et al,, 2009; Rosenberg et al., 1986; Van de Graaf ef al., 2004). In laying
hens, expression of intestinal calbindin and vitamin D receptor (VDR) increased at low
concentrations of non-phytate phosphorus, whereas at high concentration of non-phytate
phosphorus, the mRNA expression of calbindin and VDR decreased (Nie et al., 2013).

However, limited studies with pigs have been conducted to evaluate the effect of increasing
concentrations of Ca on the gene expression of transporters of nutrients. [n the jejunum,
the concentration of Ca influenced the expression of some genes involved in nutrient
absorption such as zonula occludens 1, occludin, toll-like receptor 2, and colonic GLUT2
(Metzler-Zebeli et al., 2015). An experiment was also conducted to determine the effect
of dietary Ca on the expression of genes involved in the transcellular transport of Ca in
the jejunum and kidneys in pigs (Gonzalez-Vega et al., in press). Six diets were formulated
to contain 0.36% standardized total tract digestible (STTD) phosphorus and 0.32, 0.40,
0.48, 0.56, 0.64, or 0.72% STTD Ca, by including increasing quantities of Ca carbonate
in the diets at the expense of cornstarch. The three diets with the least concentrations of
Ca contained less Ca than the requirement according to NRC (2012) and the three diets
with the greatest concentrations of Ca met or exceeded the Ca requirement (NRC, 2012).

Two internal control genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
hydroxymethylbilane synthase (HMBS) were used to normalize the expression of tested

220 Phytate destruction - consequences for precision animal nutrition



14. Calcium absorption in pigs

genes (Vigors et al., 2014). The selected tested genes involved in the active transcellular
transport of Ca were $100 calcium binding protein G (S100G), TRPV6, PMCAL, and VDR
in jejunum samples; and S100G, calbindin 1, 28kDa (CALB1), TRPV6, TRPV5, ATP2B1,

and VDR in kidney samples.

Results from this experiment indicated that the mRNA expression of TRPV6 and S100G
in the jejunum (Figure 14.1) and the mRNA expression of TRPVS, TRPVS, §100G, and
CALBI in the kidneys (Figure 14.2) were down-regulated at high concentrations of
dietary Ca. These results indicated that dietary Ca concentrations regulated the mRNA
expression of Ca binding proteins and Ca channel proteins in the jejunum and the kidneys.
These results are in close agreement with data obtained in mice, rats, and broiler chickens
(Armbrecht ef al., 1980, 2003; Hurwitz ef al., 1995; Ko et al., 2009; Rosenberg et al., 1986;
Van de Graaf ef al., 2004). In mice, high concentrations of dietary Ca increased mRNA
expression of VDR in the kidney, but not in the duodenum (Healy ef al,, 2005), which
was in agreement with results observed by Gonzdlez-Vega et al. (in press). Thus, results of
this experiment indicate that at high dietary concentrations of Ca, mRNA expression of
Ca transporters involved in the transcellular route were down-regulated in the jejunum,
however, most Ca may have been absorbed using the paracellular route. As a consequence,
Ca that was not needed for bone tissue synthesis or was not retained in the body was
subsequently excreted in the urine. Therefore, vitamin D-dependent transport may play
arole in increasing Ca absorption from the small intestine and in Ca reabsorption in the
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Figure 14.1. Expression of genes related to transcellular transportation of Ca in jejunum of pigs fed 0.32,
0.40, 0.48, 0.56, 0.64, or 0.72% STTD Ca and 0.36% STTD P. The P-values for linear and quadratic effect
of increasing concentration of STTD Ca, and means for each dict and standard errors (vertical bars) are

indicated.
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Figure 14.2. Expression of genes related to transcellular transportation of Ca in kidney of pigs fed 0.32,
0.40, 0.48, 0.56, 0.64, or 0.72% STTD Ca and 0.36% STTD P. The P-values for linear and quadratic effect
of increasing concentration of STTD Ca and means for each diet and standard errors (vertical bars) are
indicated.

kidneys at low concentrations of dietary Ca, but at high Ca concentrations, homeostasis
is regulated mainly at the renal level.

14.6 Conclusions

1. Calcium is absorbed by paracellular and transcellular routes.

2. Expression of genes related to Ca transcellular transport in the jejunum and kidneys of
pigs decrease if concentrations of dietary Ca increase. However, although absorption of
Ca by the transcellular route decreases, more Ca is absorbed via the paracellular route
if dietary Ca concentration increases, and there is, therefore, very limited regulation
of Ca absorption from the intestinal tract.
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3. However, expression of genes for proteins involved in reabsorption of Ca in the kidneys
is upregulated if dietary Ca is low with a subsequent reduction in urinary excretion
of Ca. In contrast, if dietary Ca concentrations are above the requirement, expression
of genes for kidney proteins involved in reabsorption of Ca are downregulated with a
subsequent increase in urinary excretion of Ca.

4. Thus the kidneys are the main regulators of body Ca concentrations in pigs.
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