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Propositions

1. The main difference in Ca and P homeostasis between pigs and chickens lies in the
balance between the intestine and kidney.

(this thesis)

2. Intestinal expression of Ca related transporters is determined by, rather than a
determinant for, intestinal Ca absorption in pigs and chickens.

(this thesis)

3. A corner stone of science lies in ruins, if the conclusion of Baker’s study that: “more
than 70% of researchers have tried and failed to reproduce another scientist’s

experiments, and more than half have failed to reproduce their own experiments

(Nature, 2016, 533:452-454), can be reproduced.

4. The use of statistical significance in arguments regarding someone’s health is not a

comfort.

5. Counterintuitively, it is toilet paper rather than personal protective equipment, food or

clean water that offers a sense of safety and control at the start of a pandemic.

6. Writing propositions is like cooking a culinary delight, the appreciation depends on the

reviewer’s hedonic values.
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Background

The global human population has increased rapidly over the past few decades and
is predicted to peak at 9.73 billion in 2064 ), Together with the increasing wealth
and income, the global meat consumption particularly pork and chicken has also
been substantially increasing ?. In animal production, phosphorus (P) is an
indispensable dietary macro element for all animal species where it plays an
important role in many biological processes, including cell signalling and

differentiation, muscle contraction and bone development &/ 4, In most grains and

cereals used in the Table 1. Content oftotal phosphorus (P), total inositol phosphate (IP),

formulation of IP/P, standardized digestible P (dP) content in pigs and retainable P
(rP) content in poultry in commonly used feed ingredients !

P IP IP/P dPin pigs rPin poultry

compound feeds for pigs
Ingredients

and poultry, P s g/kg g/kg % % %
predominantly bound in Plant seeds
various forms of inositol Barley 3.1 23 /4.2 35 38
Lupin 29 1.5 51.7 60 49
phosphate (IP, Table 1) P
_ _ Maize 24 2.1 875 27 30
such as inositol 3.2 21 656 30 50
hexakisphosphate (IP6). Rice 2.6 2.3 885 13 16
Other forms of IP with Rye 3.1 2.0 645 30 38
lower degree of Sorghum 2.7 1.9 70.4 25 30
. Soybean 5.0 3.5 70.0 55 41
phosphorylation  (IP5-
Sunflower seed 7.7 6.2 80.5 17 27
IP1) are also found in  qriticale 3.4 22 647 30 NA
cereal grains but only at Wheat 29 1.9 655 30 38
marginal levels (5), A|l By products from plant seeds
. Cotton seed meal 10.7 8.0 74.8 30 30
these IP require
_ ) Maize gluten meal 4.3 3.0 69.8 20 40
enzymatic  hydrolysis o ceedmeal 105 7.9 752 28 33
before P can be Rice bran meal 16.5 14.9 90.3 13 16
absorbed from the Soybean meal 6.8 4.7 69.1 42 42
intestinal lumen into the Sunflower seed meal 10.3 8.2 79.6 17 27
Wheat bran 9.8 8.3 84.7 18 27
enterocytes (6), In
Mineral P
addition, the various IP NaH,PO4-H,0 89 91
forms are considered to Ca(H2P04)2-H,0 83 85
be antinutritional factors CaHPO4-H20 65 55
CaHPO4:2H,0 71 78

since they can bind

_ ) ! Data from CVB (7),
dietary cations and NA=not available.
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positively charged proteins, amino acids and polysaccharides ®. Although non-
ruminant animals such as pigs and poultry, secrete endogenous phosphatases into
the lumen of the gastrointestinal tract (GIT), the secreted quantities are insufficient
to fully degrade IP. To meet the minimal requirement for P of modern-day
production animals, mineral P such as monocalcium phosphate (MCP) and dicalcium
phosphate (DCP) which are an expensive and finite resource collected from Permian
sediments and predicted to be depleted in a few decades ), is routinely added to
the diets. The P not deposited in body tissues is excreted via urine and faeces which
contribute to environmental pollution including surface water eutrophication (19,
Due to being an easily collected and as such finite resource as well as the
environmental burden and economics of lowering feed costs, improving P

absorption and retention in pigs and poultry has been intensively studied.

Phosphorus digestion in the GIT of pigs and poultry

The various forms of IP in cereal grains require cleavage of P from the inositol ring
prior to absorption in the GIT. In this context, I regard the enzymatic hydrolysis of
dietary IP as a digestion process, since “the enzymes convert the macromolecules
into absorbable molecules in a process termed digestion. The products of digestion,
as well as secretion from the upper parts of the GIT, are then transported across the
epithelium to enter the blood or lymph by a process termed absorption” 1), Other
minerals such as calcium (Ca), which is mostly derived from inorganic sources such
as limestone (CaCOs), are solubilized in the GIT and then absorbed by the
enterocytes. Thus, in the example of dietary Ca, this mineral is not directly involved
in enzymatic digestion in the GIT, although terminologies such as digestible Ca and
Ca digestibility are widely used in nutritional studies in pigs (e.g. Gonzalez-Vega and
Stein *?)) and poultry (e.g. Anwar et al. %), In this thesis, Ca and P digestibility is
also used to be consistent with previous publications with the understanding that this

terminology is scientifically correct for IP bound P (IP-P) but not for inorganic P or Ca.

The IP-P can be digested in the GIT of pigs and poultry by phytases and
phosphatases derived from exogenous microbial phytase added to the diet, intrinsic
plant phytases, endogenous mucosal phosphatases and endogenously formed
microbial phytases (%, In the stomach (pigs) and crop (poultry), P digestion is

predominantly catalysed by intrinsic plant and exogenous microbial phytases.
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Endogenous mucosal phosphatases, including intestinal alkaline phosphatase (IAP)
and putative multiple inositol polyphosphate phosphatase (MINPP1) (15 16)  catalyse
IP dephosphorylation in the small intestine. In the caeca and colon that harbour an
abundant microbial flora, most of the dietary IP6 is degraded by microbial phytases
and consequently faecal IP6 recovery is low 7). Of note is that efficacy of phytase
and phosphatases is dependent on luminal pH ® which gradually increases from the

proximal to distal GIT.

Phosphorus is predominantly absorbed in the small intestine via transcellular
and paracellular pathways. Recent studies in pigs indicate that the stomach and colon
may also contribute to intestinal P absorption. For instance, using T-cannulated pigs,
Gonzalez-Vega et al. (® showed that gastric and colonic P absorption could be
substantial depending on dietary P sources. Liu et al. (1% 20 also indicated that post-
ileal P absorption was dependent on dietary P source and body weight of pigs. It is
conceivable that the microbiota in the caeca and colon degrade IP 7) and release IP-
P, which may increase soluble inorganic P concentration in the GIT lumen and
generate a high concentration gradient of soluble inorganic P across enterocytes,
thereby, facilitating P absorption in the colon of pigs. Thus, other GIT segments beside
the small intestine may also substantially contribute to P absorption, depending on
dietary P source. Since most published studies focussed on the cumulative P
absorption in the distal ileum of broilers or total tract in pigs, they do not provide full

insight into P digestion and absorption along the entire GIT.

In most of the commonly used feed ingredients, P digestibility appears to be
higher in broilers than in pigs (Table 1). This finding is in line with the fact that poultry
seems to have a greater specific activity of IAP and higher ratio of villus height to
crypt depth in the small intestine (Table 2), indicating a greater potential to catalyse
IP dephosphorylation and larger surface area per unit volume to absorb P compared
to pigs. In addition, previous studies showed that IP6 degradation was 7-37% in the
duodenum and 10-60% in the ileum, with only one study @) reaching a value above
40% in the ileum of pigs fed corn and soybean-meal based diets with low phytase
activity (Table 3). In contrast, broilers fed corn and soybean-meal based diets with
low phytase activity had greater IP6 degradation, i.e. 7-9% in the crop, 14-59% in
the duodenum and 16-75% in the ileum, with only two studies 2%/ 23 reporting values
below 40% in the ileum (Table 3). Of note is that the stepwise degradation of IP6
may generate IP with lower degree of phosphorylation (e.g. IP3 and IP4) ??, which

10
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also require to be dephosphorylated prior to mucosal P absorption. Furthermore,
unlike mammals, the GIT of poultry consists of a crop to store and wet the ingested
feed, a proventriculus and gizzard to grind the digesta and function as a real stomach,
caeca to ferment, reflux of digesta in various parts of the intestine and a cloaca where
urine is secreted (?*), These differences suggest that insights obtained in avian studies

cannot be extrapolated to pigs and vice versa.

Table 2. Comparison of intestinal morphology and specific activity of alkaline phosphatases in the
small intestine of pigs and broilers

Item Pigs Broilers

Morphology of small intestine, pm

Reference Lee et al. (3 Wu et al. (26)
Body weight, kg 18.7 (42 days of age) 0.77 (21 days of age)
Jejunum

Villus height 274 872

Crypt depth 245 119

Villus height: crypt depth 1.11 7.32
Ileum

Villus height 254 784

Crypt depth 205 101

Villus height: crypt depth 1.24 7.76

Specific activity of alkaline phosphatases, U/mg of protein

Reference Pointillart et al. (27 Iji et al. (28
Body weight, kg 57.7 (132 days of age) NR (21 days of age)
Duodenum 0.06 1.27
Jejunum 0.19 1.36
Ileum 0.12 0.58

NR=not reported.

11
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Table 3. Myo-inositol hexakisphosphate (IP6) degradation in the gastrointestinal tract of pigs and
broilers fed diets mainly based on maize and soybean meal with a low phytase activity and free of

exogenous microbial phytase inclusion

Species Dietary Dietary P Sampling location IP6 degradation
Reference Ca g/kg g/kg %
Pigs
Baumgartel et al. 21 9.1 2.9 Ileum 60
Jongbloed et al. (29 5.2 3.3 Duodenum 22
Ileum 10
Kemme et al. 3% 5.8 5.0 Duodenum 7
Ileum 27
Kemme et al. GV 5.5 3.0 Ileum 35
Lu et al. 32 6.8 5.4 Duodenum/jejunum 8
Ileum 26
Faeces 87
Rapp et al. 33) 5.6 4.3 Duodenum 9
Ileum 19
Rosenfelder-Kuon et al. 17 7.0 3.7 Ileum 18
Faeces 97
Rutherfurd et al. 3% 3.9 4.0 Stomach 37
Jejunum 38
Ileum 39
Faeces 87
Zeng et al. 33) 4.1 3.8 Ileum 11
Broilers
Ajuwon et al. (23) 6.8 6.4 Duodenum/jejunum 14
Ileum 27
Amerah et al. (39 5.1 5.1 Ileum 51
Applegate et al. 37) 3.6 3.7 Ileum 75
Li et al. (22 7.0 5.0 Ileum 16
Shastak et al. (38) 4.3 3.0 Ileum 62
Siegert et al. 39 9.2 4.1 Ileum 45
Sommerfeld et al. (49 6.5 4.9 Crop 7
Duodenum/jejunum 35
Ileum 42
Tamim and Angel 41 1.8 4.1 Ileum 67
Tamim et al. (42 1.8 4.0 Ileum 69
Zeller et al. 43) 7.5 5.2 Crop 9
Duodenum/jejunum 59
Ileum 74
Caeca 91
Zeller et al. 4% 6.0 4.4 Duodenum/jejunum 55
Ileum 67

12
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Approaches to improve P digestion and absorption

Many factors can affect dietary P digestion and absorption, including, but not
limiting to, dietary Ca content (4>4%), P (40: 50) intrinsic plant phytase activity 59,
exogenous microbial phytase supplementation (32 52-36) vitamin Ds supply ©7i 38);
diet acidification (>°-61), diet soaking (2 and processing (¢3). Among these, a low
dietary Ca supply 549 and supplementation with exogenous microbial phytase 3%

>2-56) have been shown to effective in improving dietary P digestion and absorption.

Dietary Ca and P interactions

Calcium is the 5™ most abundant macro element in the world and plays an
important role in many biological processes including bone formation by binding P
to form hydroxyapatite (Cas(PO4)s(OH)) %, Probably due to its low cost and
abundant sources, Ca is generally oversupplied in the diets for pigs and poultry.
Moreover, the variation in Ca content of feed materials is not well known. According
to a survey based on 795 broiler and pig diets from 2010-2015 3, the analysed
Ca content is on average 2.2 g/kg higher than the formulated Ca content. A high
level of dietary Ca can reduce P digestion and absorption probably by generating
insoluble Ca-IP and Ca-P complexes (6%, In addition to Ca-IP and Ca-P
complexation, Ca may also hamper dietary P digestion by reducing IP solubilisation
and inhibiting efficacy of phytase and phosphatases. In particular, IP is better
soluble in water at a low pH @& 67 while limestone (CaCOs), the major source of
dietary Ca, may increase luminal pH in the proximal GIT (stomach for pigs and
proventriculus and gizzard for poultry) during limestone solubilisation 9,
Furthermore, a high luminal Ca concentration can aggregate IAP, thereby,
reducing its efficacy to catalyse IP hydrolysis (68, For instance, Applegate et al. 37
reported that mucosal phosphatase activity in the duodenum and jejunum was 9%
greater in broilers fed diets containing 4 compared to 9 g/kg Ca, accompanied with

12% greater IP hydrolysis in the ileum digesta.

Reducing dietary Ca content increases dietary P absorption. However, a too
low Ca supply may reduce post-absorptive P metabolism and compromise growth
performance in both pigs % 7% and broilers 1), The surplus of absorbed P above
the optimal ratio between Ca and P is not retained but excreted via the kidneys in

urine /2, Thus, a certain dietary Ca supply is critical to optimize post-absorptive

13
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P utilization. To lower dietary Ca supply without compromising growth performance
and P utilisation, the use of Ca sources of higher digestibility seems to be a
promising approach. For example, compared to fine limestone, coarse limestone
is less soluble and has been shown to improve Ca digestibility in the distal ileum
of broilers (73775, In addition, dietary phytase inclusion substantially increased
apparent Ca digestibility from 44 to 68% in the presence of coarse but not fine
limestone in broilers ®), Thus, coarse compared to fine limestone seems to
increase dietary Ca absorption, thereby, allowing a lower dietary Ca content

without compromising growth performance and bone formation.

Use of exogenous microbial phytase

As mentioned above, endogenous mucosal phosphatases in the small intestine of
pigs and poultry are insufficient to fully degrade the various forms of dietary IP.
The application of microbial phytase, therefore, has been extensively studied and
widely practised in the pig and poultry feed industry 7)., A meta-analysis of 88
published experiments in pigs indicated that inclusion of microbial phytase (1000
FTU/kg) enhanced dietary P absorption by 21% unit on average 7®. This estimated
improvement of P absorption is largely in line with results of Wang et al. 7®), who
analysed 245 published studies in pigs and reported that dietary microbial phytase
inclusion reduced total P excretion by 31% unit. Phytase dosage was not included
in the latter meta-analysis model. Efficacy of microbial phytase to improve dietary
P absorption, however, appears to be lower in poultry compared to pigs. In
particular, a meta-analysis of 103 broiler and 26 layer experiments indicated that
a mean dietary inclusion of 1039 FTU microbial phytase per kg improved P
retention by 8.6% unit in broilers ®%, This difference in phytase efficacy further
supports that broilers may have a greater intrinsic potential to digest various forms
of IP and absorb IP-P.

Dietary phytase inclusion may also increase absorption of other minerals
(e.g. Ca @Y, zinc and copper ), and increase the digestibility of amino acids (&3
and energy @4 in broilers and pigs. The main mechanism behind this positive
impact of microbial phytase may be that the various forms of IP bind cations and
positively charged proteins and polysaccharides ®. Microbial phytase degrades IP,

thereby, reducing the binding affinity and improving the absorption of nutrients

14
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that potentially bind to IP. In addition, recent studies in pigs have shown that
dietary phytase inclusion reduces endogenous Ca losses ) and increases P
absorption from fish meal %, Furthermore, the final end product of IP hydrolysis,
myo-inositol, with its insulin-mimetic property ¢7), has been shown to improve
growth performance in both pigs 8 and poultry &), Thus, microbial phytase may
improve growth performance via multiple mechanisms in addition to dietary IP

degradation.

Mechanisms of intestinal Ca and P absorption

It is widely acknowledged that Ca and P are absorbed from the GIT lumen via
transcellular and paracellular pathways ®9. The transcellular absorption pathway
is recognized as an active, ATP-consuming process and is mediated by transporters
spanning the apical and basolateral plasma membrane of the enterocytes. Studies
in rodents have indicated that transcellular Ca absorption in the GIT begins with
apical Ca diffusion into the enterocyte via transient receptor potential cation
channel subfamily V member 6 (TRPV6) and to a lesser extent via member 5
(TRPVS), followed by Ca diffusion across cytoplasm by binding calbindin-D9k and
-D28k (CaBP-D9k/D28k, in birds exclusively CaBP-D28k), and ends with active Ca
exportation via basolateral sodium-Ca exchanger (NCX1/SLC8A1l) and plasma
membrane Ca-ATPase 1 (PMCA1/ATP2B1) ©Y, These transporters may also
participate in transcellular Ca absorption in the GIT of pigs °® and poultry 3 due
to their relative high degree in protein sequence homology, implicating functional
similarity. Of note is that TRPV6 mRNA expression in the GIT of broilers is below
the detection limit ®%, and transient receptor potential channel 1 (TRPC1) is

speculated to function as a substitute apical Ca channel in layers 93,

The transporters involved in P absorption are less well understood. In
rodents, apical P entry into the enterocyte is primarily mediated via sodium-
dependent phosphate transporter type IIb (NaPi-IIb/SLC34A2) (°®), Other P
transporters such as inorganic phosphate transporter 1 (PiT-1/SLC20A1) and 2
(PiT-2/SLC20A2) are also suggested to play a role in transepithelial P absorption.
However, their substantial role in whole body P homeostasis is still under debate.
Some researchers argued that these two PiT channels are responsible for

extracellular P binding and signalling 7). Furthermore, basolateral P exportation

15
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is not fully clarified. Xenotropic and polytropic retrovirus receptor 1 (XPR1) is
reputed to function as a candidate P exporter on the basolateral membrane 8,
However, its contribution to transepithelial P absorption remains elusive. These P
transporters may also play a role in intestinal P absorption in pigs and poultry, but
more evidence about their expression as modulated by dietary intervention is

needed.

Paracellular Ca and P absorption has been studied to a much lesser extent
than transcellular absorption. The Ca and P paracellular absorption in the GIT has
been considered to be static and not regulated (°% 100, Recently some researchers,
however, claim that paracellular Ca and P absorption may be rather flexible (101,
Some claudins (CLDN) form channels which are selectively permeable to certain
small ions, and their expression level can be modulated by several systemic
hormones and regulators (192, For instance, CLDN-2 and -12 can form pores
permeable to Ca, and their expression level is elevated by 1,25-dihydroxycalciferol
(1,25(0H)2D3, the bioactive form of vitamin D3) treatment in the GIT of mice (193,
CLDN-4 (194 gand -7 (193 can form pores permeable for chloride but a barrier to
sodium in MDCK (a canine kidney cell line) and LLC-PK1 (a porcine kidney cell line)
cell cultures. However, reports about expression and modulation of Ca permeable
CLDN in pigs and poultry is scarce. Furthermore, a CLDN that forms a potent

channel permeable to P has not been identified yet.

Renal Ca and P reabsorption and excretion

Whole body homeostasis of Ca and P is maintained by regulating their absorption
in the GIT, deposition and resorption in bone and excretion via the kidney (199,
The surplus of absorbed Ca or P above the optimal ratio between Ca and P cannot
be deposited in bone of broilers and pigs, since hydroxyapatite (Cas(PO4)3(0OH))
has a constant Ca to P ratio of approximately 2.1. Thus, surplus of Ca and P is
eliminated via the kidney in urine. Urinary Ca and P excretion are under tight
control of systemic hormones and regulators such as 1,25(0OH).Ds, parathyroid
hormone (PTH) and fibroblast growth factor 23 (FGF23) (107), It has been reported
that a high serum Ca concentration can activate Ca sensing receptor (CaSR) in the
parathyroid gland and signal a reduction in PTH expression and secretion; a lower

PTH concentration in the serum decreases 1,25(0H).Ds, thereby, reducing renal

16
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Ca reabsorption in pigs ©®? and broilers (1%®), The kidney, therefore, is generally

acknowledged to play a central role in whole body Ca and P homeostasis.

In the mammalian kidney, blood is filtrated in the renal capsule (Figure 1)
where after the filtrate, which is also called primary urine, flows through the renal
tubules. During transport of primary urine through these tubules, most of the Ca
and P is reabsorbed and urinary Ca and P excretion is low under normal
physiological conditions. A study in rodents has shown that P is predominantly
reabsorbed in the proximal convoluted tubules via transcellular and paracellular
pathways (199, Bulk Ca is reabsorbed mainly in the proximal convoluted tubules
and thick ascending limb via a paracellular pathway while the fine-tuned Ca
reabsorption takes place in the distal and connecting tubule via a transcellular
pathway (110, The transporters involved in renal Ca and P reabsorption are largely
similar to those in the GIT, except that apical Ca entry is predominantly mediated
via TRPV5 ©®Y and apical P entry is mostly mediated by NaPi-IIa and NaPi-IIc
instead of NaPi-IIb (11, Of note is that TRPV5 is not identified in birds, thus apical
Ca entry is mostly meditated via TRPV6 by the avian kidney. Furthermore, CLDN-
16 is expressed in the distal convoluted tubules by murine kidneys and may

interact with TRPV5 and mediate paracellular Ca reabsorption (112),

The structure of the avian kidneys differs from that of mammals (Figure 1).
There are two types of nephrons in the avian kidney: reptilian-type and
mammalian-type. Unlike mammals, 70-90% of the avian nephron is reptilian-type
which does not contain a loop of Henle ('3, In addition, the boundary between
renal cortex and medulla is not distinct in the avian kidney, since the avian renal
cortex contains complete reptilian-type nephrons (!4, These differences indicate
that renal Ca and P reabsorption may not be the same between mammals and
poultry. Urinary Ca and P excretion in poultry is more difficult to measure because
urine is secreted into the cloaca and mixed with undigested components in the
excreta (113, Measuring the expression level of Ca- and P-related transporters and
CLDN in the kidney, therefore, seems to be a promising approach to shed more
light on the difference in control of Ca and P reabsorption and their excretion via

urine in the kidney between pigs and poultry.
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Afferent vein
Collecting duct
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Figure 1. Schematic illustration of the mammalian kidney (A1, adapted from Rogers (116)) and
nephron (B1, adapted from Blaine et al. (117)), and avian kidney (A2, adapted from Sherwood et al.
(114)) and nephron (B2, adapted from Romagnani et al. (118)), The outer portion of mammalian kidney,
i.e. renal cortex, contains proximal and distal convoluted tubules (PCT and DCT),; the innermost part
of mammalian kidney, i.e. renal medulla, consists of loop of Henle (A1 and B1). The boundary
between renal cortex and medulla is not distinct in the avian kidney, and the renal cortex of avian
kidney contains complete nephrons without loop of Henle (A2). The nephrons without loop of Henle,
i.e. reptilian-type nephron, are the primary type of nephron in avian kidney (70-90%). The other
type of nephron in avian kidney, i.e. mammalian-type nephron, contains a loop of Henle (B2). The
percentage of Ca (red number) and P (black number in parentheses) reabsorption (%) in different
segments of mammalian nephrons is shown in B1: bulk Ca is reabsorbed mainly in the PCT (60-70%)
and thick ascending limb (20%) via a paracellular pathway while the fine-tuned Ca reabsorption
takes place in the DCT (10%) via a transcellular pathway; P is predominantly reabsorbed in the PCT

(85%) via transcellular and paracellular pathways.
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Formulation of knowledge gaps

Intestinal Ca and P absorption involves several different processes: Ca and P
solubilisation, IP degradation, endogenous Ca and P secretion, transcellular and
paracellular Ca and P absorption, and more. Most of the previous studies provide
end-point values related to the cumulative Ca and P absorption up to the terminal
ileum of broilers or total tract of pigs, with or without the correction for basal
endogenous Ca and P losses. They, however, do not quantify Ca and P absorption
along the GIT. Since IP dephosphorylation is a dynamic process affected by many
factors (e.g. dietary Ca level, phytase activity, dietary P sources and diet
processing), monitoring Ca and P absorption in different GIT segments may
significantly contribute to a better understanding of IP degradation and
synchronisation of post-absorptive Ca and P utilisation. Furthermore, although
some studies showed that a high dietary Ca content may inhibit microbial phytase
efficacy, results are inconsistent, and a firm conclusion cannot be drawn yet.
Insight into Ca and phytase interactions in different GIT segments helps to
optimize dietary P absorption, save feed cost and reduce P excretion in animal
production. In addition, Ca and P are (re)absorbed via transporters and CLDN,
which are under tight control of systemic hormones and regulators such as PTH
and 1,25(0OH).Ds. Most of the previous studies in pigs and poultry, however, did
not characterise expression of Ca- and P-related transporters and CLDN. Insight
into modulation of Ca and P transporters and CLDN in the GIT and kidneys allows
for the development of concepts to further improve intestinal P absorption and

utilisation and reduce P renal excretion in pigs and poultry.

Aim and outline of the thesis

The research described in this thesis aimed to provide further insights into the
interacting effects between dietary limestone particle size and inclusion level, and
microbial phytase inclusion on absorption of Ca and P along the GIT, their
deposition in bone and excretion via the kidney, as well as expression of Ca- and
P-related transporters and CLDN in the GIT and kidney of pigs and broilers. I first
investigated the interacting effects between dietary Ca content and microbial
phytase inclusion on Ca and P absorption along the GIT, their deposition in bone

and excretion via urine (Chapter 2), as well as expression of Ca- and P-related
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transporters and CLDN (Chapter 3) in the jejunal and colonic mucosa in pigs. This
was followed by a study in broilers to clarify the impact of limestone particle size
and inclusion level in the diet of broilers on Ca and P absorption in different GIT
segments, and characteristics of tibia breaking strength (Chapter 4) as well as the
expression of Ca- and P-related transporters and CLDN (Chapter 5) in the duodenal
and jejunal mucosa. In chapter 6, I investigated the interacting impacts between
dietary Ca content and microbial phytase inclusion on Ca and P absorption along
the small intestine, characteristics of tibia breaking strength and duodenal
expression of Ca- and P-related transporters and CLDN in broilers. I found in a
literature survey that broilers may have a greater intrinsic potential to liberate and
absorb dietary IP-P than pigs, and microbial phytase having a greater potential to
improve P absorption in pigs than broilers. Because of the similar experimental
designs used in chapters 2, 4 and 6, these studies provided a basis for comparison
of the impact of dietary Ca and microbial phytase intake on Ca and P absorption
and excretion between pigs and broilers. Hence, I compared in Chapter 7 the
impact of dietary limestone particle size and inclusion level, as well as microbial
phytase inclusion on renal expression of Ca- and P-related transporters and CLDN
in the kidney of broilers and pigs. Finally, I summarized and discussed the results
presented in this thesis in Chapter 8, with special emphasis on the similarities and

differences between pigs and poultry as related to Ca and P homeostasis.
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CHAPTER 2 | LIMESTONE AND PHYTASE IN PIGS

Abstract

Sixty growing male pigs were used to test the hypothesis that high dietary Ca
content reduces P absorption to a greater extent in microbial phytase-
supplemented diets via hampering inositol phosphate (IP) degradation and
precipitation of P. Pigs were equally allotted over three Ca content (2.0, 5.8 and
9.6 g/kg) diets supplementation either with or without microbial phytase (0 vs.
500 FTU/kg) in a 2x3 factorial arrangement. Faeces and urine were collected at
the end of the 21-day experimental period. At dissection, pigs were euthanized
and digesta quantitatively collected from different gastrointestinal tract (GIT)
segments. Incremental dietary Ca content reduced apparent P digestibility in all
GIT segments posterior to the stomach (P<0.001). Moreover, this negative effect
on apparent P digestibility was greater in phytase-supplemented diets in the distal
small intestine (P=0.007). Degradation of IP6 in the distal small intestine increased
with phytase supplementation (P<0.001) but decreased with dietary Ca content
(P=0.014). In addition, the proportion of IP esters in total IP (ZIP) indicated that
IP6/31IP was increased while IP4/3IP and IP3/3IP were reduced with incremental
dietary Ca content, also with a greater impact in phytase-supplemented diets
(P=0.025, 0.018 and 0.009, respectively). In all GIT segments, P solubility was
increased with phytase (P<0.001) and tended to be reduced with dietary Ca
content (P<0.096). Measurements in GIT segments showed that in pigs
incremental dietary Ca content reduced intestinal apparent P digestibility via
hampering IP degradation and precipitation of P, with a larger impact in microbial

phytase-supplemented diets due to the former.

Key words: calcium, phosphorus, phytase, gastrointestinal tract segments, pigs
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Introduction

Phosphorus (P) is currently the third most expensive nutrient in diets for many
intensively farmed animals. Most of the P in cereal grains and oil seeds is bound to
inositol phosphates (IP) ), and poorly available for non-ruminant animals such as
pigs and poultry. Improving gastrointestinal IP breakdown and reducing P excretion
has been intensively studied (® because of finite global mineral P availability,
increasing legal pressure on P output and public concerns regarding environmental
P pollution including surface water eutrophication. Dietary reduction of the calcium
(Ca) content and inclusion of microbial phytase are widely practiced to improve

gastrointestinal P absorption by intensively farmed, non-ruminant animals.

It is generally accepted that a high dietary Ca content reduces phytase
efficacy via Ca-IP complexation in the gastrointestinal tract (GIT) . Using growth
performance as the main criterion, Lei et al. ® first reported that a normal
compared to a low dietary Ca content reduced dietary microbial phytase efficacy.
However, their study did not measure intestinal P absorption. Selle et al.
postulated that microbial phytase activity was not affected by dietary Ca content,
because the optimal pH for phytase efficacy was lower than that for Ca-IP or Ca-P
complexation, and phytase was active mostly in the stomach while Ca-IP
complexation occurred primarily in the small intestine (SI). Poulsen et al. (® and
Létourneau-Montminy et al. () subsequently demonstrated that microbial phytase
improved apparent total tract P digestibility independent of dietary Ca content. Wu
et al. ® even reported that a high dietary Ca content supported microbial phytase
to improve growth performance. Discrepancies among these reported studies may
be partly explained by the different phytase activity of the basal diets and criteria
used to estimate phytase efficacy. Microbial phytase was added to the basal diets
at a low level in the study of Lei et al. ¥ but not in that of Poulsen et al. ®,
Létourneau-Montminy et al. ) and Wu et al. ®. Nevertheless, none of these
studies investigated the impact of dietary Ca content on IP degradation or P
solubility in the digestive tract. It remains unknown if a high dietary Ca content
may reduce phytase activity via the generation of Ca-IP and Ca-P complexes or
reduce the digestion of other nutrients (e.g. minerals and energy ). Moreover,
luminal pH gradually increases along the GIT, hence phytase activity seems to be
affected more in the distal compared to the proximal GIT. However, none of the

aforementioned reports investigated how dietary Ca interacts with phytase in
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different GIT segments, and Ca and P absorption along the GIT segments has

largely not been investigated.

We hypothesised that a high dietary Ca content reduces P absorption via
hampering IP degradation and precipitation of P in the distal SI of pigs, with a
greater impact in microbial phytase supplemented diets. As such, a very low Ca
diet can be expected to enhance intestinal P absorption but may hamper P
deposition and bone formation. Therefore, the objective of this research was to
investigate the interactive effect between dietary Ca content and microbial phytase
supplementation on apparent Ca and P digestibility and solubility in different GIT
segments, IP degradation in the distal SI as well as faecal and urinary Ca and P

excretion in growing pigs.

Materials and methods

The experiment was approved by the ethical committee of Wageningen
University & Research (2016.D-0065.006) and conducted in the facilities of the
Swine Research Centre of Trouw Nutrition (Sint Anthonis, the Netherlands). All
procedures agreed with Dutch laws on animal trials in accordance with EU directive
2010/63. Daily monitoring of the animals was conducted by experienced animal

caretakers under supervision of veterinarian.

Animals, experimental design and diets

Sixty growing male pigs (Hypor LibraxMaxter, 30.4+1.3 kg) were allocated to a
diet containing either 0 or 500 FTU/kg microbial phytase and three levels of dietary
Ca (2.0 (low), 5.8 (medium) and 9.6 (high) g/kg) in a 2x3 factorial arrangement.
The experiment was replicated over time with two runs of five replicate pigs per
treatment per run. Pigs were blocked by their initial body weight (BW) with pigs

within a block randomly allocated to one of the six experimental diets for 21 days.

Experimental diets were produced by a feed production plant for research
diets (ABZ Diervoeding, Leusden, the Netherlands) using a double mixing
procedure. Prior to feed production, a mixture of wheat, barley and soybean meal
was heated to 80 °C to deactivate intrinsic phytase activity. Subsequently, a basal

diet was made which met or exceeded the minimal requirement of all nutrients
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except for Ca and P (19, No limestone was added to the basal diet, and monosodium
phosphate was used to realize the intended digestible P content (1.7 g/kg).
Titanium dioxide (TiOz) was added to the basal diet at 4.0 g/kg as an indigestible
marker. The basal diet was thoroughly mixed and divided into six equal portions
before the required amount of limestone (Sibelco, Maastricht, the Netherlands)
and microbial phytase (Axtra Phy, Danisco Animal Nutrition, Marlborough, United
Kingdom) was added at the expense of diamol (Damolin, Kgnsborgvej, Denmark)
to produce each diet. Diet samples were taken with an automatic sampling device
during production. The feeds were pelleted (4 mm) at a maximum temperature of
80 °C to prevent segregation during shipping and storage. The intended and
analysed nutrients contents of the diets are shown in Table 1.

Table 1. Ingredient composition and analysed nutrient concentrations of the experimental diets

Phytase addition, FTU/kg 0 500
Ca content, g/kg as-fed 2.0 5.8 9.6 2.0 5.8 9.6
Ingredients, g/kg as-fed
Wheat 249 249 249 249 249 249
Barley 249 249 249 249 249 249
Maize 173 173 173 173 173 173
Soybean meal 117 117 117 117 117 117
Rapeseed meal 80 80 80 80 80 80
Sunflower seed meal 40 40 40 40 40 40
Soybean oil 32 32 32 32 32 32
Molasses 20 20 20 20 20 20
Premix ! 5 5 5 5 5 5
Salt 2 2 2 2 2 2
Amino acids 2 6 6 6 6 6 6
Monosodium phosphate 3 3 3 3 3 3
Phytase 3 0 0 0 0.1 0.1 0.1
Limestone 4 0 10 20 0 10 20
Diamol > 20 10 0 20 10 0
Titanium dioxide 4 4 4 4 4
Calculated composition, g/kg as-fed

NE, MJ/kg 9.7 9.7 9.7 9.7 9.7 9.7
Crude protein 171 171 171 171 171 171
Crude fat 59 59 59 59 59 59
AID lysine © 9.1 9.1 9.1 9.1 9.1 9.1
Calcium 2.0 5.8 9.6 2.0 5.8 9.6
Phosphorus 4.7 4.7 4.7 4.7 4.7 4.7
SIP-P7 2.9 2.9 2.9 2.9 2.9 2.9
Digestible phosphorus 1.7 1.7 1.7 2.5 2.5 2.5
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Table 1 (continued). Ingredient composition and analysed nutrient concentrations of the

experimental diets

Phytase addition, FTU/kg 0 500
Ca content, g/kg as-fed 2.0 5.8 9.6 2.0 5.8 9.6
Analysed composition, g/kg as-fed

Dry matter 889 886 889 888 889 889
Crude ash 57 58 58 57 57 58
Crude protein 181 184 184 184 187 184
Crude fat 58 51 56 58 58 59
Starch 363 364 367 360 374 372
Sugar 46 46 45 46 48 45
Calcium 1.8 5.3 8.9 1.8 5.3 8.6
Phosphorus 4.9 4.9 4.9 4.8 4.9 4.8
IP6-P 7 2.3 2.3 2.3 2.3 2.3 2.3
IP5-P 7 0.2 0.2 0.2 0.2 0.2 0.2
SIP-P7 2.5 2.5 2.5 2.5 2.5 2.5
Phytase activity, FTU/kgasfed <100 <100 <100 568 610 547

1 Premix contributed per kg of diet: vitamin A 10,000 IU; vitamin D3 2,000 IU; vitamin E 40 mg;
vitamin Kz 1.5 mg; vitamin B; 1.0 mg; vitamin B> 4.0 mg; vitamin Be 1.5 mg; vitamin Bi> 20 ug;
niacin 30 mg; D-panthotenic acid 15 mg; choline chloride 150 mg; folic acid 0.4 mg; biotin 0.05
mg; Fe 100 mg; Cu 20 mg; Mn 30 mg; Zn 70 mg; I 0.70 mg; Se 0.25 mg.

2 Provided in g per kg of diet: L-Lysine HCI; 4.1; L-Threonine; 0.9; DL-Methionine; 0.7; L-
Tryptophan, 0.2.

3 Axtra Phy, Danisco Animal Nutrition, Marlborough, United Kingdom.

4 Sibelco, Maastricht, the Netherlands.

5 Damolin, Kgnsborgvej, Denmark.

6 AID, apparent ileal digestible.

7 3IP-P, sum of inositol phosphate (IP) bound P; IP5-P, inositol pentakisphosphate (IP5) bound P;
IP6-P, inositol hexakisphosphate (IP6) bound P; Inositol tetraphosphate (IP4) and triphosphate
(IP3) were not detected in the diets.

Animal husbandry and feeding strategy

The experiment lasted 21 days and included a 4-d faeces and urine collection
period (d 14-18). Pigs were first individually housed in pens containing a slatted
floor (d 0-9) and then transferred to individual metabolism pens (d 10-20). During
the collection period, representative samples of faeces were collected in plastic
bags connected to the pigs with a Velcro system (*!) and removed twice a day in
the morning and afternoon. Urine was quantitatively collected in plastic buckets
via a funnel mounted underneath the metabolism pens. Environmental
temperature (23£1 °C) and ventilation were automatically controlled by a climate
computer. A dark/light schedule (0600 to 2200 h lights on) was used throughout

the entire experimental period, except for the dissection day (d 20) during which
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time lights were on from 0200 h in order to feed the pigs according to a frequent

feeding regime.

Daily feed allowance was three times net energy requirement for
maintenance (293 KJ NE/BW?7>) based on individual BW measured on d 0, 10 and
20, with daily increments based on the expected body gain. From d 0-10, the
feeding level was based on the initial BW on d 0 plus an estimated average daily
gain (ADG) of 500 g/d. The overall daily gain from d 0-10 was used to estimate
the ADG from d 10-20 and to calculate the feed allowance accordingly. Pigs
received two equal meals per day at 0700 and 1500 h from d 0-17. From d 18
onwards, pigs were fed according to a frequent feeding regime adopted from Schop
et al. *» and Martens et al. *3 to ensure a constant digesta passage rate in the
GIT. Briefly, pigs received 1/6%" of their daily allowance in six equal meals from
0700 to 2200 h at 3-h intervals on d 18-19. On d 20, feeding frequency was
increased to 1-h intervals and pigs received half of their daily allowance equally
distributed over six meals until dissection. Pigs were fed and dissected per block.
Liquid feeding without soaking was used (water/feed 2:1, w/w base) throughout
the experiment with the Ca content in water (0.034 g/I) included in the Ca intake,
apparent digestibility and retention calculations. The P content in the water was
very low (0.013 mg/l) hence this was not taken into account in the calculations.

Feed refusals were collected, dried and recorded every day.

Sample collection and chemical analysis

On d 20, pigs were sedated with Zoletil® 100 (0.06 ml/kg BW), weighed and then
euthanized via a jugular vein injection of Euthasol® (24 mg/kg BW). Blood was
collected from the carotid artery before exsanguination thereafter serum was
obtained by centrifuging at 3,000xg for 10 min at 4 °C. Subsequently the GIT was
exposed, carefully taken out and divided into six segments (enclosed by zip ties)
including stomach, proximal and distal half of SI, caeca, proximal and distal half
of large intestine (LI). The GIT segments were quantitatively emptied by gentle
squeezing. After thorough mixing followed by a pH determination (Mettler Toledo,
Schwerzenbach, Switzerland), the digesta were immediately stored at -20 °C

before further analysis. The caeca and proximal-LI digesta were pooled after pH
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determination. The lower left foreleg was removed for collection of the 3™

metacarpal bone and stored at -20 °C before analysis.

Diets and faeces were analysed for dry matter 4, ash (3, crude protein
(CP, N (®x6.25), crude fat 7, starch (*® and sugar ® prior to the beginning of
the experiment. Because of the number of analyses, two methods were used to
determine Ca, P and Ti content. A pilot study using six diets and six faeces samples
demonstrated non-significant differences between the two methods in the Ca, P
and Ti content for both diet and faeces samples irrespective of dietary treatments
(data not shown). In faeces, the Ti % and P ?Y) content was determined using a
photometer (Thermoscientific, MA) while the Ca ?? content was determined using
an atomic absorption spectrometer (AAS, Varian, CA). For all other samples, the
Ca, P and Ti content was determined using ICP-OES (ThermoFisher, MA) (23 after
destruction in a microwave (CEM, NC) @4, After thawing in a cooling chamber (4
°C), individual digesta samples (excl. faeces) were thoroughly mixed and two
representative aliquots were taken. One aliquot was freeze-dried, ground to pass
a 1-mm sieve (Retsch GmbH, Germany), destructed in a microwave (CEM, NC)
and analysed for total Ca, P and Ti (ICP-OES) (23 24, The other aliquot was
centrifuged at 3,000xg for 5 min at 4 °C, the supernatant harvested and
centrifuged again at 10,000xg for 10 min at 4 °C and subsequently analysed for
soluble inorganic Ca and P (ICP-OES) 3. No destruction was applied to the
supernatant. Because of the high viscosity, distal-LI digesta were diluted with

deionized water before centrifuging (1:1, w/w base).

The forelegs were thawed, the 3 metacarpal bone carefully separated using
a scalpel, dried in the oven at 70 °C, defatted with petroleum, incinerated at 800
°C for ash determination and the ash subsequently destructed in a microwave
(CEM, NC) and analysed for Ca and P content (ICP-OES) (23:24),

The IP esters in the diets and distal-SI digesta containing three to six
phosphate groups were extracted with 0.2 M EDTA and 0.1 M NaF (pH=10) before
being analysed by high-performance ion chromatography and UV detection at 290
nm with an ICS-3000 System (ThermoFisher, MA) as described by Zeller et al. (3%,
Inositol monophosphate (IP1) and diphosphate (IP2) are not determined using this

method.
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Calculations and statistical analysis

The apparent Ca and P digestibility coefficient in different GIT segments, inositol
hexakisphosphate (IP6) degradation in the distal-SI and apparent total tract

digestibility (ATTD) were calculated according to de Vries and Gerrits (2):
ATTD (0/0) = ( 1'(Xdigesta/xdiet) X (TidieJTidigesta)) x100

where Xdigesta and Xdiet are Ca, P or IP6 content in the digesta/faeces and diet (g/kg),
respectively with Tigigesta @nd Tigier being the Ti content in the digesta/faeces and diet
(g/kg), respectively. The Ca content in the diet included the Ca from drinking water

based on the water:feed ratio of 2:1.

The retained Ca and P were calculated as:
Retention (g/d)=Xintake XATTD/100-Xurine

where Xintake @and Xurine @re the daily dietary intake and urinary excreted Ca or P (g)
during the collection period. The Ca intake included the Ca from water in this calculation

based on the water:feed ratio of 2:1.

The Ca and P solubility were calculated as:
SqubiIity (0/0) = Ssupernatam/(waliquot>< DMx Xdigesta) x100

where Ssupematant IS the soluble inorganic Ca or P content in the supernatant (g), Waiiquot
the weight of fresh digesta used for centrifugation (kg), DM the freeze-dried DM content
of the digesta and Xuigesta the total Ca or P content in the freeze-dried digesta (g/kg).

The percentage of individual IP esters in the total IP content (ZIP) in the distal ileal

digesta was calculated as:
IP./ZIP (%)=IP~/2IP,x100

where IP, is the content of individual IP esters (n=3, 4, 5 and 6, mmol/kg) and
>IP,the sum of IP, (n=3, 4, 5 and 6, mmol/kg).
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Two sample mean power analysis was conducted with the POWER procedure of
SAS (version 9.4, SAS Institute, Cary, NC), using data from an earlier study to
investigate a novel phytase supplementation on Ca and P digestibility in pigs (?7),
We hypothesized a 3% effect of P digestibility, which required eight replicates to
achieve 80% of power for a two-sided significance level (0.05). Pig was the
experimental unit. All data were submitted to a two-way ANOVA using the MIXED
procedure of SAS using the following model:

Yikmn=H+Cai+phytase;+(Caxphytase);+Bi+Rm+Eijkmn

where Yjimn is the dependent variable of the nt pig (n=1 to 60), u the overall
mean, Ca;the fixed effect of dietary Ca content (i=1, 2, 3), phytase; the fixed effect
of dietary phytase level (j=1, 2), and (Caxphytase); the fixed effect of their
interaction, B« the random effect of block (k=1 to 10), Rm the random effect of run

(m=1, 2) and €jkmn the residual error term.

The diagnosis of Studentized residual was visually checked by the graphics
plotted using the ODS GRAPHICS function. The LSMEANS procedure with a PDIFF
option was used to separate means. Probability was considered significant at
P<0.05 and a trend at 0.05<P<0.1.

Results

All animals remained healthy and completed the study with the exception of one
pig (5.8 g/kg Ca with phytase supplementation) in the second run that died of
volvulus and one pig (9.6 g/kg Ca without phytase supplementation) in the second
run requiring a 1-d medical treatment because of diarrhoea. The analysed Ca and
P content as well as phytase activity in the diets were in good agreement with the
targeted levels (Table 1).

ATTD and retention of Ca and P

The P intake of pigs was similar for all treatment groups (Table 2). Overall,
incremental dietary Ca reduced intestinal P absorption and urinary P excretion,
with a greater impact in the phytase-supplemented compared to phytase-free diets

as indicated by the interactive effects (Pinteraction=0.023 and Pinteraction<0.001,
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respectively). Increasing dietary Ca content from 2.0 to 9.6 g/kg reduced ATTD of
P by 6 vs. 15% units in the phytase-free and phytase-supplemented diets,
respectively with ATTD P values of the phytase-free diets being approximately half
of the corresponding values of the phytase-supplemented diets. As a result, P
retention was also affected by the interactive effect between dietary Ca content
and phytase inclusion (Pinteraction=0.002 and Pinteraction<0.001 for retained P (g/d)
and retained P/digested P (%), respectively). Specifically increasing dietary Ca
content from 2.0 to 5.8 g/kg increased P retention in the phytase-supplemented
but not the phytase-free diets. Overall, phytase inclusion consistently enhanced
the ATTD and retention of P with a magnitude depending on the dietary Ca content.
Table 2. Mean intake, faecal and urinary excretion, retention, and apparent total tract digestibility

(ATTD) of phosphorus (P) of growing pigs as affected by dietary calcium (Ca) content and microbial

phytase supplementation 1.2

Ca Phytase P intake Faecal P Urinary P rP rP/dP rP/P intake ATTD
g/kg FTU/kg g/d g/d g/d g/d % % %
2.0 0 6.9 4.9b 0.32° 1.7¢ 84.2¢ 25.0< 29.74
5.8 0 6.9 5.0@b 0.04¢ 1.84 98.0° 26.4¢ 27.0d
9.6 0 6.8 5.22 0.02¢ 1.6¢ 98.72 23.2d 23.4¢
2.0 500 6.9 2.7¢ 1.412 2.7¢ 65.5¢ 39.5P 60.12
5.8 500 7.0 3.3¢ 0.22° 3.4° 93.9b 48.82 52.0°b
9.6 500 6.9 3.7¢ 0.02¢ 3.1°P 99.42 45,532 45.8¢
Pooled SEM 0.06 0.10 0.066 0.12 1.82 1.60 1.37
Ca
2.0 6.9 3.8 0.86 2.2 74.9 32.2 44.9
5.8 6.9 4.2 0.12 2.6 96.1 37.1 39.5
9.6 6.8 4.5 0.02 2.5 99.1 36.2 34.6
Pooled SEM 0.05 0.07 0.046 0.09 1.32 1.10 0.98
Phytase
0 6.9 5.1 0.13 1.8 93.4 25.4 26.7
500 6.9 3.3 0.55 3.1 86.0 44.5 52.7
Pooled SEM 0.04 0.06 0.037 0.07 1.08 0.90 0.80
P-value
Ca 0.116 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Phytase 0.570 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ca x phytase 0.258 0.006 <0.001 0.002 <0.001 0.001 0.023

1 Dietary P content was fixed at 4.7 g/kg of diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
@€ Values without common superscript within a column differ significantly (P<0.05).
rP, retained P (g/d); dP, apparently digested P (g/d).
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The Ca intake increased (P<0.001) with incremental dietary Ca content and
was not affected (P=0.290) by phytase supplementation of the diets (Table 3).
Phytase increased ATTD of Ca with a greater effect in diets with a lower Ca content
(Pinteraction<0.001). Incremental dietary Ca content increased and reduced ATTD of Ca
in the phytase-free and phytase-supplemented diets, respectively (Pinteraction<0.001).
Both faecal and urinary Ca excretion were reduced by phytase inclusion and increased
with incremental dietary Ca content (P<0.001). The impact of incremental dietary Ca
content on urinary Ca excretion was greater for the phytase-free compared to
phytase-supplemented diets (Pinteraction<0.001). Incremental dietary Ca content
increased retained Ca (g/d) but reduced retained Ca as percentage of digestible
(retained Ca/dCa) or total (retained Ca/Ca) Ca intake. The magnitude of these effects
depended on the phytase supplementation of the diets (Pinteraction<0.001).

Table 3. Mean calcium (Ca) intake, faecal and urinary excretion, retention and apparent total tract
digestibility (ATTD) of growing pigs as affected by dietary Ca content and microbial phytase

supplementation 1.2

Ca Phytase Caintake Faecal Ca Urinary Ca rCa rCa/dCa rCa/Caintake  ATTD
g/kg FTU/kg g/d g/d g/d g/d % % %
2.0 0 2.6 1.6 0.08¢ 0.9 91.0P 33.74 36.9¢
5.8 0 7.6 4.4 1.17¢ 2.0¢ 63.24 26.6¢ 42.0d
9.6 0 12.4 7.4 2.592 2.4b 48.3¢ 19.6f 40.6d
2.0 500 2.6 0.7 0.05¢ 1.8¢ 97.42 69.52 71.32
5.8 500 7.6 3.0 0.109 4.52 97.82 58.8P 60.1°
9.6 500 12.5 6.2 1.60° 4.72 74.2¢ 37.4¢ 50.2¢
Pooled SEM 0.08 0.17 0.132 0.18 3.11 2.01 1.85
Ca
2.0 2.6¢ 1.2¢ 0.06 1.3 94.2 51.6 54.1
5.8 7.6b 3.8P 0.66 3.2 79.6 41.9 50.6
9.6 12.42 6.8° 2.10 3.6 61.3 28.5 45.4
Pooled SEM 0.06 0.12 0.092 0.13 2.23 1.40 1.32
Phytase
0 7.5 4.5 1.28 1.8 67.5 26.7 39.9
500 7.6 3.4 0.60 3.6 89.5 55.1 60.6
Pooled SEM 0.05 0.10 0.074 0.10 1.81 1.14 1.08
P-value
Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Phytase 0.290 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ca x phytase 0.474 0.227 <0.001 <0.001 <0.001 <0.001 <0.001

! Dietary P content was fixed at 4.7 g/kg of diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
a-f Values without common superscript within a column differ significantly (P<0.05).
rCa, retained Ca (g/d); dCa, apparently digested Ca (g/d).
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Apparent Ca and P digestibility in different GIT segments

The apparent P digestibility was improved by phytase inclusion in all GIT segments
investigated and was reduced by incremental dietary Ca content posterior to the
stomach (Table 4). A significant interaction between phytase and dietary Ca
content on apparent P digestibility was observed in the distal ileum
(Pinteraction=0.007), where a dietary Ca content of 9.6 compared to 2.0 g/kg reduced
apparent P digestibility by 5 vs. 15% units in the phytase-free and phytase-
supplemented diets, respectively. Apparent digestibility of P was low in the
stomach, gradually increased along SI followed by a reduction in the proximal-LI.
The apparent P digestibility was much higher in the distal compared to proximal
LI, particularly for the phytase-free diets.

Table 4. Dietary phosphorus (P) and calcium (Ca) apparent digestibility (%) in difference
gastrointestinal tract segments in growing pigs as affected by dietary Ca content and microbial
phytase supplementation 1.2

Ca Phytase i ca
Small intestine  Large intestine Small intestine Large intestine
a/kg FTU/kg Stomach Stomach
Proximal Distal ~ Proximal Distal Proximal Distal Proximal Distal

2.0 0 1.0 13.6 25.8¢ 16.4 28.6 -15.9 23.9¢ 11.9¢ 24.6¢ 29.5¢
5.8 0 5.2 11.8 25.0¢ 0.68 18.5 -2.9 34.8> 28.9c 23.1¢ 37.5¢
9.6 0 3.8 -0.7 20.9° 3.22 18.0 0.7 36.1° 28.8¢ 44.6> 53.6°
2.0 500 10.7 43.4 62.92 56.2 66.2 -14.2 60.12 64.3°2 62.32 72.92
5.8 500 13.4 36.1 50.9° 46.7 55.5 3.9 51.42 5509b 54.23> 62,40
9.6 500 5.1 23.9 47.7° 34.5 47.0 0.6 40.1° 43.7° 40.9> 55.9°
Pooled SEM 3.78 5.37 2.65 4.74 3.31 5.51 5.27 5.06 6.41 4.59
Ca

2.0 5.9 28.52 44.4 36.32 47.42 -15.1> 42.0 38.1 43.4 51.2

5.8 9.1 23.32 37.3 22.5b 36.0° 0.332 42.7 41.7 37.8 49.3

9.6 4.4 11.6°> 34.3 18.8> 32.5b 0.662 38.1 36.2 42.7 54.7

Pooled SEM 2.72 3.85 1.90 3.30 2.37 3.85 3.67 3.52 4.46 3.29
Phytase

0 3.3 8.2 23.9 6.8 21.7 -6.0 31.6 23.2 30.8 40.2

500 9.6 34.4 53.9 45.7 56.2 -3.5 50.5 54.6 52.4 63.8

Pooled SEM 221 3.13 1.54 2.68 1.93 3.13 299 2.86 3.62 2.67
P-value

Ca 0.232 <0.001 <0.001  <0.001 <0.001 <0.001 0.367 0428 0463 0.210

Phytase 0.007 <0.001 <0.001 <0.001 <0.001 0.384 <0.001 <0.001 <0.001 <0.001
Ca x phytase 0.273 0.717 0.007 0.137 0.157 0.649 <0.001 <0.001 <0.001 <0.001

L Dietary P content was fixed at 4.7 g/kg of diet.
2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
a-d Values without common superscript within a column differ significantly (P<0.05).
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In all GIT segments posterior to the stomach, apparent Ca digestibility was
affected by the interaction between dietary Ca content and microbial phytase
addition. Incremental dietary Ca content increased apparent Ca digestibility
posterior to the stomach in phytase-free diets but reduced it in phytase-
supplemented diets (Pinteraction<0.001, Table 4). Phytase inclusion increased
apparent Ca digestibility (P<0.001) in all GIT segments posterior to the stomach.
The apparent Ca digestibility was negative in the stomach for the diets with the
lowest Ca content, and substantially increased in the proximal-SI followed by a
reduction in the distal-SI for the phytase-free but not the phytase-supplemented
diets. Moreover, apparent digestibility of Ca was much higher in the distal-LI

compared to distal-SI, especially for the phytase-free diets.

Ca and P solubility

Overall, the solubility of inorganic P gradually decreased along the GIT segments,
with a sharp reduction in the distal compared to proximal SI (Table 5). No
interaction between dietary Ca content and phytase inclusion on P solubility was
observed for any of the GIT segments. In all GIT segments, incremental dietary
Ca content reduced or tended to reduce P solubility while phytase increased P

solubility.

The Ca solubility was high in the stomach, lower in the proximal-SI and
decreased sharply in the distal-SI (Table 5). Incremental dietary Ca content
increased Ca solubility in the stomach and distal-SI, with less consistent effects in
the other segments. Phytase tended to increase the Ca solubility in the stomach,

distal SI and distal LI with less consistent effects in the other GIT segments.
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Table 5. Mean solubility (%) of inorganic phosphorus (P) and calcium (Ca) in digesta of difference
gastrointestinal tract segments in growing pigs as affected by dietary Ca content and microbial

phytase supplementation 1.2

Ca Phytase i ca
Small intestine Large intestine Small intestine Large intestine
g/kg FTU/kg Stomach Stomach
Proximal Distal Proximal Distal Proximal Distal Proximal Distal

2.0 0 43.7 56.8 15.0 20.2 21.7 43.6 43.8 3.8 9.32 5.4
58 0 47.3 28,9 12.2 15.6 15.9 49.9 21.6 5.8 4.4 2.7
9.6 0 39.5 324 14.6 14.0 16.1 48.7 41.2 9.1 4.8b 4.2
2.0 500 55.4 70.8 44.0 26.3 29.0 43.1 30.2 6.8 6.9 5.3
5.8 500 57.8 51.3 31.8 24.0 28.7 56.1 32.7 9.2 9.42 5.2
9.6 500 55.1 54.5 30.6 18.1 19.1 544 50.0 11.1 5.7b 5.2
Pooled SEM 294 7.15 5.18 1.72 3.39 3.42 10.69 2.62 1.12  1.09
Ca

2.0 49.6 63.82 29.5 23.32 25.42 43.4> 37.0 5.3b 8.1 5.3

5.8 52.3 39.5® 21.5 19.6 21.9% 52.82 26.8 7.4 6.8 3.9

9.6 47.3 43.4> 226 16.0¢ 17.6° 51.52 45.6 10.1° 5.2 4.7

Pooled SEM 2.11 5.13 3.72 1.24 2.43 2.46 7.67 1.88 0.80 0.78
Phytase

0 43.5 39.4 13.9 16.6 17.9 47.4 35.5 6.2 6.2 4.1

500 56.1 59.1 35.6 22.8 25.5 51.0 37.8 9.0 7.3 5.2

Pooled SEM 1.71 4.17 3.02 1.00 1.98 2.00 6.23 1.53 0.65 0.64
P-value

Ca 0.052 0.001 0.096 <0.001 0.009 <0.001 0.095 0.045 0.003 0.219

Phytase <0.001 0.001 <0.001 <0.001 <0.001 0.057 0.633 0.072 0.089 0.082
Ca x phytase 0.454 0.631 0.206 0.244 0.149 0.304 0.170 0.936 <0.001 0.289

! Dietary P content was fixed at 4.7 g/kg of diet.
2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
3¢ Values without common superscript within a column differ significantly (P<0.05).

Inositol phosphate esters in the distal-SI digesta

Microbial phytase supplementation significantly increased dietary IP6 degradation
from an average of 5.8 to 78.6% and reduced ZIP content in the freeze-dried
digesta of the distal-SI (Table 6). The IP6 was largely degraded in the phytase-
supplemented diets, with an average proportion of individual IP in 3IP of 25.8,
7.2, 37.3 and 29.7% for IP6, IP5, IP4 and IP3, respectively. In contrast, in the
phytase-free diets, IP6 was largely intact and represented 76.5% of >IP. Dietary
Ca addition significantly reduced IP6 degradation but not XIP in the digesta
(P=0.014 and 0.137, respectively). Moreover, increasing dietary Ca content from

2.0 to 9.6 g/kg increased IP6/Z1IP to a greater extent in the phytase-supplemented

45



CHAPTER 2 | LIMESTONE AND PHYTASE IN PIGS

compared to phytase-free diets (16 vs. 4% units, Pinteraction=0.025). Incremental
dietary Ca content also reduced IP4/XIP and IP3/XIP but only for the phytase-
supplemented diets (Pinteraction=0.018 and 0.009, respectively). The IP5/3IP was
inconsistently affected by dietary Ca content (Pinteraction=0.001).

Table 6. Mean inositol phosphate (IP) degradation, total IP content (ZIP) and percentage of
different IP esters in freeze-dried distal small intestinal digesta of growing pigs as affected by

dietary calcium (Ca) content and microbial phytase supplementation 12

Ca Phytase IP6 degradation X>IP content IP3/>IP IP4/>IP  IP5/3IP IP6/>1IP
a/kg FTU/kg % mmol/kg % % % %
2.0 0 8.4 46.3 2.6¢ 6.2¢ 18.22 72.9b
5.8 0 3.0 45.0 1.0¢ 4.2¢ 15.5P 79.32
9.6 0 6.1 41.2 1.0¢ 5.5¢ 16.42> 77.23b
2.0 500 88.9 26.7 37.52 39.42 5.8 17.4¢
5.8 500 73.9 36.1 24.0P 39.42 9.6¢ 26.9
9.6 500 73.1 28.6 26.9° 33.5P 6.44 33.3¢
Pooled SEM 5.08 3.89 2.71 1.82 1.19 2.99
Ca
2.0 48.62 36.5 20.1 22.8 12.0 45.2
5.8 38.4b 40.6 12.5 21.8 12.6 53.1
9.6 39.6° 34.9 13.9 19.5 11.4 55.2
Pooled SEM 3.65 2.79 1.95 1.27 0.86 2.14
Phytase
0 5.8 44.2 1.5 5.3 16.7 76.5
500 78.6 30.3 29.7 37.3 7.2 25.8
Pooled SEM 2.96 2.27 1.58 1.03 0.70 1.74
P-value
Ca 0.014 0.137 0.001 0.033 0.387 <0.001
Phytase <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ca x phytase 0.168 0.170 0.009 0.018 0.001 0.025

! Dietary P content was fixed at 4.7 g/kg of diet.
2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
3¢ Values without common superscript within a column differ significantly (P<0.05).

Composition of the 3 metacarpus

The defatted mass of the 3™ metacarpus was increased by both dietary Ca content
and phytase (P=0.001, Table 7). A significant interactive effect between dietary
Ca content and phytase supplementation was observed on ash content
(Pinteraction=0.034). Increasing dietary Ca content from 2.0 to 5.8 g/kg increased
ash content in phytase-supplemented but not in phytase-free diets; further

increasing dietary Ca content from 5.8 to 9.6 g/kg resulted in a reduced ash
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content in the phytase-free but not in phytase-supplemented diets. In addition,
the metacarpal Ca mass was enhanced with incremental dietary Ca content
irrespective of dietary phytase addition (P<0.001), whereas the P mass was
enhanced with dietary Ca only in phytase-supplemented diets (Pinteraction=0.034).
The Ca/P in the metacarpus ash was not significantly affected by dietary phytase
and Ca content, although a tendency was observed (P=0.056) for an increase with
incremental dietary Ca content.

Table 7. Mean defatted mass, ash content, calcium (Ca) and phosphorus (P) mass and Ca/P in

ash of the 3™ metacarpus in growing pigs as affected by dietary Ca content and microbial phytase
supplementation 1.2

Ca Phytase Defatted mass Ash content Ca mass P mass
Ca/P in ash

g/kg FTU/kg g % g g
2.0 0 3.4 56.9¢d 0.378 0.183P 2.06
5.8 0 3.6 57.5b¢ 0.405 0.190° 2.13
9.6 0 3.7 56.74 0.434 0.195°b 2.27
2.0 500 3.6 57.0¢d 0.408 0.194b 2.10
5.8 500 4.2 58.52 0.492 0.240° 2.06
9.6 500 4.0 58.13° 0.485 0.2282 2.12
Pooled SEM 0.15 0.03 0.021 0.009 0.07
Ca

2.0 3.5P 56.9 0.393¢ 0.189 2.08

5.8 S.CH 58.0 0.447° 0.214 2.09

9.6 3.92 57.5 0.460°2 0.212 2.19

Pooled SEM 0.11 0.02 0.015 0.007 0.05
Phytase

0 3.6 57.0 0.406 0.189 2.15

500 3.9 57.9 0.462 0.221 2.09

Pooled SEM 0.09 0.02 0.012 0.005 0.04
P-value

Ca 0.001 <0.001 <0.001 0.001 0.056

Phytase <0.001 <0.001 <0.001 <0.001 0.173

Ca x phytase 0.329 0.034 0.219 0.034 0.189

L Dietary P content was fixed at 4.7 g/kg of diet.
2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
a-d Values without common superscript within a column differ significantly (P<0.05).

Growth performance and ATTD of proximate components

Dietary Ca content reduced (P=0.016) whereas phytase increased (P=0.025) ADG
from d 0-21 (Table 8). Average daily feed intake was not affected by dietary Ca

or phytase. The feed to gain ratio was increased by an incremental dietary Ca
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content and reduced by dietary phytase addition with a tendency for an interaction
(Pinteraction=0.067). Dietary Ca supplementation reduced the ATTD of crude fat
(P<0.001, Table 8). The ATTD of ash was increased by both dietary Ca and phytase
inclusion (P<0.001), while the ATTD of CP and organic matter was not affected by
the dietary treatments.

Table 8. Mean growth performance parameters from d 0-20 of growing pigs and apparent total

tract digestibility (ATTD) of proximate components as affected by dietary calcium (Ca) content and

microbial phytase supplementation 1.2

Growth performance ATTD of proximate components, %
Ca Phytase
g/kg FTU/kg ADG ADFI zis DM CpP Ash oM CFat
g/d kg/d a/9

2.0 0 736 1.29 1.77 81.1 79.3 22.6¢ 85.1 81.6
5.8 0 700 1.30 1.86 82.2 80.8 32.5¢ 85.6 81.2
9.6 0 642 1.27 2.01 81.9 80.9 38.2¢ 85.0 78.3
2.0 500 729 1.27 1.74 82.0 78.9 33.5¢ 85.3 81.4
5.8 500 752 1.31 1.75 82.8 81.1 39.9¢ 85.7 80.8
9.6 500 712 1.28 1.80 82.3 80.6 45.92 84.8 78.7
Pooled SEM 28.1 0.023 0.05 0.47 1.32 0.74 0.50 0.97
Ca

2.0 7322 1.28 1.76° 81.5b 79.1 28.0 85.2 81.5°

5.8 7252 1.30 1.81° 82.42 80.9 36.0 85.6 81.0°

9.6 677° 1.27 1.902 82.1@ 80.7 42.0 84.9 78.5b

Pooled SEM 20.2 0.016 0.04 0.34 0.95 0.53 0.35 0.70
Phytase

0 693 1.29 1.88 81.7 80.3 31.1 85.2 80.4

500 730 1.28 1.77 82.3 80.2 39.7 85.3 80.3

Pooled SEM 16.5 0.013 0.03 0.27 0.77 0.43 0.28 0.57
P-value

Ca 0.016 0.208 0.002 0.026 0.123 <0.001 0.104 <0.001

Phytase 0.025 0.742 0.001 0.034 0.834 <0.001 0.891 0.852

Ca x phytase 0.132 0.463 0.067 0.687 0.932 0.002 0.841 0.800

! Dietary P content was fixed at 4.7 g/kg of diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).

a-¢ Values without common superscript within a column differ significantly (P<0.05).

ADFI, average daily feed intake; ADG, average daily gain; CFat, crude fat, CP, crude protein; DM,
dry matter; F/G, feed to gain ratio; OM, organic matter.
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Discussion

The hypothesis that a high dietary Ca content reduces P absorption to a greater
extent in the phytase-supplemented diets via hampering IP degradation and
precipitation of P in pigs was supported by the results of this study. Increasing
dietary Ca content from 2.0 to 9.6 g/kg reduced ATTD of P by 6 vs. 15% units in
the phytase-free and phytase-supplemented diets, respectively (Table 2). This
phytase dependent reduction in apparent P digestibility with incremental dietary
Ca content was present from the distal-SI (Table 4), confirming the hypothesis of
the study. The profile of IP esters in the distal-SI further indicated that incremental
dietary Ca content reduced apparent P digestibility via reducing IP6 degradation,
with a greater impact on IP6/ZIP in the phytase-supplemented compared to
phytase-free diets (16 vs. 4% units, Table 6). It can be concluded that a high
dietary Ca content reduced apparent P digestibility via reduction of IP degradation
and increased precipitation of P, with a greater impact for the phytase-

supplemented diets.

Ca and phytase interaction

A high dietary Ca content might inhibit phytase efficacy via Ca-IP complexation
and pH buffering. Both Ca-IP complexation and phytase efficacy are pH dependent.
Digesta pH gradually increased along the GIT with a mean pH observed of 3.6, 5.9
and 6.4 in the stomach, proximal-SI and distal-SI, respectively (Supplementary
Table 1). Complexation of Ca-IP at a pH below 5 is negligible ®), hence Ca-IP
complexation can be expected to predominantly have occurred in the SI but not in
the stomach. In addition, digesta pH was increased with incremental dietary Ca
content in the stomach, caeca and proximal-LI (Supplementary Table 1), while IP
is better soluble at a low compared to high pH ?®, The phytase used in the present
study was reported by the manufacturer to have the highest efficacy at a pH of
3.5-4.5 and a gradual decrease in efficacy below and above this range. Thus, the
limestone used to increase dietary Ca content, with its high pH buffering capacity,
might also inhibit phytase efficacy by increasing digesta pH and reducing IP
solubility.

Previous studies in broilers indicated that a high compared to low dietary Ca

content reduced ileal IP degradation accompanied with a reduced mucosal
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phosphatase activity °), Impact of dietary Ca content on mucosal phosphatases
expression in pigs has not been reported before. To clarify this aspect, we
measured the mRNA expression of two endogenous mucosal phosphatases using
real-time quantitative PCR (RT-gPCR) technology. The candidate genes were
multiple inositol polyphosphate phosphatase 1 3% and intestinal alkaline
phosphatase (IAP) GV, The expression of both phosphatases was not affected by
dietary Ca content or phytase supplementation in the jejunal and colonic mucosa
(Chapter 3). A literature survey indicated that precaecal IP6 degradation upon
feeding diets devoid of phytase is remarkably lower in pigs than in broilers,
suggesting that endogenous phosphatases can be more active in broilers than pigs
(32), This might explain why effects of Ca supplementation were exerted in the
aforementioned broiler study @® but not in the present study. Brun et al. 3
reported that luminal Ca binds and aggregates IAP but has no impact on the
expression level of IAP in the small intestine of rats; results which agree those
found in the present study in pigs. As such a high dietary Ca content does not have
an impact on the expression level of mucosal phosphatases but might inhibit their

activity to hydrolyse IP in the GIT of pigs.

In contrast to our study, Poulsen et al. ® and Létourneau-Montminy et al.
) reported no detrimental impact of a high dietary Ca content on phytase efficacy
to improve apparent P digestibility. Dietary Ca content was 4 vs. 8 g/kg and 7 vs.
10 g/kg in Poulsen et al. (® and Létourneau-Montminy et al. (", respectively. Hence
the contrast of dietary Ca in these two studies was not as great as that in the
present study (2.0 vs. 9.6 g/kg). Besides, Poulsen et al. (® used wheat and barley
to formulate their basal diet, which resulted in a high intrinsic phytase activity (650
FTU/kg) that might have masked the microbial phytase efficacy (750 FTU/kQ).
Wheat and barley were also used in the present study, but these ingredients were
preheated at 80 °C before diet inclusion to minimise the intrinsic phytase activity,
as confirmed by the analysed phytase activity below the detection limit of the
assay in the diets not supplemented with phytase (Table 1). Létourneau-Montminy
et al. ) used a basal diet containing a higher digestible P content (2.6 g/kg) than
our study, which may have reduced intestinal P absorption and underestimated
phytase efficacy. As the impact of dietary Ca content on microbial phytase activity

is dependent on diet type, our conclusion that a high dietary Ca content reduces
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microbial phytase efficacy is valid in the condition of a low intrinsic phytase activity

and dietary P content being marginally deficient.

Complexation of Ca and inorganic P might be another mechanism by which
dietary Ca can reduce phytase efficacy. However, this was not supported by our
results, because on average the P disappearance represented 94% of the IP-P
disappearance in the distal-SI in the presence of microbial phytase in this study.
Thus, the released IP-P appeared to have been readily and effectively absorbed in
the GIT of the pigs. Phytase supplementation caused an increase in mean IP6
disappearance in the distal SI from 6 to 79% (Table 6), while the apparent P
digestibility in this section was only increased from 24 to 54% (Table 4). However,
phytase supplementation did not completely dephosphorylate the inositol ring as
shown by the enrichment of IP3 and IP4 in the presence of phytase compared to
the diets without added phytase. Phosphate bound in these IP esters, probably
extended by IP2 and IP1 which were not analysed herein, remained undigested
and caused the responses in apparent P digestibility to be smaller than IP6
degradation. This is consistent with results by Rosenfelder-Kuon et al. % and Lu
et al. 3% who reported an increased concentration of IP3 and IP4 in the ileal digesta
of pigs when phytase was supplemented to the feed, even at activities (3000

FTU/kg) that were higher than in the present study.

Ca and P absorption along the GIT

Calcium was primarily absorbed in the proximal-SI and LI. Recently, the stomach
was suggested to be responsible for approximately 30% of the apparent total tract
Ca absorption (36 37), In contrast, our results showed that gastric apparent Ca
absorption was minor. The discrepancy may be due to surgical preparation of the
pigs with T-cannulas in the duodenum and distal ileum in the latter two studies
but not in the present study. Cannulation might have affected GIT motility and
digesta mean retention in their studies hence resulting in a greater Ca absorption
in the stomach comparing to pigs under normal physiological conditions. Similar
to our finding, Rutherfurd et al. 3® reported that apparent Ca absorption was minor
in the stomach, substantial in the jejunum and negligible in the ileum. The
negligible apparent Ca absorption in the distal-SI was probably caused by the low

Ca solubility under relatively high pH conditions. Apparent Ca digestibility was even
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lower in the distal compared to proximal SI in the phytase-free but not in the
phytase-supplemented diets (Table 4). The reduction of Ca digestibility might
indicate higher intestinal Ca secretion in the absence of microbial phytase, hence
dietary phytase inclusion appeared to reduce endogenous Ca loss. This assumption
is supported by Lee et al. ®® who reported that microbial phytase addition reduced
basal endogenous Ca losses using Ca-free diets in gestating sows. Interestingly,
substantial Ca absorption was observed in the colon in the present study with
colonic Ca absorption being higher in the phytase-free compared to the phytase-
supplemented diets (17 vs. 6% units, Table 4). The mechanism behind this effect
might be that in phytase-free diets colonic microbiota degraded IP more than in
phytase supplemented diets, with subsequent higher release and absorption of IP
bound Ca. Alternatively, although unlikely, the data might be influenced by

segregation between the marker (Ti) and the nutrients of interest (see below).

Phosphorus was primarily absorbed in the SI and partly in the distal-LI. As
mentioned before, microbial phytase might be most active in the stomach and
improved apparent P digestibility in the proximal SI (Table 4). Thus, the P
absorption site seemed to be affected by microbial phytase inclusion. A negative P
absorption, i.e. P secretion was observed between the distal-SI and the proximal-
LI, with subsequent P absorption in the distal-LI (Table 4). Colonic P secretion is
supported by data reported by Larsen and Sandstrom “© who demonstrated a
higher ileal compared to faecal apparent P digestibility in cannulated pigs. In
contrast, Mesina et al. *® and Rosenfelder-Kuon et al. 3 demonstrated a similar
ileal and faecal apparent P digestibility. Nonetheless, none of these studies
including the present, can exclude secretion and reabsorption of P in the caeca and
colon. Gonzalez-Vega et al. 47 reported that colonic P absorption was minor in IP
free but substantial in IP enriched semi-purified diets. Their finding is in line with
our results, as in the present study apparent P digestibility in the distal-LI was 20
vs. 7% in the phytase-free and phytase-supplemented diets, respectively (Table 3
and 4). Inositol phosphates were hardly detected in the faeces of pigs even when
remarkable amounts of IP entered the LI, indicating intense microbial IP
degradation in the LI 3% 4, As mentioned earlier, colonic microbiota also in the
present study may have degraded IP and released IP bound Ca and P more for the
phytase-free diets hence a higher colonic P absorption was observed. Existence of

colonic P absorption was proven by Liu et al. 4> 43), who reported that P absorption
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in the colon was substantial (10%) from diets containing maize distiller’'s dried
grains with solubles, while in diets containing soybean meal and canola meal,
colonic P absorption was less (3-4%). They concluded that colonic P absorption
was not affected by dietary P content but was highly dependent on dietary P
sources. The colon, therefore, can have a significant capacity to absorb P
depending on the diet. Mechanisms for colonic P absorption in pigs, however,
remain largely unknown, i.e. whether it is mediated via active transcellular routes
or paracellular permeation. The latter is addressed in our companion study
(Chapter 3). Another possible explanation for the fluctuation of apparent P
digestibility in the colon might be that Ti transiently segregated from the digesta,
which was observed in the gizzard and caeca in our previous broiler study 4,
However, this assumption is less likely under steady-state conditions with a
constant passage rate of digesta in the GIT. Moreover, DM digestibility gradually
increased along the GIT as expected (Supplementary Table 2) hence the marker

(Ti) appeared to function well.

Ca and P retention and excretion

An adequate dietary Ca/P is essential for P deposition in bone. Dietary phytase
inclusion enhanced both absorption and retention of Ca and P, with a larger effect
in medium and high Ca supplemented diets. In the low Ca diets, the Ca supply
limited P retention as indicated by the relatively high urinary P excretion. Despite
a reduction in ATTD of P, the increase in dietary Ca from 2.0 to 5.8 increased the
P retention, rP/dP, bone ash content and bone mineral mass, in particular in the
phytase supplemented diets as indicated by the interaction. The high retention of
both ingested P (94%) and Ca (98%) at this treatment indicates that the digestible
Ca to P ratio was close to optimum in this treatment. The highest retention of
ingested P was realised at the medium dietary Ca content. The increase to the
highest Ca content reduced the P retention because of a reduction in ATTD of P.
These results indicate that for optimal dietary P utilisation the effects of Ca on

absorption and retention of P must be taken into account.
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Conclusions

A high dietary Ca content reduces small intestinal apparent P digestibility to a
greater extent in phytase-supplemented diets via reducing IP degradation and
precipitation of P. Dietary Ca is primarily absorbed in the proximal-SI and to a
lesser extent in the LI in pigs, while P is mostly absorbed in the proximal and distal
SI with minor net absorption occurring in the LI. An adequate dietary Ca/P is

essential for optimal P absorption and post-absorptive utilisation.
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Supplementary Table 1. Mean digesta pH of growing pigs as affected by dietary calcium (Ca)
content and microbial phytase supplementation 12

Ca Phytase Small intestine Large intestine
Stomach Caeca
a/kg FTU/kg Proximal Distal Proximal Distal
2.0 0 3.2 5.8 6.62 5.5 5.4 5.8
5.8 0 4.1 6.0 6.2b¢ 5.5 5.5 5.9
9.6 0 4.1 5.7 6.2¢ 5.8 5.7 6.0
2.0 500 3.0 6.0 6.52 5.4 5.4 5.8
5.8 500 3.5 6.0 6.5% 5.4 5.5 6.0
9.6 500 4.0 5.8 6.62 5.6 5.7 6.1
Pooled SEM 0.21 0.11 0.11 0.09 0.07 0.10
Ca
2.0 3.1¢ 5.93b 6.5 5.4b 5.4b 5.8
5.8 3.8P 6.02 6.4 5.5P 5.5P 6.0
9.6 4.19 5.8b 6.4 5.72 5.72 6.0
Pooled SEM 0.15 0.08 0.08 0.07 0.05 0.08
Phytase
0 3.8 5.8 6.3 5.6 5.5 5.9
500 3.5 5.9 6.5 5.5 5.5 6.0
Pooled SEM 0.12 0.06 0.06 0.05 0.04 0.06
P-value
Ca <0.001 0.020 0.099 0.003 <0.001 0.051
Phytase 0.005 0.081 0.010 0.059 0.839 0.256
Ca x phytase 0.262 0.193 0.022 0.824 0.698 0.806

! Dietary P content was fixed at 4.7 g/kg of diet.
2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
a¢ Values without common superscript within a column differ significantly (P<0.05).
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Supplementary Table 2. Mean apparent digestibility (%) of dry matter

in different

gastrointestinal tract of growing pigs as affected by dietary calcium (Ca) content and microbial

phytase supplementation 1.2

Ca Phytase Small intestine Large intestine
Stomach
g/kg FTU/kg Proximal Distal Proximal Distal
2.0 0 -75.2 27.1 59.7 76.4 78.4
5.8 0 -41.0 35.8 59.4 75.2 77.6
9.6 0 -47.7 21.4 55.9 77.5 78.0
2.0 500 -81.3 40.4 65.6 75.8 79.7
5.8 500 -64.2 38.5 61.3 77.8 78.8
9.6 500 -52.0 26.5 58.3 76.2 79.1
Pooled SEM 16.5 7.43 2.47 1.35 0.94
Ca
2.0 -78.2° 33.8% 62.62 76.1 79.1
5.8 -52.62 37.12 60.42b 76.5 78.2
9.6 -49.92 24.0° 57.1° 76.9 78.6
Pooled SEM 11.8 5.32 1.77 0.97 0.67
Phytase
0 -54.6 28.1 58.3 76.3 78.0
500 -65.9 35.0 61.8 76.6 79.2
Pooled SEM 9.60 4.33 1.44 0.79 0.55
P-value
Ca 0.041 0.050 0.011 0.716 0.406
Phytase 0.213 0.123 0.034 0.784 0.035
Ca x phytase 0.603 0.549 0.379 0.146 0.988

1 Dietary P content was fixed at 4.7 g/kg of diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
ab \alues without common superscript within a column differ significantly (P<0.05).
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CHAPTER 3 | CALCIUM AND PHOSPHORUS TRANSPORTERS IN PIGS

Abstract

Colonic and jejunal expression levels of genes related to Ca and P homeostasis
(transporters and claudins (CLDN)) was investigated in pigs. Sixty growing pigs
received a low, medium and high Ca content (2.0, 5.8, 9.6 g/kg, respectively) diet
with or without microbial phytase (500 FTU/kg) for 21 days. Expression of genes
(RT-gPCR) related to Ca and P absorption were determined in jejunal and colonic
mucosa. Dietary Ca intake affected serum Ca and P, 1,25(0OH).Ds, alkaline
phosphatase and parathyroid hormone concentration. Expression of TRPV5 mRNA
was reduced in colonic mucosa by dietary Ca (34%) and phytase (44%). In jejunal
mucosa, expression of TRPV5 mRNA was decreased (32%) with phytase inclusion
only. TRPV6 mRNA expression was reduced (30%) with microbial phytase in both
mucosae. Unlike jejunal mucosa, calbindin-D9k mRNA expression was lower in
colonic mucosa with high dietary Ca (59%) and microbial phytase (37%). None of
the mRNAs encoding the Na-P cotransporters (NaPi-IIc, PiT-1, PiT-2) were
affected. Expression of the phosphate transporter XPR1, was slightly
downregulated with dietary Ca in jejunal, but not colonic mucosa. Dietary Ca
downregulated colonic CLDN-4 (20%) and -10 (40%) expression while CLDN-7
was reduced by phytase inclusion in pigs fed low dietary Ca. Expression of colonic
CLDN-12 tended to be increased by phytase. In jejunal mucosa, dietary Ca
increased CLDN-2 expression (48%) and decreased CLDN-10 (49%) expression,
while phytase slightly upregulated CLDN-12 expression. High dietary Ca and
phytase intake in pigs downregulate jejunal and colonic genes related to

transcellular Ca absorption and upregulate Ca pore forming claudins.

Keywords: jejunum and colon, metabolism, calcium and phosphorus

transporters, claudins, pig
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Introduction

The two essential macro minerals calcium (Ca) and phosphorus (P) regulate a wide
range of biochemical and cell signalling processes and are the principal
constituents of bone in terrestrial organisms (). Intestinal absorption of these
minerals from the diet plays an important role in the regulation of whole body Ca
and P homeostasis. Ionized Ca is absorbed predominantly in the small intestine
and partly in the colon, accounting for approximately 80 and 20% of the total tract
Ca absorption in pigs, respectively (Chapter 2). The uptake of these minerals
occurs either transcellular or paracellular with the former involving Ca transport
proteins calbindin-D9k/-D28k (CaBP-D9k/-D28k), sodium (Na)-Ca exchanger
(NCX1) in concert with plasma membrane Ca-ATPase 1 (PMCA1) . The
components responsible for transcellular P uptake are less clear. Experimental data
showed that the apical step is mediated mainly by members of the Na-dependent
inorganic phosphate cotransporter type II (NaPi-II) family (®, Based on studies in
rats and mice, phosphate inorganic transporter 1 (PiT-1) and 2 (PiT-2) also appear
to play a role in active intestinal P absorption (), In addition, it has been proposed
that the basolateral step could be mediated by xenotropic and polytropic retrovirus
receptor 1 (XPR1/SLC53A1) ), While transcellular transport is an active, ATP
consuming process, paracellular transport is dependent on passive diffusion.
Diffusion of Ca and P occurs through a complex of tight junction proteins, that
enclose the apical and lateral membranes of enterocytes. In this context, claudins
(CLDN) are the most important transmembrane components of the tight junction
complex, comprising barrier (i.e. tightening) and permeability-mediating members
(6), The latter group includes cation-selective CLDN-2 and -12, which build pores
highly permeable for Ca (). In addition, CLDN-10b ® and -15 ® can modulate
small intestinal Na permeability. The anion-selective CLDN members, on the other
hand, are largely unknown as inconsistent results have been reported. Depending
on cell-type, CLDN-4 (19 and -7 Y have been shown to form pores permeable for
chloride (Cl) but a barrier to Na. Another tight junction protein is zonula occludens
protein 1 (Z0-1/TJP1), which ensures a stabile connection to the cytoskeleton of
the epithelial cell 2, Understanding the molecular mechanisms underlying the
modulation of intestinal Ca and P transporters through dietary intervention is an

important topic in livestock in order to further improve performance and health
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status of animals, assure efficient utilization of Ca and P, alleviate legal pressure

on P output and minimize environmental pollution.

Recently, we reported that growing pigs fed microbial phytase
supplemented diets displayed improved inositol phosphate (IP) degradation and
enhanced apparent absorption of Ca and P in the small intestine (Chapter 2).
Strikingly, the phytase free diets resulted in increased passage of substantial
amounts of P towards the large intestine, where it was absorbed three times more
compared to phytase supplemented diets. Furthermore, apparent absorption of Ca
in the colon was approximately 2-fold greater with phytase free diets. Similar
findings have been reported by Gonzalez-Vega et al. 3, who investigated Ca and
P absorption in various gut segments in pigs receiving semi-purified diets. They
demonstrated that apparent P absorption in the colon was substantial in the IP
supplemented but not in IP free diets. These observations imply that colonic Ca
and P absorption is dependent on luminal microbial phytase activity and its IP
content. It is conceivable that phytase supplementation enhanced IP degradation
in the distal region of the small intestine in our previous study (Chapter 2).
Consequently, less IP would be available for the microbiota residing in the colon
to release Ca and P ions and inositol from the IP complex for colonic absorption.
In addition, mucosal phosphatases (e.g. multiple inositol polyphosphate
phosphatase 1 (MINPP1) and intestinal alkaline phosphatase (IAP)) might also be
reduced because less substrate was available in the colon. However, molecular
mechanisms underlying the regulation of colonic Ca and P absorption remain
largely unknown. Because of the high viscosity of digesta and the lower
permeability of the colon to defend against pathogens and fermentation toxins
(e.g. phenol, cresol), colonic Ca and P absorption is more likely to be mediated via
the more controllable, active transcellular pathway. The aim of the research
described in this paper was to assess the effect of dietary Ca level and microbial
phytase supplementation on the expression of genes related to Ca, P and inositol
absorption as well as mucosal phosphatases in the jejunum and colon. We
hypothesized that the expression level of genes involved in transcellular and
paracellular transport in the colon of pigs would be greater when feeding diets not

supplemented with phytase to favour the absorption of these two minerals.
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Materials and methods

The work described here is a follow-up of our recent in vivo pig study in which the
interactive effects of dietary Ca level and microbial phytase supplementation on
Ca and P absorption and solubility along the intestine in growing pigs was
investigated (Chapter 2). This study was approved by the ethical committee of
Wageningen University & Research (2016.D-0065.006) and conducted in the
facilities of the Swine Research Centre of Trouw Nutrition (Sint Anthonis, the
Netherlands). All procedures were in agreement with the Dutch laws on animal

experiments.

Experimental design and diets

Details regarding the experimental design, feed composition, animal husbandry,
feeding regime, as well as sample collection, are described in our previous study
(Chapter 2). Briefly, sixty young growing pigs (Hypor LibraxMaxter), weighing
30.4x1.3 kg, were allotted to two dietary levels of microbial phytase (0 vs. 500
FTU/kg) and three levels of Ca (2.0, 5.8 and 9.6 g/kg) in a 2x3 factorial
arrangement. The experiment was replicated over time with two runs of five
replicate pigs per treatment per run. Pigs were blocked by their initial body weight
(BW) with pigs within a block randomly allocated to one of the six experimental
diets for 21 days. The analysed Ca, P and IP content as well as phytase activity in
the diets were in good agreement with the targeted values for all treatment

groups.

Sample collection and treatment selection

At the end of the experiment, pigs were sedated with Zoletil® 100 (0.06 ml/kg BW)
and then euthanized via jugular vein injection of Euthasol® 100 (24 mg/kg BW).
Blood was collected from the carotid artery before exsanguination, centrifuged at
3,000xg for 10 min at 4 °C to harvest serum. Subsequently, the gastrointestinal
tract (GIT) was dissected out and emptied by gentle squeezing before the mucosa
was cleansed with water and scraped from the middle of jejunum and colon, frozen
in liquid nitrogen and stored at -80 °C until further analysis. In the present study,

only tissue samples from the low (2.0 g/kg) and high (9.6 g/kg) Ca level with (500
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FTU/kg) or without dietary phytase groups were used for the gene expression

analysis described hereafter.

Serum analysis

Serum Ca and P were analysed using a Cobas 8000 modular analyser with C701
Photometric measuring unit (Roche Diagnostics Limited, Rotkreuz, Switzerland).
Commercially available test kits were used to analyse serum parathyroid hormone
(PTH, Immunotopics, San Clemente, USA), 25-hydroxycholecalciferol (25(0OH)Ds)
and 1,25-dihydroxycholecalciferol (1,25(0OH).Ds3, Immunodiagnostic Systems
GmbH, Germany), and alkaline phosphatase (ALP, Diatools AG, Villmergen,
Switzerland).

Real-time quantitative PCR analysis

The RNA isolation and gene expression determination were conducted following the
standard protocol in our laboratory. Briefly, deep-frozen jejunum and colon mucosa
were ground in liquid nitrogen and used for total RNA isolation using TRIzol
(ThermoFisher Scientific). The RNA was subjected to on-column DNAse treatment to
remove possible genomic DNA contamination with the Nucleospin II kit (Macherey
Nagel). Quantity and quality of RNA was determined with the NanoDrop 1000
Spectrophotometer (ThermoFisher Scientific) and 2100 Bioanalyzer and RNA 6000
Nano LabChip kit (Agilent Technologies), respectively. The RNA integrity number
values ranged from 9.7 to 10. A total of 500 ng RNA was reverse transcribed with
Superscript III kit (ThermoFisher Scientific) and mRNA levels were assessed by real-
time quantitative PCR (RT-gPCR) amplification on a QuantStudio 5 Real-Time PCR
System (ThermoFisher Scientific) using the SensiFAST™ SYBR® low-ROX Kit (Bioline)
under the following conditions: 95 °C for 15 s and 60 °C for 30 s for 40 cycles. The
used primer sequences were designed with Primer Express Software (Life
Technologies, Bleiswijk, the Netherlands), and where possible recommended primer
sets that span an intron were selected and presented in Table 1. Absolute mRNA
levels of genes of interest were normalized to the endogenous expression level of
importin 8 (IPO8), since Normfinder % pointed out that IPO8 was the most stable
gene compared to that of eukaryotic elongation factor 2 (EEF2) and beta actin (ACTB).
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Table 1. Primers used for RT-gPCR determination

Genes

Accession number Forward (5'-3")

Reverse (5'-3")

Ca transporters

CaSR XM_021068447 TTGCTCATGCCCTGCAAGAT AAGTGCCGTAGGTGCTTCAG
CaBP-D9k NM_214140 TATGCAGCCAAAGAAGGGGAT CTAGGGTTCTCGGACCTTTCAG
CaBP-D28k NM_001130226 GGCTTCATTTCGACGCTGAC TCGGGTGATAACTCCAATCCAG
NCX1 XM_021088333 GTTTGTGGCGCTTGGAACTT TGCCCGTGACGTTACCTATG
TRPM7 XM_013993003 AGCACCATCTTGGACTCTTGC CCCAGGACCACAGATTTCACG
TRPV5 XM_021078896 GCTGCAACAGAAGAGGATTCG CCGAAAGTCACAGGTTCGGT
TRPV6 XM_021078898 AGCAGAAGCGGATCTGGG GGGCTCCTTTCTGGTGGACA
P transporters
NaPi-IIa XM_021082353 GACAGGACTGACTTCCGGC CACGGATGTTGAAGGAGGCT
NaPi-IIb NM_001256772 CTCTGTAGCTGCCGGGTCCTAA GGTCAGAGTCGACGAGAACAC
NaPi-IIc XM_021081190 GCATCCTGTTGTGGTACGTG AGAAGCCGAGCAACAGGTAG
PiT-1 XM_021087023 GATGTTTGGTTCTGCTGTGTG AGACCACTTGACACCCTCCTG
PiT-2 XM_021078067 TCACGAACCAAGCCACGAA GATCTCACCCCCATCACACC
XPR1 XM_003130352 GGTGGCCTCTTGCCAAATGA GCACTGGATAAAGCGAAGCC
Tight junctions
CLDN-2 NM_001161638 CTGCCCACTGCAAGGAAATC ACTCACTCTTGGCTTTGGGT
CLDN-4 XM_021085910 ATGGGTGCCTCGCTCTACAT GAGTAGGGCTTGTCGGTACG
CLDN-7 XM_021066034 GCAGGTCTTTGTGCGTTGAT AAGATGGCAGGGCCAAACTC
CLDN-10 XM_021065095 GACCGGGTGTTCCCTGTATG GGCTCCTGCCCATCCAATAA
CLDN-12 NM_001160079 ATGACGTCCGTTCTGCTCTT TACGTATGCATGCTGGGAGG
CLDN-16 NM_001161644 TTTTTGGCTGGTGCTGTCCT CATACGACTTGGCCATCGAAAC
Z0-1 XM_021098891 GTTGGACAACCAGACGTGGA ACTAACTTCATGCTGGGCCG
Other proteins
CYP24 NM_214075 GGGCGGAGGATTTGAGGAAT ATCAACACGGTTCCTTTGGGT
IAP XM_003133725 CTAAAGGGGCAGATGAATGG CACCTGTCTGTCCACGTTGT
MINPP1 XM_001927672 AGAAGCAAAGTTCTCAGCCAGTT  GGGGCTCCTTGTCTTTGAAGTA
SMIT XM_005657149 CAAGGGGCCTTCTATGGTGG CTGGCCTCTCATCAGGTTGG
VDR NM_001097414 CTCTCCAGACACGATGGAGC TTGGCAAAGCCGATGACCTT
Reference genes
ACTB XM_021086047 CGTGAGAAGATGACCCAGATCA TCTCCGGAGTCCATCACGAT
EEF2 XM_003354002 AGTCCACTCTGACGGACTCA AGAGGGAAATGGCCGTTGAT
IPO8 XM_003126400 TGCCATGGTATTTCTCCTCAAA GCAGAAGAGGCATCATGTCTGT

ACTB, beta actin; CaBP-D9k, calbindin-D9k; CaBP-D28k, calbindin-D28k; CaSR, Ca sensing
receptor; CYP24, vitamin D3 24-hydroxylase; EEF2, eukaryotic elongation factor 2; IAP, intestinal
alkaline phosphatase; IPO8, importin 8; MINPP1, multiple inositol polyphosphate phosphatase 1;
NaPi-Ila (SLC34A1), sodium-dependent phosphate transporter type IlIa; NaPi-IIb (SLC34A2),
sodium-dependent phosphate transporter type IIb; NaPi-IIc (SLC34A3), sodium-dependent
phosphate transporter type IIc; NCX1(SLC8A1), sodium-Ca exchanger; PiT-1 (SLC20A1), inorganic
phosphate transporter 1; PiT-2 (SLC20A2), inorganic phosphate transporter 2; SMIT (SLC5A3),
sodium/myo-inositol cotransporter; TRPM7, transient receptor potential cation channel subfamily M
member 7; TRPV5, transient receptor potential cation channel subfamily V. member 5; TRPV6,
transient receptor potential cation channel subfamily V member 6; VDR, vitamin D3 receptor; XPR1
(SLC53A1), xenotropic and polytropic retrovirus receptor 1; ZO-1, zonula occludens-1.
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Data analysis

Pig was the experimental unit for all analysis. Serum and gene expression data
were analysed by two-way ANOVA using the MIXED procedure of SAS (version 9.4,
SAS Institute, Cary, NC) with dietary phytase, Ca level and their interaction as
fixed effects and batch and block as random effects. Distribution and homogeneity
of variance of the Studentized residuals were visually checked via graphics plotted
by the ODS GRAPHICS procedure. The LSMEANS procedure with a PDIFF option
was used to separate means. Probability was considered significant at P<0.05 and
a trend at 0.05<P<0.1.

Results
Serum Ca, P, ALP, PTH and vitamin D3

As expected, incremental dietary Ca content gradually increased the serum Ca
content of the pigs (Table 2). This increase was dampened with inclusion of
microbial phytase (Pinteraction<0.001). Moreover, incremental dietary Ca reduced
serum P content, with a greater effect in diets without phytase supplementation
(Pinteraction<0.001). Serum ALP concentration increased with increasing dietary Ca
(P<0.001) but reduced with phytase supplementation (P=0.030). Incremental
dietary Ca level drastically decreased (P<0.001) serum PTH concentration, and
this inhibitory effect was significantly impeded with phytase inclusion in the
medium Ca group (73 vs. 5 pg/ml, Pinteraction=0.011). The serum concentration of
the active form of vitamin D3, 1,25(0H).Ds was, however, reduced by incremental
dietary Ca level but only in combination with phytase supplementation
(Pinteraction=0.010).
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Table 2. Least squares means of various serum components as affected by dietary calcium (Ca)

level and microbial phytase supplementation in growing pigs -2

Item Dietary treatment

P-value
Phytase, FTU/kg 0 500 Pooled
Ca Phytase Ca x Phytase
Ca,0/k3 55 58 96 20 58 9.6 °tM
Ca, mM 2.38¢d 2,78 3.382 2.35d 2.48c 2.82> 0.072  <0.001 <0.001 <0.001
P, mM 2.90° 2.199 1.85¢ 3.232 3.09%> 2.63° 0.098 <0.001 <0.001 <0.001
ALP, U/l 100 113 141 98 99 116 10.0 <0.001 0.030 0.280
PTH, pg/ml 1182 5¢ ¢ 1272 73> 4c 159 <0.001 0.006 0.011

25(0H)Ds3, "M 70 86 89 84 102 110 6.4 <0.001 <0.001 0.710

1,25(0H)2D3, PM 10482 1007210032 10132 873> 860° 26.3 <0.001 <0.001 0.010

I Dietary P content was fixed at 4.7 g/kg diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).

a-¢Values lacking a common superscript within a row differ (P<0.05).

ALP, alkaline phosphatase; PTH, parathyroid hormone; 25(OH)Ds;, 25-hydroxycalciferol;
1,25(0H),D3, 1,25-dihydroxycalciferol.

Colonic expression levels

The effects of dietary Ca and microbial phytase supplementation on the gene
expression levels of Ca and P transporters and tight junction proteins in the colonic
and jejunal mucosa of the pigs are shown in Tables 3 and 4. Expression of colonic
TRPV5 mRNA was reduced by 34 and 44% with high Ca intake and phytase
inclusion (P=0.030 and 0.004, respectively; Table 3). Similarly, high dietary Ca
intake reduced TRPV6 and CaBP-D9k mRNA expression by approximately 55%
(P<0.001), and phytase reduced their expression to a less extent (approximately
35% reduction, P<0.002). Neither the expression of NCX1 nor that of the none-
selective cation channel, transient receptor potential cation channel subfamily M
member 7 (TRPM7), were affected by the dietary treatments. Colonic expression
of CaBP-D28k and the extracellular Ca sensing receptor (CaSR) mRNA were

beyond the limit of detection.
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Table 3. Least squares means of mMRNA levels of calcium (Ca) and phosphorus (P) transporter and
claudins (CLDN) as affected by dietary Ca level and microbial phytase supplementation in the
colonic mucosa of growing pigs 1:2:3

Item Dietary treatments P-value
Phytase, FTU/kg 0 500
Ca g/kg 2.0 57 o Pooled SEM Ca Phytase Ca x Phytase
Ca transporters
CaBP-D9k 215 108 159 44 26.1 <0.001 <0.001 0.738
NCX1 1.77 1.56 1.72  1.74 0.139 0.350 0.521 0.258
TRPM7 20.9 20.1 20.5 20.4 0.74 0.421  0.896 0.556
TRPV5 0.034 0.025 0.022 0.011 0.008 0.030 0.004 0.778
TRPV6 1.85 1.03 1.43 0.49 0.216 <0.001 0.002 0.572
P transporters
PiT-1 17.0 17.5 16.1 18.2 1.03 0.055 0.827 0.211
PiT-2 122 115 134 119 15.1 0.452 0.610 0.781
XPR1 9.9 10.4 10.7 10.5 0.71 0.714  0.385 0.534
Tight junctions
CLDN-2 12.5 12.0 12.0 12.6 1.08 0.891 0.962 0.511
CLDN-4 62.5 43.8 57.6 53.8 6.82 0.027 0.603 0.136
CLDN-7 32.52  29.4b 29.7° 30.32b 1.20 0.153  0.279 0.046
CLDN-10 190 1.19 2.17 1.24 0.264 <0.001 0.406 0.555
CLDN-12 22.8 24.4 25.2 26.0 1.50 0.246  0.072 0.711
Z0-1 5.19 5.00 5.33 5.30 0.185 0.390 0.101 0.551
Other proteins
VDR 7.06 6.74 7.85 7.60 0.406 0.498 0.052 0.935
MINPP1 9.27 9.40 9.47 9.27 0.474 0.913 0.914 0.622
SMIT 11.9 10.8 11.8 10.7 0.65 0.026  0.893 0.957

1 Dietary P content was fixed at 4.7 g/kg diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).

3 Determined using absolute quantification normalized by IPOS8.

a-b Values lacking a common superscript within a row differ (P<0.05).

CaBP-D9k, calbindin-D9k; IPOS8, importin 8; MINPP1, multiple inositol polyphosphate phosphatase
1; NCX1, sodium-Ca exchanger; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic
phosphate transporter 2; SMIT, sodium/myo-inositol cotransporter; TRPM7, transient receptor
potential cation channel subfamily M member 7; TRPVS5, transient receptor potential cation channel
subfamily V member 5; TRPV6, transient receptor potential cation channel subfamily V member
6; VDR, vitamin D3 receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; Z0-1, zonula
occludens-1. Of note, transcript levels of Ca sensing receptor, calbindin-D28k, sodium-dependent
phosphate transporters type IIa, IIb and IIc, CLDN-15 and alkaline phosphatase in the porcine
colonic mucosa were beyond the limit of detection.

All mRNA encoding members of type II Na-Pi transporters (i.e. NaPi-IIa,
NaPi-IIb and NaPi-IIc) were beyond the limit of detection in the colonic mucosa.
Expression of PiT-1 tended (P=0.055) to be enhanced by 8% with intake of high
Ca but not with phytase (P=0.827). Transcript levels of XPR1 and PiT-2 were

unaltered by the treatments.

70



CHAPTER 3 | CALCIUM AND PHOSPHORUS TRANSPORTERS IN PIGS

Colonic CLDN-4 and -10 mRNA were reduced by 20 and 40%, respectively
with high Ca intake (P=0.027 and <0.001, respectively), but not with phytase
(P=0.603 and 0.406, respectively). Phytase tended (P=0.072) to enhance the
expression of CLDN-12 by 8%. Furthermore, CLDN-7 mRNA was approximately
10% lower after high Ca intake only when no phytase was supplied
(Pinteraction=0.046). In contrast, the treatments did not affect CLDN-2 and ZO-1
mMRNA levels in the colon. CLDN-15, -16 and -17 mRNA in this segment were not

detectable.

Phytase tended (P=0.052) to enhance colonic expression of vitamin D3
receptor (VDR) by 12% while high Ca intake had no impact (P=0.498). Moreover,
high dietary Ca intake reduced expression of inositol transporter by 9% (Na/myo-
inositol cotransporter (SMIT), P=0.026). Neither dietary Ca level nor phytase
impacted colonic expression of a candidate mucosal phosphatase (MINPP1). The
other mucosal phosphatase (IAP), as well as vitamin-Ds 24 hydroxylase (CYP24)

were not expressed.

Jejunal expression levels

The jejunal level of CaBP-D9k mRNA was more than 4000-times higher compared
to CaBP-D28k mRNA (Table 4). Dietary treatments, however, did not alter their
expression levels, nor these of NCX1. Jejunal mRNA levels of TRPV6, on the
contrary, were reduced (P<0.003) with high Ca and phytase intake (56% and 30%
reduction, respectively). Also, TRPV5 mRNA was reduced by 32% with phytase,
but not with dietary Ca intake (P=0.003 and 0.746, respectively). Expression of
TRPM7 was elevated by 7% with high dietary Ca (P=0.040), but not with phytase
intake (P=0.285).
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Table 4. Least squares means of mMRNA levels of calcium (Ca) and phosphorus (P) transporter and

claudins (CLDN) as affected by dietary Ca content and microbial phytase supplementation in the

jejunal mucosa of growing pigs 1:2:3

Item Dietary treatments P-value
Phytase, FTU/kg 0 500
Pooled SEM Ca Phytase Ca x Phytase
Ca, g/kg 2.0 9.6 2.0 9.6
Ca transporters
CaBP-D9k 261 308 229 254 60.6 0.179 0.112 0.671
CaBP-D28k 0.099 0.064 0.071 0.060 0.028 0.333 0.486 0.605
NCX1 1.57 1.68 1.56 1.69 0.099 0.105 0.992 0.879
TRPM7 15.5 16.0 14.5 16.0 0.65 0.040 0.285 0.302
TRPV5 0.025 0.029 0.020 0.017 0.004 0.746 0.003 0.207
TRPV6 1.15 0.61 0.93 0.31 0.160 <0.001 0.003 0.630
P transporters
NaPi-IIc 0.34 0.38 0.34 0.34 0.056 0.407 0.397 0.411
PiT-1 4.49 4.89 4.33 4.35 0.229 0.367 0.135 0.401
PiT-2 28.6  28.8 30.2 22.5 4.76 0.276 0.492 0.250
XPR1 7.90 7.17 8.10 7.20 0.480 0.024 0.734 0.797
Tight junctions
CLDN-2 18.7 24.8 17.3 28.4 2.89 <0.001 0.598 0.233
CLDN-4 66.9 69.4 69.3 61.9 6.98 0.622 0.606 0.323
CLDN-7 23.5 23.9 24.2  24.3 1.30 0.811 0.558 0.910
CLDN-10 0.87 0.40 0.71 0.40 0.141 <0.001 0.408 0.417
CLDN-12 9.69 10.67 11.21 11.62 0.661 0.150 0.013 0.544
CLDN-15 17.1 17.4 17.8 18.5 1.60 0.665 0.433 0.851
Z0-1 3.61 3.64 3.51 3.49 0.097 0.949 0.086 0.695
Other proteins
IAP 34.3 35.1 37.5 37.9 3.76 0.828 0.248 0.934
MINPP1 7.79 7.38 7.37 7.71 0.422 0.915 0.869 0.221
SMIT 5.69 5.60 5.21 5.51 0.412 0.719 0.339 0.511
VDR 9.1 19.5 10.1 21.1 1.52 <0.001 0.390 0.862

! Dietary P content was fixed at 4.7 g/kg diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).
3 Determined using absolute quantification normalized by IPOS8.
CaBP-D9k, calbindin-D9k; CaBP-D28k, calbindin-D28k; IAP, intestinal alkaline phosphatase; IPOS,
importin 8; MINPP1, multiple inositol polyphosphate phosphatase 1; NaPi-IIc, sodium-dependent
PiT-1, inorganic phosphate
transporter 1; PiT-2, inorganic phosphate transporter 2; SMIT, sodium/myo-inositol cotransporter;
TRPM7, transient receptor potential cation channel subfamily M member 7; TRPV5, transient
receptor potential cation channel subfamily V member 5; TRPV6, transient receptor potential cation
channel subfamily V member 6; VDR, vitamin Ds receptor; XPR1, xenotropic and polytropic
retrovirus receptor 1; ZO-1, zonula occludens-1. Of note, transcript levels of Ca sensing receptor,
sodium-dependent phosphate transporter type Ila and IIb were beyond the limit of detection.

phosphate transporter type IIc;
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In the jejunal mucosa, expression of NaPi-IIc, PiT-1 and PiT-2 remained
unaffected by the treatments. High Ca but not phytase intake decreased XPR1
MRNA (10% reduction with high Ca; P=0.024 and 0.734, respectively).
Noteworthy, jejunal PiT-1 and PiT-2 mRNA levels were approximately three times
lower than those in colonic mucosa (compare Table 3). Transcripts encoding NaPi-

ITIa and NaPi-IIb were undetectable.

Pigs receiving high dietary Ca had approximately 50% greater (P<0.001)
and 50% lower (P<0.001) expression of CLDN-2 and -10, respectively. Phytase
inclusion elevated jejunal CLDN-12 expression by 12% (P=0.013). Expression of
Z0-1 tended (P=0.086) to be marginally reduced with phytase. The dietary

treatments did not influence the transcript levels of CLDN-4, -7 and -15.

Intake of high Ca, but not phytase, increased VDR mRNA by two-fold
(P<0.001 and 0.390, respectively). Expression of MINPP1, IAP and SMIT were not

affected by the dietary treatments.

Discussion

The accompanying data reported previously showed that Ca and P absorption in
the colon were higher in growing pigs fed a phytase free compared to a phytase
supplemented diet (Chapter 2). We hypothesized that the phytase-induced
reduction in colonic Ca and P absorption would be accompanied by a reduced
expression level of Ca and P transporters in the colon. The data reported here fully
supported the hypothesis: microbial phytase and high Ca intake reduced mRNA
expression of TRPV5, TRPV6 and CaBP-D9k in the colonic mucosa (Table 3). A
similar inhibitory effect of these two dietary factors was observed regarding the
expression of TRPV6 in the porcine jejunal mucosa (Table 4). We conclude that the
expression level of Ca transporters in both the jejunal (TRPV6) and colonic (TRPV5,
TRPV6 and CaBP-D9k) mucosa are regulable by dietary Ca and phytase intake and
that their mRNA expression level negatively correlates with the amount of

absorbed Ca in the intestine.
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Effect on colonic Ca transporters, phosphatases and CLDN

In line with our previous study (Chapter 2), post-ileal Ca absorption in pigs was
also observed by others (e.g. Liu et al. *®), but the molecular mechanisms
clarifying this observation remained to be elucidated. Here, we demonstrate that
phytase inclusion tended to elevate the expression of CLDN-12 mRNA in the colonic
mucosa of pigs. A previous study in mice and Caco-2 cell line demonstrated that
CLDN-2 and -12 form pores permitting Ca ions to pass through, and their
expression was upregulated by 1,25(0H).Ds exposure (19), This indicates that the
enhanced expression of CLDN-12 in response to phytase inclusion might improve
the colonic mucosal permeability to Ca.

Contrary to CLDN-12, expression of TRPV5, TRPV6 and CaBP-D9k was
reduced with phytase and high Ca intake. Expression of Ca transporters in the
colon of pigs has not been reported previously. In vivo studies in mice
demonstrated that a high dietary Ca level reduced mRNA levels of TRPV6 in the
proximal colon (7). Using the Ussing chamber technique, the researchers in the
same study further demonstrated that application of high extracellular Ca
concentration inhibited transcellular Ca absorption in proximal colon tissues of
mice. Their results indicate that colonic Ca absorption, particularly active
transcellular Ca absorption, is reduced by a high dietary Ca intake, which was in
line with our observations in pigs. This modulation of Ca transport might be
mediated via the action of PTH and vitamin Ds (8, as we observed that the
inhibition of expression of TRPV5, TRPV6 and CaBP-D9k in response to high dietary
Ca intake was accompanied by a lower serum PTH content. We propose that the
elevated serum Ca content in response to high dietary Ca intake inhibits PTH
secretion by stimulating CaSR expressed in the parathyroid gland ). A reduction
of PTH, in turn, decreases circulatory 1,25(0OH);Ds to limit renal Ca reabsorption
by the upregulation of renal expression of CYP24 mRNA, encoding a mitochondrial
monooxygenase responsible for the modification and inactivation of bioactive
1,25(0OH):Ds. The observed downregulation of TRPV5 and TRPV6 mRNA expression
in the colon could be ascribed to the reduced concentration of serum 1,25(0OH).Ds
since the genes of these transporters contain a VDR-responsive element in their
promoter region 2?9, The upregulated expression of VDR in both jejunal and colonic
mucosa in response of high Ca and/or phytase intake supports this idea. In mice,

Ca-sensing by CaSR located in the intestine may decrease expression of TRPV6
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and CaBP-D9k directly (7). However, this mechanism seems to be unlikely in pigs
since CaSR mRNA was beyond the limit of detection in both jejunal and colonic

mucosa in the present study (data not shown).

We determined the mRNA expression of mucosal phosphatases (MINPP1 and
IAP) and inositol transporters (SMIT) assuming that their expression level would
be affected by our dietary treatments. However, IAP mRNA was beyond the limit
of detection in colon and not affected by dietary treatments in jejunum. Moreover,
MINPP1 mRNA was altered neither by phytase inclusion nor dietary Ca intake in
both intestinal segments. The MINPP1 is an intercellular phosphatase located in
endoplasmic reticulum. Recent in vitro studies in the Caco-2 @Y and H1299 cell
line ?? indicate that MINPP1 is secreted into the medium and can catalyse
dephosphorylation of extracellular IP. It is, therefore, possible that MINPP1 is
involved in the degradation of IP in the intestine. Previous studies in broilers
indicated that high Ca intake reduced mucosal phosphatase efficacy to degrade IP
in the brush-border vesicles of the small intestine (23, Brun et al. ®* 2> also
reported that high Ca intake modified activity of IAP without affecting its protein
expression level in the small intestine of rats. These studies support our results
and indicate that dietary Ca intake or phytase does not affect the level of IAP
expression to regulate the efficacy of IAP. Our results also demonstrated that
colonic expression of SMIT was significantly reduced with high dietary Ca intake
although this effect was minor. We observed that high Ca intake reduced the
degradation of IP in the small intestine in pigs (Chapter 2), which subsequently

promotes the available of IP for degradation into inositol in the colon.

The colon plays an important role in mineral and water absorption in pigs
(26), The reduction of mMRNA expression of CLDN-4, -7 and -10 in the colon indicates
that high Ca intake impaired paracellular permeability for anions and cations in the
porcine colon. Unfortunately, the ion permeability of these CLDN members is still
debated. Van Itallie et al. ?7) reported that CLDN-4 can mediate Cl permeation,
while Hou et al. ?® argued that it builds pores for Na. Experiments to unravel the
ion-selectivity of CLDN-7 led to controversial results; the protein may mediate
transepithelial permeation of magnesium ©® or Cl 39, Other studies (e.g. Van
Itallie et al. ®3V)) demonstrated the existence of two splice variants of CLDN-10,
designated CLDN-10a and CLDN-10b, each with different physiological functions
in mice. By contrast, Gunzel et al. 32 reported the existence of six different
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isoforms of CLDN-10 as a result of alternative splicing in mice and humans. We
performed an intensive Blast search (Build Sscrofall.1) and analysed two porcine
CLDN-10 homologues: CLDN-10a (accession no. XM_021065094) and CLDN-10b
(accession no. XM_021065095). In the present study, we used a primer set that
hybridizes to a completely identical region, shared by both isoforms in order to
determine the sum expression level. Taken together, downregulation of CLDN-4, -
7 and -10 may alter the mucosal paracellular permeability to traverse certain
minerals across the colonic epithelial layer. It remains unknown which specific

minerals are involved.

Effect on jejunal Ca transporters and CLDN

Similar to the colon, high Ca and phytase intake reduced TRPV6 expression in
jejunal mucosa. Gonzalez-Vega et al. 33 reported that incremental dietary Ca
intake linearly reduced jejunal expression of TRPV6 and CaBP-D9k, which is in
agreement with our results. Noteworthy, in our study jejunal TRPV5 expression
was not affected by dietary Ca level, whereas it was not reported by Gonzalez-
Vega et al. 33, An explanation may be that TRPV5 in mice is primarily expressed
in the kidney ©33), while TRPV6 is ubiquitously expressed ). Indeed, we found that
TRPV6 expression was approximately 30 and 50 time higher than TRPV5 in porcine
jejunal and colonic mucosa, respectively. By contrast, renal expression of TRPV5
in pigs was approximately 6 times higher than TRPV6 (Chapter 7). Collectively, it
appears that TRPVS is less involved in intestinal Ca absorption compared to TRPV6.
We also observed an upregulation of TRPM7 with dietary Ca intake in the jejunal
mucosa. However, unlike TRPV5 and TRPV6, two channels highly selective for Ca
(34, TRPM7 seems to be less selective with higher affinity for zinc, magnesium and
manganese than Ca ©%. An upregulation of TRPM7 might be indicative of an

antagonistic impact of a high dietary Ca against other cations.

Contrary to TRPV5 and TRPV6, CLDN-2 and -12 mRNA expression in the
jejunal mucosa was enhanced by high Ca and phytase intake, respectively. This
regulation pattern of CLDN-2 and -12 was in line with the soluble inorganic Ca
content in the distal small intestine, which indicated that Ca was transported in
the direction of the electrochemical gradient across the epithelial layer with high

Ca intake but against it with low Ca intake (Supplementary Tablel). It could be
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that low dietary Ca intake reduced CLDN-2 expression in order to prevent the
backflow of Ca to the luminal side. By contrast, high dietary Ca intake enhanced
CLDN-2 expression probably to increase the capacity of passive Ca uptake as an
energy-saving process. Taken together, the inhibitory action on the expression of
TRPV6, and also TRPV5 and CaBP-D9k in the colon, and stimulatory effect on Ca
permeable CLDN-2 and CLDN-12 with high Ca intake, indicates that paracellular
Ca permeation was minor at a low but more pronounced with high Ca intake. Thus,
Ca absorption shifts from transcellular to paracellular pathway with high dietary

Ca and phytase intake.

Compared to CaBP-D9k, transcript levels of CaBP-D28k were very low in the
jejunal mucosa, even absent in the colonic mucosa. This indicates that CaBP-D9k
may play a greater role in shuttling Ca across cytoplasm in the GIT of pigs.
Christakos et al. ¢® reviewed that CaBP-D28k was expressed highest in the avian
intestine and mammalian kidney, while CaBP-D9k was observed only in mammals
and was abundantly expressed in the mammalian intestine. Indeed, we observed
a much higher expression of CaBP-D28k compared to CaBP-D9k in the kidney of
pigs (Chapter 7). Thus, distribution of CaBP-D28k and CaBP-D9k appears tissue-
specific in pigs. Moreover, despite the similar names, the physiological role of
CaBP-D28k may differ from CaBP-D9k. A previous in vivo study using transgenic
mice (G7) indicated that mice lacking CaBP-D28k but with normal expression of
CaBP-D9k developed little calcaemic abnormalities; by contrast, mice expressing
only 10% of CaBP-D9k but with normal expression level of CaBP-D28k developed
hypocalcaemia and rickets. It seems that the Ca buffering function of CaBP-D28k
can be largely compensated by CaBP-D9k, but not vice versa. 1t is, therefore,
possible that CaBP-D9k plays a greater role in the transit of Ca across the intestinal

mucosa to serve whole body Ca homeostasis.

Effect on P transporters

Instead of NaPi-IIb, we detected NaPi-IIc in the porcine jejunum. Moreover, all
type II transporters were absent in the colonic mucosa. Apparently, NaPi-IIc is the
most important Na-P cotransporter in the small intestine of pigs. Wubuli et al. ®
investigated the tissue-wide mRNA expression status of all currently annotated P

transporters. Their results combined with our observation indicate that NaPi-IIc is
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the only type II P transporter abundantly expressed in the GIT of pigs and that
this isotype contributes to intestinal P absorption. We demonstrated that high Ca
uptake reduced intestinal P absorption in the small intestine of these pigs (Chapter
2). Here, we found that the level of NaPi-IIc mRNA was neither affected by dietary
Ca level nor phytase inclusion, suggesting that the reduction of P absorption was
attributed to a lower NaPi-IIc activity which was regulated at the posttranscription

level, e.g. vesicle trafficking of NaPi-IIc to-and-from the apical membrane.

We observed a nominally (P=0.055) elevated expression of PiT-1 mRNA in
the colon when pigs were fed a high Ca compared to low Ca diet. Previous
transgenic studies showed that overexpression of PiT-1 enhanced serum P and
reduced serum Ca in both rats G% and mice *9, These data raise the possibility
that high dietary Ca led to insoluble Ca-P complexes impairing intestinal P
absorption and serum P content. A higher expression of PiT-1 may increase the

capacity of P absorption in the pig’s colon to support systemic P homeostasis.

Paracellular P permeation might also substantially contribute to intestinal P
absorption in pigs. Soluble inorganic P content was much lower in the serum than
in the digesta in all GIT segments (Supplementary Table 1), which generated a
wide electrochemical gradient difference of P across the epithelium cell. To the
knowledge of the authors, paracellular P absorption in pigs has not been reported
before. Using the in situ ligated intestinal loop technique, Marks et al. “b
demonstrated in rats that only 30% of the intestinal P absorption was Na
dependent, irrespective of P content in the buffer solution instilled into the GIT
segments. Their results suggest that P absorption might be primarily mediated via
paracellular permeation in the GIT. This assumption is in line with an in vivo study
in pigs ? which demonstrated that incremental dietary P level linearly enhanced
total tract P digestibility. Thus, P absorption is highly dependent on luminal P
content, which suggested that paracellular P absorption may be substantial in pigs.

However, the mechanism for P permeation remains unknown.

In conclusion, Ca absorption shifts from transcellular to paracellular
pathway with high dietary Ca and phytase intake, as evidenced by downregulation
of jejunal and colonic genes related to transcellular Ca absorption and upregulation
of Ca pore forming claudins (CLDN-2 and -12). Paracellular P absorption may be
substantial in pigs as expression of genes related to transcellular P absorption

remain mostly unaffected by dietary Ca and phytase content.
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Supplementary Table 1. Least squares means of soluble inorganic calcium (Ca) and phosphorus
(P) content (mM) along the intestine and serum inorganic Ca and P as affected by dietary Ca level
and microbial phytase supplementation in growing pigs 23,

Item Dietary treatment
Phytase, FTU/kg 0 500
Ca, g/kg 2.0 5.8 9.6 2.0 5.8 9.6
Inorganic Ca
Stomach 6.8 23.9 37.2 6.8 21.6 36.0
Proximal-SI 3.9 5.3 12.5 1.6 6.0 13.6
Distal-SI 0.6 2.6 4.6 0.6 2.7 4.9
Proximal-LI 5.4 7.0 7.0 2.0 9.2 9.6
Distal-LI 1.3 1.7 2.6 0.5 1.8 3.0
Serum 2.38 2.78 3.38 2.35 2.48 2.82
Inorganic P
Stomach 20.9 24.4 21.2 23.9 23.8 25
Proximal-SI 20.6 12.0 12.3 19.4 17.1 15.8
Distal-SI 7.4 7.2 5.9 15.1 12.5 9.7
Proximal-LI 45.8 38.7 31.6 28.8 34.0 27.2
Distal-LI 18.5 16.9 15.8 12.6 13.9 11.2
Serum 2.90 2.19 1.85 3.23 3.09 2.63

I Dietary P content was fixed at 4.7 g/kg diet.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).

3 Statistically significant effects of dietary Ca level and phytase inclusion are reported in the previous
study (Chapter 2).

SI, small intestine; LI, large intestine.
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Abstract

The hypothesis was tested that an increased digestion of coarse compared to fine
limestone can alleviate the negative effects of a low dietary Ca/P ratio on the
growth performance and characteristics of tibia strength (CTS) in broilers. A total
of 1152 Ross 308 broiler chickens received a standard commercial starter feed
from d 0-13. From d 14 onwards, birds received one of 12 diets containing one of
six Ca/P ratios (0.50, 0.75, 1.00, 1.25, 1.50 and 1.75) and one of two limestone
particle sizes (<500 (fine) and 500-2,000 (coarse) um) in a study with a 6x2
factorial arrangement of treatments. Total P content was fixed at 5.5 g/kg for all
treatment diets. Each treatment was replicated six times with 16 birds per
replicate pen. On d 20 and 21, 12 birds per pen were randomly selected from four
of the six replicate pens for tibia analysis and digesta collection from different gut
segments. The apparent Ca digestibility was higher for fine than coarse limestone
in the jejunum (P=0.043). However, this difference in Ca digestibility disappeared
for the low while it remained for the high Ca/P ratios in the proximal
(Pinteraction=0.067) and distal (Pinteraction=0.052) ileum. In addition, coarse limestone
improved apparent P digestibility in the proximal and distal ileum (P<0.001) but
not in the jejunum (P=0.305). Regardless of limestone particle size, reducing
dietary Ca/P ratio linearly improved apparent Ca and P digestibility in the proximal
and distal ileum (P<0.001). Moreover, decreasing dietary Ca/P ratio linearly
(P<0.001) and quadratically (P<0.046) reduced the CTS. Reducing dietary Ca/P
ratio linearly (P<0.001) and quadratically (P<0.006) decreased body weight gain
and feed conversion ratio. For both fine and coarse limestone, the optimal Ca/P
ratio was 1.00-1.25 to optimize apparent Ca and P digestibility while maintaining
growth performance and CTS. Reducing Ca/P ratio from 1.75 to 1.00 improved
apparent distal ileal Ca and P digestibility from 36.6 to 53.7% and 48.0 to 58.3%,
respectively. In conclusion, coarse limestone is equally digestible with fine
limestone at a low Ca/P ratio but is less digestible at a high Ca/P ratio, and the

optimal Ca/P ratio in the diet is 1.00-1.25 for both fine and coarse limestone.

Key words: particle size of limestone, Ca/P ratio, phosphorus and calcium

digestibility, broilers
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Introduction

Phosphorus (P) and calcium (Ca) are essential macro nutrients for all animals and
play an important role in numerous physiological processes including bone
formation . Improving P utilization helps to alleviate the global mineral P
depletion, save feed costs as well as reduce environmental pollution of P. Calcium
plays a pivotal role in P utilization as it hampers P absorption via Ca-P
complexation in the gut, but it is essential to bind P to form hydroxyapatite in
bone ). Reducing the dietary Ca/P ratio is an effective way to improve P
digestibility ®, but over-reduction of the dietary Ca/P ratio compromises growth

performance and characteristics of tibia strength (CTS) .

Compared to fine limestone (particle size <500 pm), coarse limestone
(particle size 1000-2000 pm) has been shown to be more digestible in broilers,
with a true ileal digestibility of 70 vs 40% (5 ®), It, therefore, seems possible to
reduce the dietary Ca/P ratio through the use of coarse limestone while
maintaining growth performance and bone development. In addition, in the
presence of microbial phytase, ileal P digestibility was reduced by pulverised
limestone (particle size <75 pm), while it was not affected by the particulate
limestone (particle size 402 ym) . The P digestion seems to be related to the
particle size of limestone, and the coarser limestone may have a less negative
impact on P digestion. It is hypothesized that coarse limestone with its higher
digestibility in broilers, can alleviate the negative effect of a low Ca/P ratio on
growth performance and bone development and may improve P digestibility,
compared to fine limestone. The objective of the present study was to determine
the impact of limestone particle size and dietary Ca/P ratio on apparent Ca and P
digestibility in different gut segments, CTS as well as growth performance in

broilers.

Materials and methods

The experiment was conducted in the broiler research accommodation of De Heus
(Eerde, the Netherlands). All procedures complied with the Dutch law on animal
experiments and study was approved by the Ethical Committee of Wageningen
University & Research, the Netherlands (no. 2016.D-0065.004).
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Animal housing and management

A total of 1152 0-d-old Ross 308 male broilers, housed in 72 pens (1 m?, 16 birds
per pen) on wood shavings (0.9-1.0 kg/m?) were used. The barn was mechanically
ventilated and the temperature was controlled by a climate computer. The room
temperature was set at 35 °C on the day of arrival, and thereafter gradually
decreased by 1 °C per day to 20-18 °C. A light: dark schedule of 18:6 was used
in the barn with a light intensity of 20 lux. Continuous lighting (24L:0D) was used
on the first 2 days of the experiment (d 0-1), as well as the 4 d before and during
dissection (d 18-21). Dead birds or birds with visible malfunction (e.g. scissor
beak, ascites, torticollis) were removed and weighed at the time of removal. Birds
had ad libitum access to water and feed throughout the experiment (d 0-39). All
birds received a normal commercial starter feed from d 0-13 (2973 kcal/kg ME,
212 g/kg CP, 8.6 g/kg Ca, 5.5 g/kg P). Experimental diets were provided to the

animals from d 14 onwards.

Experimental treatments and diets

On d 14, birds were weighed and randomly allotted to one of 12 treatments in a
6x2 factorial arrangements of treatments including six dietary Ca/P ratios (0.50,
0.75, 1.00, 1.25, 1.50 and 1.75) and two limestone particle sizes (<500 (fine)
and 500-2000 um (coarse)). Each treatment was replicated six times. The coarse
and fine limestone were obtained from the same limestone product (Sibelco,
Maastricht, the Netherlands) via sieving through a 500 pm screen (Retsch, GmbH,
Germany).

A basal diet was made and then split into 12 equal portions, to which the
required amount of coarse or fine limestone was added at the expense of diamol
(Damolin, Kgnsborgvej, Denmark) according to the experimental design. The
basal diet met or exceeded the minimum requirement of all nutrients except Ca
® and included titanium dioxide at 5 g/kg as an indigestible marker. The
composition of the grower (d 14-29) and finisher (d 30-39) diets is shown in Table
1 and Supplementary Table 1, respectively. The P content was 5.5 and 5.1 g/kg
in all grower and finisher diets, respectively. The Ca content was 2.7-9.6 g/kg for
the grower, and 2.5-8.8 g/kg for the finisher diets. The Ca content was below the

minimum requirement of 7.0 and 6.0 g/kg for grower and finisher birds,
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respectively (Ca/P ratio 1.25 ®) in the three low Ca/P ratios while exceeding the
requirement in the two high Ca/P ratios. The experimental diets were made in
increasing order of Ca/P ratio. Experimental diets were produced by a feed
production plant for research diets (Research Diet Services in Wijk bij Duurstede,
the Netherlands) using a double mixing procedure to assure equal composition of
the experimental diets. All experimental diets were given in pelleted form to
prevent segregation.

Table 1. Composition and nutrient content (g/kg as-fed basis, d 14-29) of grower diets with fine or coarse

limestone and incremental Ca/P ratios

Particle size limestone Fine ! Coarse ?

Ca/Pratio 0.50 0.75 1.00 1.25 1.50 1.75 0.50 0.75 1.00 1.25 1.50 1.75

Ingredients

Corn 354 354 354 354 354 354 354 354 354 354 354 354
Wheat 300 300 300 300 300 300 300 300 300 300 300 300
Soybean meal, extracted 255 255 255 255 255 255 255 255 255 255 255 255
Soybean oil 36.5 36.5 36.5 36.5 36.5 36.5 36.5 36.5 36.5 36.5 36.5 36.5
Rapeseed meal, extracted 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1
Monosodium phosphate 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Monocalcium phosphate 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Limestone (fine) * 3.6 7.2 10.8 144 18.0 21.6 0.0 00 00 0.0 0.0 0.0
Limestone (coarse) 2 0.0 0.0 0.0 0.0 0.0 0.0 3.6 7.2 10.8 14.4 18.0 21.6
Salt 03 03 03 03 03 0.3 0.3 03 03 03 03 0.3
Val (98%) 09 09 09 09 09 0.9 09 09 09 09 09 0.9
Met (99%) 25 25 25 25 25 25 25 25 25 25 25 25
L-Lys (79%) 25 25 25 25 25 25 25 25 25 25 25 25
Thr (88%) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Salinocox 3 0.6 06 06 06 06 0.6 0.6 06 06 06 06 0.6
Diamol * 18.1 145 109 73 3.7 0.0 18.1 145 109 7.3 3.7 0.0
Titanium dioxide (Ti0;) 5.0 5.0 50 50 50 5.0 50 50 50 50 50 5.0
Premix > 50 50 50 50 50 5.0 50 50 50 50 50 5.0
Calculated nutrients
Dry matter 878 878 878 878 878 878 878 878 878 878 878 878
ME, kcal/kg 3029 3029 3029 3029 3029 3029 3029 3029 3029 3029 3029 3029
Crude protein 194 194 194 194 194 194 194 194 194 194 194 194
Lys 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02
Met 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
Met+Cys 86 86 86 86 86 8.6 86 86 86 86 86 8.6
Thr 80 80 80 80 8.0 8.0 80 80 80 80 8.0 8.0
Ca 27 41 55 69 82 9.6 27 41 55 69 82 96
Total P (P) 55 55 55 55 55 55 55 55 55 55 55 55
Available P (aP) 32 32 32 32 32 32 3.2 32 32 32 32 32
Ca/P 0.50 0.75 1.00 1.25 1.50 1.75 0.50 0.75 1.00 1.25 1.50 1.75
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Table 1 (continued). Composition and nutrient content (g/kg as-fed basis, d 14-29) of grower diets with fine

or coarse limestone and incremental Ca/P ratios

Particle size limestone Fine ! Coarse ?

Ca/P ratio 0.50 0.75 1.00 1.25 1.50 1.75 0.50 0.75 1.00 1.25 1.50 1.75

Analysed nutrients

Dry matter 888 895 896 895 896 891 891 898 898 896 895 890
Crude protein 187 191 188 187 189 192 188 189 186 190 189 192
Crude fat 60.7 61.4 59.8 594 60.1 60.0 60.6 59.9 60.7 61.3 61.2 59.6
Ca 3.1 44 63 7.2 93 10.5 31 46 58 7.8 8.7 10.1
P 58 58 58 58 59 5.9 58 59 59 59 59 5.8
Ca/P 0.54 0.76 1.08 1.23 1.59 1.78 0.53 0.78 0.99 1.32 147 1.73

! Analysed Ca content: 41.1%. Particle size distribution: >2000 ym, 0.0%; 1000-2000 um, 0.0%; 500-1000
pm, 0.2%; 250-500 pm; 33.6%; <250 um, 66.2%. Geometric mean diameter 160 ym, geometric standard
deviation 96 um.

2 Analysed Ca content: 41.1%. Particle size distribution: >2000 pm, 0.0%; 1000-2000 um, 59.3%; 500-1000
pm, 40.4%; 250-500 pm, 0.1%; <250 pym, 0.2%. Geometric mean diameter 1062 um, geometric standard
deviation 387 pm.

3 Sacox, Antwerp, Belgium.

4 Damolin, Kgnsborgvej, Denmark.

5 Provided per kg of diet: 12,000 IE retinol, 2,400 IE cholecalciferol, 50 mg dl-a-tocopherol, 1.5 mg menadione,
2.0 mg thiamine, 7.5 mg riboflavin, 3.5 mg pyridoxine, 20 mg cyanocobalamins, 35 mg niacin, 12 mg D-
pantothenic acid, 460 mg choline chloride, 1.0 mg folic acid, 0.2 mg biotin, 80 mg iron, 12 mg copper, 85 mg
manganese, 60 mg zinc, 0.4 mg cobalt, 0.8 mg iodine, 0.1 mg selenium, 125 mg antioxidant mixture.

Sample collection

Feed samples were collected in the feed mill during production. Birds were
weighed on day of arrival (d 0), experimental diet allotment (d 14), dissection and
sample collection (d 20-21), the end of the grower period (d 29) and the end of
the experiment (d 39). On d 20 and 21, 12 birds per pen were randomly selected
from four of the six replicate pens per treatment and euthanized by electrocution
before blood was collected from the carotid artery of two dissected birds per pen.
A number of four replicate pens per treatment was considered adequate since the
focus was not on comparison of individual treatments but on determination of
linear and quadratic effects of Ca/P ratio and the interactions, based on six
treatment groups, including 24 pens. Serum was harvested after centrifuging at
3,000xg for 10 min at 4 °C. After exsanguination, the chest cavity and the
abdomen were opened. The gastrointestinal tract (GIT) was ligated by tie wraps
into eight segments including crop, proventriculus plus gizzard, duodenum,
jejunum, the first half of ileum (proximal ileum), the second half of ileum (distal
ileum), ceca and colon, to prevent digesta flowing between gut compartments.
The proventriculus and gizzard were not separated but merged as one GIT
segment, because the proventriculus did not contain any substantial amount of
digesta. The jejunum was defined as the GIT segment from the end of the

duodenal loop to the Meckel’s diverticulum. The ileum was divided into two equal

90



CHAPTER 4 | LIMESTONE PARTICLE SIZE AND DOSAGE IN BROILERS

parts in order to determine the apparent precaecal or distal ileal digestibility of P
and Ca ©®), After ligating, the GIT was removed from the birds. The digesta were
quantitatively collected per segment by flushing with deionized water. The ceca
were emptied by gently squeezing because of the viscosity of the cecal digesta.
The digesta samples were pooled per segment per pen, and the pH was
determined using a pH meter (Seven2Go, Mettler Toledo, Schwerzenbach,
Switzerland). Because of the interference with urine excretion, Ca and P
digestibility in the colon was not measured. All digesta samples were stored in the
freezer (-20 °C) until further analysis. The right tibia was removed from six of the
12 dissected birds per pen, and stored (-20 °C) prior to a bone breaking test. The
remaining birds were kept until d 39 to determine the effect of dietary treatments

on growth performance in the overall experimental period from d 14-39.

Observations and chemical analysis

The particle size distribution of the pelleted diets was determined using wet
sieving, and the geometric mean diameter (GMD) and geometric standard
deviation (GSD) were calculated (9, To examine the contrast of limestone particle
size in pelleted diets, the four diets of the lowest and highest Ca/P ratio for both
fine and coarse limestone were incinerated at 550 °C. Particle size distribution of
the feed ash was subsequently determined using dry sieving. Diets were also
analysed for dry matter by drying at 103 °C 1), N was analysed using the Kjeldahl
method and crude protein content was calculated as Nx6.25 (FOSS, Hillerod,
Denmark) (*2), Particle size distribution of the coarse and fine limestone was
determined using dry sieve analysis. The digesta samples were freeze-dried and
ground to pass a 1-mm sieve using a Retsch ZM 100 mill (Retsch GmbH,
Germany). The ground digesta and feeds were incinerated at 550 °C 3), P content
was determined spectrophotometrically (Evolution 201; Thermo scientific, MA) (4
and Ca was determined using atomic absorption spectrometry (AA240 FS; Varian,
CA) @3, Titanium content was determined using a spectrophotometer (Evolution
201; Thermo Scientific, MA) after destruction by H»SOs (FOSS, Hillerod,
Denmark), according to Myers et al. (18}, Serum Ca and P were analysed using a
Cobas 8000 modular analyser for clinical analysis with C701 Photometric

measuring unit (Roche Diagnostics Limited, Rotkreuz, Switzerland). Commercially
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available kits were used to analyse the serum alkaline phosphatase (ALP, Diatools
AG, Villmergen, Switzerland), 1,25-dihydroxycholecalciferol (1,25(0H)zDs,
Immunodiagnostic Systems GmbH, Germany) and parathyroid hormone (PTH,
Immunotopics, San Clemente, CA). The CTS was determined by a bone breaking
test using an Instron Texture Analyzer (type 5564, MA). Energy to fracture,
maximum compressive load, stiffness and diameter were determined as CTS, as
described by Guz et al. (7,

Solubility of P was determined in the freeze-dried digesta of the crop,
gizzard and jejunum of the lowest and highest Ca/P ratio diet for both coarse and
fine limestone. The dried digesta were incubated in a buffer solution to mimic in
vivo digesta conditions (pH and dry matter) as determined in the subsequent gut
segment. This was done to determine the amount of potentially digestible P
entering to the next gut segment. Specifically, 1 g of the ground crop digesta was
incubated in 2 ml buffer solution to mimic in vivo gizzard digesta conditions (pH
3.2, DM 33%), and 1 g of ground gizzard or jejunum sample was incubated in 6
ml buffer solution to mimic in vivo jejunum/ileum digesta condition (pH 5.8, DM
14%). The soluble P was extracted by mixing an aliquot of digesta on a horizontal
shaker at 150 rpm and 42 °C for 30 (crop digesta) or 40 (gizzard and jejunum
digesta) min. Thereafter, sample were centrifuged at 3000xg for 15 min,
supernatant with soluble P was discarded, the residue with insoluble was dried

and the P content was subsequently determined.

Calculations and statistical analysis

The following equation was used to calculate the nutrient digestibility in gut

segments:

Xdi Tig;
Digestibility coefficient, % = (1 — digesta diet

: ) x 100
Xdiet Tldigesta

where Xgigesta and Tidigesta @are the nutrient (Ca or P) and Ti content in the
freeze-dried digesta (g/kg), respectively and Xdiet and Tigiet the nutrient (Ca or P)
and Ti content in the diet (g/kg), respectively.
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The digesta mean retention time (MRT) in different gut segments was calculated

according to de Vries and Gerrits (18 as:

1440 X Tidigesta X Wdigesta

MRT, min =
i FI X Tigieg

where 1440 are the minutes per day (min/d), Tidgigesta the Ti content in the
freeze-dried digesta (g/kg), Wadigesta the quantitative weight of the dried digesta
(kg) in each of the respective segments, FI the feed intake over 24 h (kg/d) and
Tigiet the Ti content in the diet (g/kg).

The P solubility was calculated using the equation:

Wdigesta X Pdigesta — Wresidue X Presidue

P solubility, % = x 100

Wdigesta X Pdigesta

where Waigesta is the weight of freeze-dried digesta used for this test (g),
Pdigesta the P content in the freeze-dried digesta (g/kg), Wresidue the dried weight of
digesta residue after discarding the supernatant (g) and Presique the P content in

the dried digesta residue (g/kg).

The CTS was determined on individual tibia (6 tibias per pen), but for all
other measurements, samples were pooled per pen and determined at a pen level.
Pen was the experimental unit for data analysis. All data except the CTS were
subjected to a 2-way ANOVA using the GLM procedure of SAS 9.4 (SAS Institute,
Cary, NC). The limestone particle size, Ca/P ratio and their interaction were used
as fixed effects. The CTS were subjected to a 2-way ANOVA using the MIXED
procedure with limestone particle size, Ca/P ratio and their interaction as fixed
effects and pen as random effect. The distribution, variance and homogeneity of
Studentized residuals were visually checked via graphics plotted using the ODS
GRAPHICS function. The LSMEANS procedure with a PDIFF option was used to
estimate the difference between means if a significant interaction was obtained.
A CONTRAST procedure was used to estimate the linear and quadratic effect of
dietary Ca/P ratio regardless of the limestone particle size. The coefficients for the
CONTRAST procedure were obtained using the IML procedure. Probability was
considered significant at P<0.05 and a trend at 0.05<P<0.1.
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Results

The analysed Ca and P contents in the diets were slightly higher than the
calculated levels, but the analysed Ca/P ratios were in good agreement with the
designed ratios (Table 1). The GMD and GSD for the coarse limestone were 1062
and 387 um, respectively and 160 and 96 um for the fine limestone. As for the
diets, wet sieve analysis indicated that the GMD and GSD were increased with the
incremental Ca/P ratio for the coarse limestone, and were approximately 174
(163-183) and 261 (243-280) um for the 6 diets, respectively. In the ash fraction
of the lowest and highest Ca/P ratio diets, more coarse particles (>500 pm) were
observed for coarse than fine limestone diets. Accordingly, the GMD of feed ashes
was greater for coarse than the fine limestone (116 vs 101 at a Ca/P ratio of 0.50
and 196 vs 116 at a Ca/P ratio of 1.75; Table 2). 76% of the coarse limestone

particles included in the diet were recovered in the feed ashes.

During the whole experimental period, the birds realized a high feed intake
and growth rate, and their average body weight at the end of the experiment met

or exceeded the performance objectives of the breeding company (19,

Table 2. Dry sieve analysis of ashes of pelleted diets with the highest (1.75) and lowest (0.50)
Ca/P ratio for both fine and coarse limestone, % unless otherwise specified !

Particle size limestone Fine Coarse

Ca/P ratio 0.50 1.75 0.50 1.75
Sieve diameter, um
>2500 0.07 0.88 0.24 0.23
1250-2500 0.07 0.67 0.59 2.60
1000-1250 0.07 0.82 1.42 6.29
630-1000 0.34 0.72 2.43 18.9
320-630 1.28 3.92 2.08 4.85
160-320 6.40 12.6 5.63 5.89
63-160 78.8 64.2 80.8 49.1
<63 13.0 16.1 6.82 12.1
GMD, um 101 116 116 196
GSD, pm 41 85 73 255

1 The Ca content and particle size distribution of the coarse and fine limestone are provided in
Table 1.
GMD, geometric mean diameter; GSD, geometric standard deviation.
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Ca and P apparent digestibility and solubility

No significant interaction was observed between limestone particle size and Ca/P
ratio on apparent P or Ca digestibility for any of the gut segments (Table 3). For
apparent Ca digestibility, a trend for an interactive effect was observed in the
proximal (Pinteraction=0.067) and distal (Pinteraction=0.052) ileum. The apparent Ca
digestibility was not different between the fine and coarse limestone at the low
Ca/P ratio, while it was higher for the fine than the coarse limestone at the high
Ca/P ratio. In the jejunum, the apparent Ca digestibility was higher for the fine
than for the coarse limestone (P=0.043) irrespective of the Ca/P ratio. Regardless
of limestone particle size, the incremental Ca/P ratio linearly (P<0.001) reduced
apparent Ca digestibility in the proximal and distal ileum, but not in the jejunum
(P=0.246). The apparent P digestibility was higher for the treatments with coarse
limestone (P<0.001) in the proximal and distal ileum, but not in the jejunum
(P=0.305). Regardless of limestone particle size, increasing the Ca/P ratio, linearly
(P<0.001) and quadratically (P<0.001) decreased apparent P digestibility in the
proximal and distal ileum. The incremental Ca/P ratio also linearly (P<0.001)
decreased and tended to quadratically (P=0.088) decrease apparent P digestibility
in the jejunum. The P solubility was not affected by the limestone particle size,

Ca/P ratio or their interactions in the crop, gizzard or jejunum (Table 4).
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Table 3. Effect of dietary Ca/P ratio and particle size of limestone on apparent P and Ca

digestibility (%) in the jejunum and ileum in broilers .23

Ca/P P digestibility Ca digestibility
Particle size
ratio Jejunum Proximal ileum Distal ileum Jejunum Proximal ileum Distal ileum
Fine 0.50 61.8 72.6 71.8 49.9 59.0 61.9
0.75 55.6 63.4 65.0 45.5 55.1 57.2
1.00 49.3 55.4 55.2 49.8 52.2 54.1
1.25 45.4 50.2 51.9 47.1 42.3 42.9
1.50 45.6 50.3 50.9 46.2 44.7 49.9
1.75 40.6 46.8 47.5 39.0 41.5 42.7
Coarse 0.50 62.7 75.5 75.8 48.0 61.6 66.0
0.75 55.4 66.6 67.8 35.9 58.9 60.9
1.00 53.8 60.5 61.3 43.0 52.4 53.3
1.25 48.0 54.4 56.8 42.7 37.1 45.4
1.50 43.6 51.4 53.0 33.1 42.5 39.1
1.75 45.0 50.2 48.4 42.0 29.4 30.5
Pooled SEM 2.84 1.36 1.67 4.51 2.74 3.27
Particle size
Fine 49.7 56.4 57.0 46.2 49.2 51.5
Coarse 51.4 59.8 60.5 40.8 47.0 49.2
Pooled SEM 1.16 0.56 0.68 1.84 1.12 1.34
Ca/P ratio
0.50 62.3 74.1 73.8 49.0 60.3 64.0
0.75 55.5 65.0 66.4 40.7 57.0 59.1
1.00 51.6 58.0 58.3 46.4 52.3 53.7
1.25 46.7 52.3 54.4 44.9 39.7 44.2
1.50 44.6 50.9 52.0 39.7 43.6 44.5
1.75 42.8 48.5 48.0 40.5 35.5 36.6
Pooled SEM 2.00 0.96 1.18 3.19 1.94 2.31
P-value
Particle size 0.305 <0.001 <0.001 0.043 0.178 0.250
Ca/P ratio <0.001 <0.001 <0.001 0.246 <0.001 <0.001
Partide size x Ca/Pratio  0.832 0.785 0.673 0.556 0.067 0.052
Linear (Ca/P ratio) <0.001 <0.001 <0.001 0.089 <0.001 <0.001
Quadratic (Ca/P ratio) 0.088 <0.001 0.001 0.951 0.568 0.718

! Dietary P content was fixed at 5.5 g/kg diet.
2 Data are presented as treatment means, 4 replicate pens per treatment (n=4).
3 Ca content and particle size distribution of the fine and coarse limestone are shown in Table 1.
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Table 4. Effect of Ca/P ratio and particle size of limestone on P solubility in freeze dried digesta,
solubilised under the conditions (pH and dry matter content) of the digesta in the subsequent
segment of the digestive tract in broilers 123

Particle size Ca/P ratio Crop Gizzard Jejunum
0.50 30.0 56.5 80.0
Fine
1.75 31.1 55.7 72.8
0.50 26.3 73.2 67.1
Coarse
1.75 27.7 56.1 78.3
Pooled SEM 3.63 5.88 6.26
P-value
Particle size 0.386 0.172 0.569
Ca/P ratio 0.750 0.153 0.760
Particle size x Ca/P ratio 0.965 0.192 0.166

! Dietary P content was fixed at 5.5 g/kg diet.
2 Data are presented as treatment means, 4 replicate pens per treatment (n=4).
3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.

Tibia and serum characteristics

No interaction was observed between particle size of the limestone and Ca/P ratio
on CTS (Table 5) or serum characteristics (Table 6). Limestone particle size did
not affect CTS or serum characteristics either. Regardless of limestone particle
size, tibia maximum compressive load, fracture energy, and stiffness were linearly
(P<0.001) and quadratically (P<0.046) increased with an incremental Ca/P ratio,
whereas tibia diameter was not affected. Increasing dietary Ca/P ratio linearly
(P<0.001) increased serum Ca content, and tended to linearly decrease (P=0.073)
serum 1,25(0OH).D3 content. The incremental Ca/P ratio linearly (P<0.001)
decreased serum P content. However, the Ca/P ratio had no impact on the serum
ALP or PTH.
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Table 5. Effect of dietary Ca/P ratio and particle size of limestone on characteristics of tibia
strength in broilers determined by a bone breaking test as described by Guz et al. (17) 1,2.3

Particle size Ca/P ratio Maximum compressive load Energy to fracture  Stiffness Thickness
N N-mm N/mm mm
Fine 0.50 139 185 105 5.44
0.75 179 206 138 5.57
1.00 216 264 145 5.69
1.25 203 233 156 5.42
1.50 235 274 181 5.73
1.75 212 244 171 5.60
Coarse 0.50 144 189 106 5.50
0.75 154 181 126 5.42
1.00 216 263 160 5.73
1.25 210 240 168 5.66
1.50 203 216 162 5.76
1.75 224 249 163 5.59
Pooled SEM 13.0 20.7 10.4 0.111
Particle size
Fine 197 234 149 5.58
Coarse 192 223 148 5.61
Pooled SEM 5.31 8.45 4.26 0.045
Ca/P ratio
0.50 142 187 106 5.47
0.75 167 194 132 5.50
1.00 216 264 153 5.71
1.25 207 237 162 5.54
1.50 219 245 172 5.75
1.75 218 247 167 5.60
Pooled SEM 9.23 14.7 7.39 0.078
P-value
Particle size 0.459 0.345 0.722 0.610
Ca/P ratio <0.001 0.001 <0.001 0.066
Particle size x Ca/P ratio 0.413 0.567 0.522 0.663
Linear (Ca/P ratio) <0.001 0.001 <0.001 0.063
Quadratic (Ca/P ratio) 0.001 0.046 0.004 0.201

1 Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 6 tibias per replicate pen and 4 replicate pens per
treatment (n=24).

3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.
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Table 6. Effect of dietary Ca/P ratio and particle size of limestone on serum characteristics in broilers 23

_ _ _ Ca P ALP PTH 1,25(0H),D3
Particle size Ca/P ratio
mmol/L mmol/L u/L pg/mL pg/mL
Fine 0.50 2.28 2.53 6293 210 228
0.75 2.63 2.50 6040 121 202
1.00 2.43 2.08 5737 105 218
1.25 2.53 2.03 6247 198 201
1.50 2.60 2.18 6766 48 188
1.75 2.83 1.80 6053 206 173
Coarse 0.50 2.30 2.63 5664 246 229
0.75 2.58 2.55 5895 91 199
1.00 2.53 2.30 4492 184 210
1.25 2.58 2.28 5595 91 170
1.50 2.43 2.15 6139 238 252
1.75 2.70 1.83 7157 188 180
Pooled SEM 0.097 0.148 823 55.0 21.0
Particle size
Fine 2.55 2.19 6189 148 202
Coarse 2.52 2.29 5824 173 207
Pooled SEM 0.040 0.060 336 23.1 8.57
Ca/P ratio
0.50 2.29 2.58 5979 228 229
0.75 2.61 2.53 5968 106 201
1.00 2.48 2.19 5115 145 214
1.25 2.56 2.16 5921 145 186
1.50 2.52 2.17 6453 143 220
1.75 2.77 1.82 6605 197 177
Pooled SEM 0.069 0.105 582 38.9 14.8
P-value
Particle size 0.607 0.231 0.447 0.449 0.692
Ca/P ratio 0.001 <0.001 0.554 0.302 0.124
Particle size x Ca/P ratio 0.702 0.920 0.794 0.186 0.368
Linear (Ca/P ratio) 0.001 <0.001 0.276 0.903 0.073
Quadratic (Ca/P ratio) 0.953 0.918 0.242 0.056 0.950

! Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 4 replicate pens per treatment (n=4).

3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.

ALP, alkaline phosphatase; PTH, parathyroid hormone; 1,25(0H);D3, 1,25-dihydroxycholecalciferol.

Growth performance

Limestone particle size did not impact growth performance, except that coarse
limestone reduced feed conversion ratio (FCR) from d 14-20 (P=0.010, Table 7).
Overall, incremental dietary Ca/P ratio improved body weight gain (BWG) from d 14-
20, and this positive effect of dietary Ca/P ratio on BWG was also observed in the total

grower (d 14-29) and overall experimental period (d 14-39, Supplementary Table
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2). From d 14-20 and d 14-29, the FCR was linearly (P<0.001) and quadratically
(P<0.004) reduced by incremental dietary Ca/P ratio. However, this effect of dietary
Ca/P ratio on FCR disappeared in the finisher (d 29-39) and overall (d 14-39) period.
The feed intake (FI) was linearly (d 14-29, P=0.041) or quadratically (d 14-20,
P=0.045) increased by incremental Ca/P ratio in the grower period, and continued to

be increased by dietary Ca/P ratio in the finisher and overall experimental period.

Table 7. Effect of Ca/P ratio and particle size of limestone on growth performance in the grower
period in broilers 1:2:3:4

. ) i d 14-20 d 14-29
Particle size Ca/P ratio
BWG, g FI, g FCR, g/g BWG, g FI, g FCR, g/g
Fine 0.50 462°bc 664 1.44 1271 1824 1.43
0.75 4823b 678 1.41 1429 2020 1.41
1.00 4802b 657 1.37 1397 1921 1.38
1.25 4852 662 1.36 1444 1999 1.38
1.50 4902 673 1.37 1489 2049 1.38
1.75 457¢ 631 1.38 1383 1919 1.39
Coarse 0.50 444¢ 638 1.44 1237 1800 1.46
0.75 4783b 662 1.39 1382 1949 1.41
1.00 4902 671 1.37 1399 1943 1.39
1.25 4892 659 1.35 1414 1948 1.38
1.50 4872 665 1.37 1384 1912 1.38
1.75 4932 667 1.35 1471 2015 1.37
Pooled SEM 7.4 10.2 0.008 39.1 64.8 0.01
Particle size
Fine 476 661 1.39 1402 1955 1.40
Coarse 478 661 1.38 1381 1928 1.40
Pooled SEM 3.1 4.2 0.003 15.9 26.5 0.01
Ca/P ratio
0.50 453 651 1.44 1254 1812 1.45
0.75 480 670 1.40 1406 1985 1.41
1.00 485 665 1.37 1398 1932 1.39
1.25 487 661 1.36 1429 1974 1.38
1.50 488 669 1.37 1437 1981 1.38
1.75 475 649 1.37 1427 1967 1.38
Pooled SEM 5.2 7.2 0.006 27.6 45.8 0.01
P-value
Particle size 0.346 0.937 0.010 0.391 0.476 0.901
Ca/P ratio <0.001 0.201 <0.001 <0.001 0.081 <0.001
Particle size x Ca/P ratio 0.020 0.055 0.404 0.302 0.601 0.738
Linear (Ca/P ratio) 0.003 0.779 <0.001 <0.001 0.041 <0.001
Quadratic (Ca/P ratio) <0.001 0.045 <0.001 0.006 0.107 0.004

! Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 6 replicate pens per treatment (n=6).

3 Each treatment had an equal number of 6 pens with 16 birds per pen before d 20, and an unequal
number of 4 pens with 4 birds per pen and 2 pens with 16 birds per pen after d 21.

4 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.

BWG, body weight gain; FI, feed intake; FCR, feed conversion ratio.
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Digesta pH and MRT

No interaction was found between particle size of the limestone and Ca/P ratio on

digesta pH in gut segments except for the duodenum (Pinteraction=0.026, Table 8).

No other effects of limestone particle size on digesta pH was observed in either of

the segments, except in the ceca (P=0.026) where digesta pH was higher for the

fine than the coarse limestone. Increasing dietary Ca/P ratio linearly increased
(P<0.011) digesta pH in the proventriculus plus gizzard, ceca and colon, while it
linearly decreased (P=0.002) digesta pH in the crop. Digesta pH was not affected

by the Ca/P ratio in jejunum, proximal or distal ileum.

Table 8. Effect of Ca/P ratio and particle size of limestone on digesta pH in different intestinal segments in broilers 123

Particle size Ca/P ratio Crop Prov.+gizzard Duodenum Jejunum Prox. ileum Distal leum Ceca Colon
Fine 0.50 5.51 3.09 5.958bc 5.77 5.94 5.71 6.07 5.70
0.75 5.21 2.96 5.893b¢ 5.73 5.74 5.67 6.06 5.60
1.00 5.01 3.03 5.893b¢ 5.73 5.93 6.14 6.17 5.83
1.25 4.93 3.53 5.74¢ 5.73 5.69 6.42 6.55 5.83
1.50 5.06 3.52 5.94abc 5.81 6.00 6.15 6.59 6.12
1.75 4.80 3.52 6.052 5.79 5.88 6.49 6.69 6.41
Coarse 0.50 5.32 3.07 5.78¢ 5.76 5.78 5.66 5.96 5.55
0.75 4.99 2.91 5.95ab¢ 5.75 5.95 5.82 5.96 5.70
1.00 5.06 3.15 5.893b¢ 5.75 5.99 6.20 5.99 6.03
1.25 5.08 3.15 5.992 5.77 6.18 6.07 6.34 6.14
1.50 5.02 3.48 5.84bc 5.78 6.11 6.17 6.35 6.22
1.75 5.00 3.39 5.82°b¢ 5.74 5.76 5.94 6.34 5.98
Pooled SEM 0.135 0.098 0.073 0.044 0.150 0.249 0.148 0.121
Particle size
Fine 5.09 3.28 5.91 5.76 5.86 6.10 6.36 5.92
Coarse 5.08 3.19 5.88 5.76 5.96 5.98 6.16 5.94
Pooled SEM 0.057 0.040 0.030 0.018 0.061 0.102 0.060 0.051
Ca/P ratio
0.50 5.42 3.08 5.87 5.77 5.86 5.69 6.02 5.63
0.75 5.10 2.94 5.92 5.74 5.85 5.75 6.01 5.65
1.00 5.04 3.09 5.89 5.74 5.96 6.17 6.08 5.93
1.25 5.01 3.34 5.87 5.75 5.94 6.25 6.45 5.99
1.50 5.04 3.50 5.89 5.80 6.06 6.16 6.47 6.17
1.75 4.90 3.46 5.94 5.77 5.82 6.22 6.52 6.20
Pooled SEM 0.096 0.069 0.051 0.031 0.107 0.176 0.105 0.085
P-value
Particle size 0.889 0.142 0.455 0.922 0.268 0.415 0.026 0.812
Ca/P ratio 0.035 <0.001 0.884 0.803 0.637 0.098 0.001 <0.001
Partide size x Ca/Prato 0.573 0.238 0.026 0.918 0.305 0.711 0.960 0.052
Linear (Ca/P ratio) 0.002 <0.001 0.526 0.528 0.647 0.011 <0.001 <0.001
Quadratic (Ca/P ratio) 0.179 0.428 0.722 0.539 0.272 0.212 0.921 0.643

! Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 4 replicate pens per treatment (n=4).

3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.
Prov.+gizzard, proventriculus plus gizzard; Prox. Ileum, proximal ileum, the first half of ileum.
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No interaction was found between particle size of the limestone and Ca/P
ratio on the digesta MRT (Table 9). Limestone particle size did not affect digesta
MRT in the gut segments, except that MRT was greater for the coarse limestone
in the proventriculus plus gizzard (P=0.004) and ceca (P=0.034). Increasing Ca/P
ratio linearly increased (P=0.004) the digesta MRT in the crop, but it linearly
decreased (P<0.001) MRT in the proventriculus plus gizzard and ceca. The MRT
was not affected by the Ca/P ratio in the duodenum, jejunum or ileum.

Table 9. Effect of Ca/P ratio and particle size of limestone on MRT (min) in different intestinal
segments in broilers 1:2:3

Particle size Ca/P ratio Crop Prov.+gizzard Duodenum Jejunum Prox. ileum Distal ileum Ceca

Fine 0.50 15.6 30.1 1.36 43.6 39.0 44.9 2.41
0.75 23.7 26.2 2.04 45.8 37.3 49.6 1.47
1.00 24.5 23.0 1.26 44.8 39.3 43.9 1.31
1.25 28.3 20.5 1.64 50.1 46.7 47.9 0.87
1.50 30.6 22.1 1.22 43.2 41.9 50.4 0.81
1.75 32.9 23.8 1.26 43.6 40.2 48.0 0.60
Coarse 0.50 20.6 30.1 1.70 48.9 39.0 52.1 2.32
0.75 27.3 32.7 1.26 47.1 39.5 52.7 2.44
1.00 34.9 34.2 1.18 45.7 38.9 53.9 1.82
1.25 27.6 28.6 1.02 46.4 38.1 44.0 1.23
1.50 23.8 22.8 1.46 56.1 43.6 52.9 0.94
1.75 32.3 24.4 1.40 47.5 39.5 48.5 0.83
Pooled SEM 4.52 2.49 0.28 3.68 2.89 3.48 0.28
Particle size
Fine 25.9 24.3 1.46 45.2 40.7 47.5 1.25
Coarse 27.8 28.8 1.34 48.6 39.8 50.7 1.60
Pooled SEM 1.64 1.02 0.11 1.50 1.18 1.42 0.11
Ca/P ratio
0.50 18.1 30.1 1.53 46.3 39.0 48.5 2.37
0.75 25.5 29.5 1.65 46.5 38.4 51.2 1.96
1.00 29.7 28.6 1.22 45.3 39.1 48.9 1.57
1.25 28.0 24.6 1.33 48.3 42.4 46.0 1.05
1.50 27.2 22.5 1.34 49.7 42.8 51.7 0.88
1.75 32.6 24.1 1.33 45.6 39.9 48.3 0.72
Pooled SEM 2.76 1.76 0.20 2.60 2.04 2.46 0.19
P-value
Particle size 0.441 0.004 0.441 0.113 0.564 0.618 0.034
Ca/P ratio 0.042 0.014 0.682 0.824 0.550 0.116 <0.001
Partide size x Ca/Pratio 0.410 0.141 0.266 0.343 0.484 0.439 0.512
Linear (Ca/P ratio) 0.004 0.001 0.281 0.684 0.244 0.899 <0.001
Quadratic (Ca/P ratio) 0.271 0.682 0.551 0.641 0.501 0.942 0.240

! Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 4 replicate pens per treatment (n=4).

3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.
MRT, mean retention time; Prov.+gizzard, proventriculus plus gizzard; Prox. ileum, proximal ileum, the first half of ileum.
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Discussion

The pelleting process was found to retain the dietary particle size treatment
imposed by limestone addition. In the feed ash of the coarse limestone diets, 76%
of the added particles could be recovered. Full recovery is unlikely in this respect
due to an expected (limited) negative effect of pelleting or incineration on
limestone particle size. In addition, the GMD of both the coarse and fine limestone
diets linearly increase with incremental Ca/P ratio. The increase for the coarse
limestone diets was close to the theoretical increase where the slope for the
analysed was 16 vs. 15 for the theoretical linear regression line. In addition, it
should be noted that the treatments aimed to impact the Ca and P digestion by
affecting the solubility and/or interaction of Ca and P but not gizzard development
or surface area available to the digestive enzymes. As such, masking of the
limestone particle size difference, given that the diets had less than 2% limestone,
by the particles in the diet is integral to the design of the study reported here in
order to only test the effect of limestone particle size and not overall diet particle
size. However, it can be ruled out that the observed effects are only related to

solubility and/or interaction of Ca and P.

The hypothesis that coarse limestone was more digestible to the broilers
was not proven in the present study. The jejunal apparent Ca digestibility was
higher for fine than coarse limestone (46.2 vs. 40.8%), but the apparent distal
ileal Ca digestibility was similar for coarse and fine limestone (51.5 vs. 49.2%).
Therefore, the experimental results did not support the possibility to reduce the
Ca/P ratio while maintaining the digestible Ca supply through the use of coarse
rather than fine limestone. Compared to fine limestone, coarse limestone slightly
improved the distal ileal P digestibility (60.5 vs. 57.0%). Nevertheless, the coarse
limestone could not alleviate the negative effect of a low Ca/P ratio on the CTS or
growth performance. As observed by Diaz-Alonso et al. ?9, broilers required more
Ca and P to ensure adequate bone mineralization than maximum growth
performance. In the current study, both growth performance and CTS were

compromised by a low dietary Ca/P ratio, regardless of limestone particle size.

Coarse and fine limestone had a similar Ca digestibility at a low inclusion
level in the distal ileum, while fine limestone had a higher Ca digestibility at a high

dietary Ca/P ratio. Compared to fine limestone (particle size <500 um), coarse
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limestone (particle size 1000-2000 pm) has been reported to have a higher ileal
Ca digestibility (70 vs 40%; Anwar et al. 4: ®), The latter authors used coarser
limestone compared to the present study (1000-2000 vs 500-2000 pm).
Moreover, mash feed was used by Anwar et al. (5: ®, while pelleted feed was used
in the present study. Adaptation time to the diets might be another reason for the
discrepancy between Anwar et al. > ® and the present study (3 vs. 6 days,
respectively). David et al. @?!) reported that observed distal ileal Ca digestibility
decreased linearly with increasing dietary adaptation time, with higher digestibility
obtained at 1-d adaptation than 3 or 5 days of adaptation (limestone particle size
370 upm). Limestone transiently accumulated in the crop and gizzard, with a
greater concentration effect for coarse limestone (Supplementary Table 3),
hence a longer adaption time might be required for coarse than fine limestone to
achieve a steady passage rate of digesta. Due to the adaptation of broilers to the
changes of diets, short-term experiments may not represent the response of
broilers over a longer period. In a 6-week study in broiler breeder hens @), the
large-particle-size limestone decreased the P but not the Ca content in the excreta
(average particle size was 185 and 3490 um for fine and coarse limestone,
respectively). These results agree with our finding, indicating that particle size of
limestone probably had an impact on P digestion while it had less impact on Ca
digestion. In an in vitro study to mimic the Ca solubilization in the GIT 33, fine
limestone initially released more Ca than coarse limestone; however, the same
amount of Ca was released after 20 min (particle size <75 and 402 ym for the
coarse and fine limestone, respectively). This in vitro solubility finding is in line
with the observed Ca digestibility in the present study, i.e. the Ca digestibility was
higher for the fine limestone in the jejunum, and this difference disappeared in
the ileum for the low Ca/P ratios but retained for the high Ca/P ratios. Mechanism
behind this interactive effect might be that limestone provided only approximately
50% of Ca in the lowest and close to 90% of the Ca in the highest Ca/P ratio diet.
In addition, Ca absorption in the proximal small intestine (jejunum) was not
adequate for the low Ca/P ratios, and a substantial amount of Ca was absorbed in
the distal small intestine (ileum) for the low Ca/P ratios, irrespective of limestone
particle size. The superiority of fine limestone over coarse limestone, therefore,
disappeared in the ileum for the low Ca/P ratios while it remained for the high

Ca/P ratios. In conclusion, coarse limestone has a limited effect on the apparent
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distal ileal Ca digestibility at a low Ca/P ratio but may decrease apparent Ca

digestibility at a higher Ca/P ratio.

In contrast to Ca digestibility, apparent distal ileal P digestibility was slightly
improved by coarse limestone. As mentioned before, the fine limestone released
more Ca and improved the apparent Ca digestibility in the upper GIT (jejunum).
The rapid Ca release probably promotes insoluble Ca-P complexation in the foregut
as phytate is primarily hydrolysed in the upper GIT, specifically in the crop,
proventriculus and gizzard ©@%. The relatively rapid Ca release and Ca-P
complexation, therefore, may decrease P digestion. In an in vitro study 2,
compared to the limestone with larger particle sizes (137-1306 pm), fine
limestone (28 um) had a higher Ca solubility and a greater depression on phytase
efficacy. In addition, expression of the P transporters and sodium-dependent
phosphate transporter type IIb gradually decreases along the small intestine (26

28), Therefore, a rapid Ca release in the upper gut may also decrease P absorption.

The interaction between Ca, P, phytate and phytase in the gut is complex.
Complexation of Ca-P is widely acknowledged to be responsible for Ca depressing
P digestion. However, P solubility was not affected by the dietary treatments in
the present study. Therefore, P solubility or Ca-P complexation did not seem to be
a major factor in the Ca and P interaction. It should be noted that the freeze-dried
digesta was used in the present study to conduct the P solubility test, while it is
unknown if freeze-drying affects the mineral solubility. In an in vitro model (?%,
limestone addition improved P solubility in the gastric phase, while it reduced P
solubility in the small intestine phase. The mechanism behind Ca stimulating P
solubilization is not clear yet, but it implies that the interaction between Ca,
phytase, phytate, inorganic P, and phytate-P in the GIT is complicated, and the

Ca-P complexation maybe only part of the reason for Ca depressing P digestion.

The effects of dietary Ca/P ratio on growth performance, digesta pH, Ca and
P digestion as well as bone development has been extensively studied (3°-32), These
reports supported our findings that the high dietary Ca/P ratio decreased the ileal
Ca and P digestibility. The optimal dietary Ca/P ratio was 1.00-1.25 to maximize
Ca and P digestion while maintaining growth performance and CTS. By reducing
the Ca/P ratio from 1.75 to 1.00, the distal ileal Ca and P apparent digestibility
could be improved from 36.6 to 53.7% and 48.0 to 58.3%, respectively. Reducing
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dietary Ca/P ratio to below 1.00 impaired CTS, although the apparent Ca and P
digestibility could be further improved.

In conclusion, apparent distal ileal Ca digestibility of coarse limestone was
equal to fine limestone at a low Ca/P ratio, but it was lower for coarse than fine
limestone at a high dietary Ca/P ratio. Coarse limestone slightly improved the
apparent distal ileal P digestibility compared to fine limestone. In diets with a total
P content of 5.5 g/kg, a reduction of Ca/P ratio improved the apparent Ca and P
digestibility, with the optimal Ca/P ratio being 1.00-1.25 to optimize the Ca and P

digestion while maintaining growth performance and CTS.
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Supplementary Table 1. Composition and nutrient content (g/kg, as-fed basis, d 30-39) of finisher

diets with fine or coarse limestone and incremental Ca/P ratios !

Particle size limestone Fine Coarse

Ca/P ratio 0.50 0.75 1.00 1.25 1.50 1.75 0.50 0.75 1.00 1.25 1.50 1.75

Ingredients

Corn 363 357 351 345 339 333 363 357 351 345 339 333
Wheat 350 350 350 350 350 350 350 350 350 350 350 350
Soybeanmeal, extracted 238 238 239 239 240 240 238 238 239 239 240 240
Soybean oil 26 28 30 32 34 37 26 28 30 32 34 37

Monosodium phosphate 6.1 6.1 6.1 6.1 6.1 6.1 6.1 6.1 6.1 6.1 6.1 6.1
Monocaldumphosphate 2.0 2.0 2.0 2.0 2.0 2.0 20 2.0 2.0 2.0 2.0 20
Limestone (fine) 3.5 6.8 10.2 13.5 16.8 20.0 0 0 0 0 0 0

Limestone (coarse) 0 0 0 0 0 0 3.5 6.8 10.2 13.5 16.8 20.0
Salt 0.2 0.2 0.2 02 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
L-Val (98%) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Met (99%) 23 23 23 23 23 23 23 23 23 23 23 23
L-Lys (79%) 28 28 28 28 28 2.8 28 28 28 28 2.8 2.8
Thr (98%) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tianium dioxide (TiO2) 50 5.0 50 50 5.0 5.0 50 50 50 50 50 5.0
Premix 2 50 5.0 50 50 5.0 5.0 50 50 50 50 50 5.0

Calculated nutrients

Dry matter 875 876 876 877 878 878 875 876 876 877 878 878
ME, kcal/kg 3059 3059 3059 3059 3059 3059 3059 3059 3059 3059 3059 3059
Crude protein 188 188 188 187 187 187 188 188 188 187 187 187
Lys 10 10 10 10 10 10 10 10 10 10 10 10

Met 50 5.0 50 50 5.0 5.0 50 50 50 50 50 5.0
Met+Cys 82 82 82 82 82 8.2 82 82 82 82 82 8.2
Thr 7.6 76 76 7.6 7.6 7.6 7.6 76 76 7.6 7.6 7.6
Ca 25 3.8 51 63 7.6 8.8 25 38 51 63 7.6 8.8
Total P (P) 51 51 51 51 50 5.0 51 51 51 51 50 5.0
Available P (aP) 29 29 29 29 29 29 29 29 29 29 29 29
Ca/P 0.50 0.75 1.00 1.25 1.50 1.75 0.50 0.75 1.00 1.25 1.50 1.75

Analysed nutrients

Dry matter 877 882 884 884 884 884 883 885 885 885 884 883
Crude protein 184 182 182 183 183 182 182 181 185 184 185 181
Crude fat 57.8 58.8 57.3 59.3 59.2 58.4 58.9 59.2 59.8 56.1 55.6 56.2
Ca 28 41 54 6.7 7.7 9.0 3.0 3.7 53 65 7.2 8.2
P 53 55 58 57 56 57 57 57 57 56 58 53
Ca/P 0.53 0.75 0.93 1.18 1.38 1.58 0.53 0.65 0.93 1.16 1.24 1.55

! The Ca content and particle size distribution of the coarse and fine limestone are shown in Table 1.

2 Provided per kg of diet: 12,000 IE retinol, 2,400 IE cholecalciferol, 50 mg dl-a-tocopherol, 1.5 mg
menadione, 2.0 mg thiamine, 7.5 mg riboflavin, 3.5 mg pyridoxine, 20 mg cyanocobalamins, 35 mg
niacin, 12 mg D-pantothenic acid, 460 mg choline chloride, 1.0 mg folic acid, 0.2 mg biotin, 80 mg iron,
12 mg copper, 85 mg manganese, 60 mg zinc, 0.4 mg cobalt, 0.8 mg iodine, 0.1 mg selenium, 125 mg
antioxidant mixture.
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Supplementary Table 2. Effect of Ca/P ratio and particle size of limestone on growth performance

in the finisher and overall broilers 1:2:34

BW, g Finisher period (d 29-39)  Overall period (d 14-39)
Particle Ca/P
size ratio di4 d20 d29 d39 BWe & FCR BWe & FCR
9 g g/9 g 9 a/g
Fine 0.50 431 893 1702 2756 1054 1918 1.83 2325 3630 1.56
0.75 436 918 1866 3034 1168 2113  1.83 2597 4035 1.56
1.00 425 907 1822 3035 1213 2091 1.73 2609 3888 1.49
1.25 430 915 1874 3043 1169 2137 1.84 2613 4018 1.54
1.50 431 927 1921 3007 1086 2082 1.97 2576 3957 1.55
1.75 428 885 1811 2897 1086 2001 1.87 2469 3804 1.54
Coarse 0.50 428 872 1665 2705 1040 1907 1.86 2277 3620 1.59
0.75 431 909 1813 2957 1145 2029 1.78 2526 3885 1.54
1.00 432 922 1831 2987 1156 2030 1.78 2555 3868 1.52
1.25 430 919 1844 2951 1107 2034 1.87 2521 3872 1.54
1.50 439 926 1823 3006 1182 2060 1.75 2566 3853 1.50
1.75 435 928 1906 3093 1187 2167 1.85 2659 4055 1.53
Pooled SEM 5.07 10.7 40.6 68.8 57.7 51.7 0.09 67.6 120 0.05
Particle size
Fine 907 1833 2958 1128 2055 1.84 2532 3889 1.54
Coarse 910 1814 2950 1136 2038 1.82 2517 3859 1.54
Pooled SEM 44 16.6 28.1 23.6 21.1 0.04 27.6 49.1 0.02
Ca/P ratio
0.50 883 1684 2731 1047 1913 1.84 2301 3625 1.58
0.75 914 1840 2996 1156 2071 1.81 2562 3960 1.55
1.00 915 1827 3011 1182 2058 1.75 2582 3878 1.51
1.25 917 1859 2997 1138 2085 1.86 2567 3945 1.54
1.50 927 1872 3007 1139 2070 1.85 2571 3905 1.53
1.75 906 1859 2995 1137 2084 1.86 2564 3930 1.54
Pooled SEM 7.5 28.7 48.6 40.8 36.5 0.07 47.8 85.0 0.04
P-value 0.819
Particle size 0.423 0.431 0.768 0.839 0.528 0.601 0.746 0.676 0.897
Ca/P ratio 0.004 <0.001 0.001 0.303 0.011 0.845 0.001 0.070 0.807

Particle size x Ca/Pratio 0.076 0.290 0.321 0.570 0.135 0.755 0.337 0.571 0.970
Linear (Ca/P ratio) 0.015 <0.001 0.002 0.333 0.006 0.530 0.002 0.051 0.465
Quadratic (Ca/P ratio) 0.002 0.007 0.003 0.086 0.032 0.486 0.003 0.084 0.315

! Dietary P content was fixed at 5.5 and 5.0 g/kg diet on d 14-29 and 30-39, respectively.

2 Data are presented as treatment means, 6 replicate pens per treatment (n=6).

3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.

4 Each treatment had an equal number of 6 pens with 16 birds per pen before d 20, and an unequal
number of 4 pens with 4 birds per pen and 2 pens with 16 birds per pen after d 21.

BW, body weight; BWG, body weight gain; FI, feed intake; FCR, feed conversion ratio.
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Supplementary Table 3. Effect of Ca/P ratio and particle size of limestone on apparent Ca and P

digestibility (%) in crop, gizzard, duodenum and ceca in broilers 123

Particle Ca/P P disappearance/digestibility Ca disappearance/digestibility
size ratio  Crop Prov.+Gizzard Duodenum Ceca Crop Prov.+Gizzard Duodenum Ceca
Fine 0.50 6.07 53.2 -73.2 -264 -7.1 36.1 -84.9 -111
0.75 1.13 51.1 -66.3 -284 -5.7 33.3 -75.6 -184
1.00 3.50 52.4 -90.9 -348 -1.2 40.8 -74.4 -247
1.25 2.50 43.8 -74.9 -528 -1.8 -21.7 -131 -698
1.50 1.21 44.4 -39.1 -654 -15.2 -81.4 -195 -1057
1.75 -2.00 46.5 -93.4 -811 -23.6 -13.7 -77.3  -1334
Coarse 0.50 6.57 56.6 -76.0 -191 -9.9 -42.1 -149 -56.9
0.75 9.02 56.9 -43.9 -259 -7.2 -73.5 -442 -112
1.00 3.80 50.1 -51.6 -309 -4.1 -88.2 -284 -193
1.25 0.30 51.2 -91.9 -484 -17.2 -64.1 -175 -496
1.50 -1.39 43.7 -91.8 -508 -44.3 -191 -190 -652
1.75 0.93 43.2 -84.1 -699 -35.4 -392 -109 -958

! Dietary P content was fixed at 5.5 g/kg.

2 Data are presented as treatment means, 4 replicate pens per treatment (n=4).

3 The Ca content and particle distribution of the coarse and fine limestone are shown in Table 1.
Prov.+gizzard, proventriculus plus gizzard.
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CHAPTER 5 | CALCIUM AND PHOSPHORUS TRANSPORTERS IN BROILERS

Abstract

As high Ca intake or fine limestone reduces precaecal P absorption independently
of P solubility in broilers, this study determined whether incremental dietary Ca/P
and limestone particle size affect gene expression of P transporters in the small
intestine. A total of 1152 one-day-old Ross 308 male broiler chickens received
diets low (0.50), medium (1.00) or high (1.75) in Ca/P containing either fine (160
Mm) or coarse (1062 um) limestone, in a 3x2 factorial arrangement. Expression
of genes related to Ca and P absorption were determined using real-time
quantitative PCR (RT-gPCR) in duodenal and jejunal mucosa. Results indicated that
incremental dietary Ca/P decreased duodenal CaSR, CaBP-D28k, PMCA1 and NaPi-
ITb, but not TRPC1 mRNA. This effect was greater with fine limestone when Ca/P
increased from low to medium, but greater with coarse limestone when increased
from medium to high. A similar inhibitory effect was observed for jejunal CaBP-
D28k expression where incremental dietary Ca/P and fine limestone decreased
CaSR mRNA, while dietary Ca/P decreased TRPC1 mRNA in the presence of coarse
but not fine limestone. It also decreased jejunal NaPi-IIb mRNA irrespective of
limestone particle size. Dietary treatments did not affect jejunal PMCA1 mRNA
expression or that of PiT-1, PiT2 and XPR1 in both intestinal segments. Dietary Ca
increment reduced mucosal CLDN-2 mRNA in both segments, and ZO-1 mRNA in
jejunal mucosa only for coarse limestone. In conclusion, dietary Ca/P reduced
expression of duodenal and jejunal mucosa Ca and P transporters in a limestone
particle size dependent manner. Its inhibitory action on CLDN-2 expression was
independent of limestone particle size. Calcium induced mRNA expression of P

transporters maybe important in reducing intestinal P absorption in broilers.

Key words: calcium, phosphorus, digestive tract, transporters and claudins,

broilers
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Introduction

Calcium (Ca) and phosphorus (P) are two macro minerals involved in multiple
biological processes, including cell signalling, synaptic transmission, muscle
contraction, bone mineralization and many other biochemical reactions in both
humans and animals (. It is generally accepted that free Ca ions reduce intestinal
P absorption by the formation of insoluble Ca-P and Ca-phytate complexes ),
although the presence of such complexes has still not been demonstrated in
digesta of animals. Experimental data showed that reduction of dietary Ca/P
improves intestinal P absorption but may in the case of excessive reduction
compromise growth performance of broilers. In our recent broiler study ®, aimed
to clarify the impact of dietary Ca/P combined with limestone particle size on
intestinal Ca and P digestibility, we demonstrated that incremental dietary Ca/P
linearly reduced apparent P absorption in the bird’s gastrointestinal tract (GIT).
Strikingly, P solubility was not affected by dietary Ca level or limestone coarseness
in digesta collected from the crop, jejunum or ileum. These findings indicate that
luminal Ca-P or Ca-phytate complexation are not the only mechanism for the
reduction in intestinal P absorption in response to high dietary Ca/P. Uptake of Ca
and P by enterocytes occurs through transcellular and paracellular pathways,
which are orchestrated predominantly by the cross-talk between parathyroid
hormone (PTH), fibroblast growth factor 23 (FGF-23) and vitamin-Ds (* ), Together
with our previous observation that fine limestone is better digestible than coarse
limestone ), we hypothesised that intake of high dietary Ca/P in broilers reduces
intestinal P absorption by reducing the local gene expression of P transporters and

that this inhibitory effect is greater for fine compared to coarse limestone.

It is presumed that the molecular mechanisms for Ca and P absorption in
chickens are rather similar to those of mammals due to the high homology of
candidate genes involved ®. The transcellular route is an overall active, saturated
process, which requires the entry of ions through protein carriers in the apical
plasma membrane, intracellular diffusion and extrusion via transporters in the
basolateral membrane ). Regarding intestinal absorption and renal reabsorption
of P, apical P uptake is considered to be mediated by members of the sodium-
coupled P cotransporter family, predominantly NaPi-IIb/SLC34A2. A possible role
of inorganic phosphate transporter 1 (PiT-1/SLC20A1) and/or inorganic phosphate
transporter 2 (PiT-2/SLC20A2) has also been postulated, but its relevance for
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whole body P homeostasis remains elusive ¢ 9, In respect to basolateral P
extrusion, some evidence put forward xenotropic and polytropic retrovirus receptor
1 (XPR1) as a novel candidate for basolateral P exportation in animals (0 11, As
for Ca, the ion first enters the intestinal epithelial cell across the apical membranes
passively through TRPV5 or TRPV6 (12), This is followed by binding of Ca to calbindin
proteins (in birds exclusively calbindin D28k (CaBP-D28k)) and transferred to the
basolateral membrane. Basolateral exit is then driven by the plasma membrane
Ca-ATPase 1 (PMCA1l) and/or sodium-Ca exchanger (NCX1) *3) against the
electrochemical gradient and thus by active transport. Recently, transient receptor
potential canonical 1 (TRPC1) is put forward as a novel candidate apical Ca

transporter as its expression level increases upon maturity in layers @4,

Compared to transcellular transport, the mechanisms involved in the
paracellular routes for Ca and P are far less understood. Increasing evidence
indicates that certain members of the claudin (CLDN) family control the
paracellular permeability of the tight junctions in epithelial cells by forming a
selective seal (i.e. barrier) or pore (i.e. gate) for ions in tight junctions (TJ) 3,
Indeed, in mice CLDN-2, -12, and -15 are associated with intestinal Ca uptake (19,
while CLDN-1 and -5 are linked to sealing functions that could diminish Ca
transport (7. 18 Unfortunately, the literature is devoid of information
demonstrating the importance on the expression pattern of TJ] proteins in the

broiler’s GIT in response to dietary intake levels of Ca and/or P.

The objective of the present study was to investigate the influence of
incremental dietary Ca/P and limestone particle size on the mRNA expression
levels of transporters and TJ proteins related to Ca and P absorption in two
segments of the small intestinal tract, i.e. duodenum and jejunum of broilers in
order to obtain a better understanding of the consequences of such diets on the

broiler's Ca and P homeostasis.

Experimental methods

The experiment was conducted in the broiler research accommodation of De Heus
(Eerde, the Netherlands). All procedures complied with the Dutch law on animal
experiments and the study was approved by the Ethical Committee of Wageningen
University & Research, Wageningen, the Netherlands (no. 2016.D-0065.004).
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Animals, experimental design and tissue collection

This research is a successive study to that of Hu et al. ® concerning the interactive
in vivo effects of limestone particle size and dietary Ca/P on intestinal Ca and P
digestibility coefficient, growth performance and tibia breaking strength in broilers.
Details regarding the experimental design, feed composition, animal husbandry,
feeding regime, and sample collection can be found in our previous article ©),
Briefly, 1152 one-day-old Ross 308 broiler chickens had ad libitum access to a
standard commercial starter feed from day 0-13. From day 14 onwards, birds
received one of twelve diets in a 6x2 factorial arrangement containing one of six
Ca/P (0.50, 0.75, 1.00, 1.25, 1.50 and 1.75) feeds either with fine or coarse
limestone (geometric mean diameter 160 or 1062 pm). Each treatment was
replicated six times with 16 birds per replicate pen. Fine and coarse limestone were
separated from the same batch of product (Sibelco, Maastricht, the Netherlands)
via sieving through a 500 pm screen. Dietary Ca ranged from 2.7 to 9.6 g/kg and
P content was fixed at 5.5 g/kg (3.2 g/kg digestible P). On day 20 and 21, six birds
per pen were randomly selected from four of the six replicate pens and euthanized
by electrocution. After cleansed in water, the mucosa was scraped from the middle
of the duodenum, jejunum, ileum and colon, immediately frozen in liquid nitrogen

and stored at -80 °C until further analysis.

Since, on average, over 85% of the precaecal digestible Ca and P was
absorbed upstream of the ileum ®, we selected duodenum and jejunum mucosa
for analysis of mMRNA abundance of genes related to trans- and paracellular Ca and
P absorption. To this end, three broilers per pen were randomly taken from the
treatment groups with a low (0.50), medium (1.00) and high (1.75) Ca/P for both
fine and coarse limestone. Broilers from the other treatment groups were not
analysed for this purpose. Dietary Ca content met, was below or greater than the
minimal Ca requirement for chickens for the applied medium, low and high Ca/P,

respectively.

Real-time quantitative PCR

Deep-frozen intestinal mucosa samples were ground in liquid nitrogen and total
RNA was isolated with TRIzol (ThermoFisher Scientific, Waltham, MA) according to

the manufacture’s instruction. Isolated RNA was subjected to on-column DNase
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treatment to remove possible genomic DNA contamination with the Nucleospin II
kit (Macherey Nagel). Quantity and integrity of RNA were determined with the
NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific) and 2100
Bioanalyzer and RNA 6000 Nano LabChip kit (Agilent Technologies), respectively.
Five hundred ng RNA was reverse transcribed with a Superscript III Kit
(ThermoFisher Scientific) and mMRNA levels were assessed by real-time
quantitative PCR (RT-gPCR) amplification on a QuantStudio 5 Real-Time PCR
System (ThermoFisher Scientific) using the SensiFAST™ SYBR® low-ROX Kit
(Bioline) under the conditions: 95 °C for 15 s and 60 °C for 30 s for 40 cycles. This
was followed by a melting curve analysis ramping from 60 to 95 °C with a rate of
0.1 °C/s in order to confirm PCR specificity. The used primer sequences were
designed with Primer Express Software (Life Technologies, Bleiswijk, the
Netherlands), and where possible recommended primer sets that span an intron
were selected and presented in Table 1. Absolute quantitative mRNA
measurement was performed by establishing a linear calibration curve using 10-
fold serial dilutions of cDNA template for corresponding genes. Since the
Normfinder (**) algorithm demonstrated that the combination of two reference
genes, importin 8 (IPO8) and eukaryotic elongation factor 2 (EEF2), was most
stable among other candidates (beta-actin (ACTB), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), 60S acidic ribosomal protein PO (RPLPO)), expression

levels were normalized to the geometric mean of IPO8 and EEF2.

Table 1. Primers used for real-time quantitative polymerase chain reaction (RT-qPCR) analysis

Gene Accession no. Sense 5'-3' Antisense 5'-3'

Ca transporters

CaSR XM_416491.6 GCCAATCTGCTGGGACTCTT CTGATGCTCGTCATTGGGGA
CaBP-D28k NM_205513.1 CGAGATCTGGCACCACTACG  ACCTGAGCAAGCTCAACGAT
PMCA1 NM_001168002.3 ACTCTGATGGCAGTTTCCGA GTCACGGTCCCTAGGTCTGA
TRPC1 NM_001004409.2 GAATACGATGGGACCAGCCC AGCTGATTGCGTGACTCTTCT
TRPV6 XM_004938143.3 GACCAGAGCAAAGAGGGACC CCGCCTCTGCATGAGGTATT

P transporters
NaPi-IIa XM_015293846.2 GAAGCCAGGTGCCTCTGATG AGAGGATGGCGTTGTCCTTG

NaPi-IIb NM_204474.2 TGGCTTTGTCCCTGCTTGTT CCAGCCAGCCAAGTAAAAGG
PiT-1 XM_015297502.2 TGAAGCTTCCCATCTCGGGT AGGACAACACGATTTTTAGCAGC
PiT-2 NM_001305398.1 GCTGGGAGCAAAAGTAGGAGA AAACAGCAGAACCAACCATCG
XPR1 XM_422258.6 AACCTGGAGACAACACGAGG CGTTGGTCACCACTTCCTCT
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Table 1 (continued). Primers used for real-time quantitative polymerase chain reaction (RT-

gPCR) analysis

Gene Accession no. Sense 5'-3'

Tight junction proteins and VDR
CLDN-2 NM_001277622.1 CAACTGGAAGATCAGCTCCT TGTAGATGTCGCACTGAGTG
CLDN-12 XM_025148431.1 CTCTTATTCCTCCTCGCATG GTCAAAGCTAAAGACAGGCT

CLDN-16 XM_426702.4 GGGATCCAAACATGTGATGA  AGAGAAATCCAAATCCTGCC
Z0-1 XM_015278981.2 CCGCAGTCGTTCACGATCT GGAGAATGTCTGGAATGGTCTGA
VDR NM_205098.1 GGCTCAGGTTTTGCAGATTTG CAGCATCGCCTTTCCCATT
Reference genes
ACTB NM_205518.1 GCCCTGGCACCTAGCACAAT  GCGGTGGACAATGGAGGGT
EEF2 NM_205368.1 CAGTTGGCTTTGGTTCTGGC  AAAGTATCTGTCTCCCCACAGC
GAPDH NM_204305.1 ATCCCTGAGCTGAATGGGAAG AGCAGCCTTCACTACCCTCT
IPOS8 XM_015287054.2 ACCTCCGAGCTAGATCCTGT GGCTCTTCTTCGCCAACTCT
RPLPO NM_204987.2 TTGGGCATCACCACAAAGATT CCCACTTTGTCTCCGGTCTTAA

ACTB, beta actin; CaBP-D28k, calbindin D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2,
eukaryotic elongation factor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IPOS8,
importin 8; NaPi-Ila, sodium dependent phosphate transporter IIa; NaPi-IIb, sodium dependent
phosphate transporter IIb; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic phosphate
transporter 2; PMCA1, plasma membrane Ca-ATPase 1; RPLPO, 60S acidic ribosomal protein PO;
TRPC1, transient receptor potential canonical 1; TRPV6, transient receptor potential cation channel
subfamily V member 6; VDR, vitamin-D3 receptor; XPR1, xenotropic and polytropic retrovirus
receptor 1; Z0O-1, zonula occludens-1.

Statistical analysis

The experimental unit for data analysis was pen. Data were subjected to a two-
way ANOVA using the MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC).
Limestone particle size, Ca/P and their interaction were used as main effects and
pen as random effect. Distribution and variance homogeneity of Studentized
residuals were visually checked via graphics plotted using ODS GRAPHICS
function. The LSMEANS procedure with a PDIFF option was used to estimate the
difference between means. Probability was considered significant at P<0.05 and a
trend at 0.05<P<0.1.

Results
Duodenum

The RT-gPCR analysis revealed that the transcript level of the extracellular Ca-
sensing receptor (CaSR) was reduced in the duodenal mucosa of broilers fed with

incremental dietary Ca/P from low (0.5) to high (1.75) in combination with fine

119



CHAPTER 5 | CALCIUM AND PHOSPHORUS TRANSPORTERS IN BROILERS

limestone, but was reduced only when dietary Ca/P was increased from low to
medium (1.00) in the presence of coarse limestone (Pinteraction=0.047, Table 2). In
addition, incremental dietary Ca/P also downregulated mRNA expression of Ca-
ATPase PMCA1 and CaBP-D28k (P<0.001) in this segment. However, the latter
reduction was found with fine limestone when dietary Ca/P was increased from low
to medium, but with coarse limestone from medium to high (Pinteraction=0.016 and
0.037, respectively). Moreover, expression of TRPC1 was not affected by either
dietary Ca or limestone particle size. Similarly, an interaction effect between Ca/P
and limestone particle size was observed for the Na-P cotransporter NaPi-IIb
(Pinteraction=0.035), with a reduction in its expression level when dietary Ca/P was
increased from low to medium together with fine limestone but with coarse
limestone only from medium to high. Expression of the other Na-P cotransporters
PiT-1 and PiT-2, and the putative basolateral P channel XPR1 were not affected by
the dietary treatments. As for T] proteins, CLDN-2 was downregulated with high
dietary Ca intake (P<0.001) irrespective of limestone size (no interaction effect).
Expression of zonula occludens-1 (Z0O-1) and CLDN-12, however, remained
unaffected by dietary treatments. The same was true for the transcript level of
vitamin D3 receptor (VDR). We did not detect expression of NaPi-Ila, TRPV6 or

CLDN-16 in the broiler’'s duodenal mucosa.
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Table 2. Least square mean of mMRNA expression levels of Ca and P transporters and claudins in the duodenal mucosa in broilers as affected by dietary
Ca/P and limestone particle sizes 1:2:3:4

Limestone ca/p CaSR TRPC1 CaBP-D28k PMCA1 NaPi-IIb PiT-1 PiT-2 XPR1 Z0-1 CLDN-2 CLDN-12 VDR
0.50 0.182 1.29 13192 4782 26522 13.0 1.47 12.8 1.89 108 1.77 2.59
Fine 1.00 0.12b 1.30 921 373b 2054bc 11.3 1.46 13.1 1.98 93 1.88 2.54
1.75 0.07¢ 1.27 998bed 371b 2173abc 11.3 1.20 13.2 1.93 77 1.88 3.04
0.50 0.232 1.29 12483b 410° 251932b 11.8 1.24 12.8 2.01 107 1.83 2.64
Coarse 1.00 0.11b¢c 1.24 1144abc 412b 26332 12.6 1.43 12.7 1.88 93 1.79 3.00
1.75 0.11bc 1.26 7544 311¢ 1875¢ 12.9 1.44 12.9 1.84 76 1.85 2.76
Pooled SEM 0.020 0.084 125.4 27.7 245.9 1.73 0.252 0.86 0.094 6.0 0.095 0.263
Ca/P
0.50 0.21 1.29 1283 444 2586 12.4 1.36 12.8 1.95 1082 1.80 2.62
1.00 0.12 1.27 1032 393 2344 12.0 1.44 12.9 1.93 93b 1.84 2.77
1.75 0.09 1.27 876 341 2024 12.1 1.32 13.1 1.88 76¢ 1.86 2.90
Pooled SEM 0.014 0.059 88.7 19.6 173.9 1.22 0.141 0.61 0.066 4.2 0.067 0.186
Limestone
Fine 0.13 1.27 1079 408 2293 11.9 1.38 13.0 1.93 93 1.84 2.72
Coarse 0.15 1.26 1049 378 2343 12.5 1.37 12.8 1.91 92 1.82 2.80
Pooled SEM 0.012 0.049 72.4 16.0 142.0 1.00 0.115 0.50 0.054 3.5 0.055 0.152
P-value
Ca/P <0.001 0.913 <0.001 <0.001 0.009 0.926 0.671 0.907 0.593 <0.001 0.651 0.335
Limestone 0.030 0.629 0.673 0.068 0.727 0.561 0.962 0.609 0.707 0.853 0.652 0.651
Ca/P x limestone 0.047 0.914 0.037 0.016 0.035 0.463 0.265 0.926 0.170 0.976 0.417 0.151

1 Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 4 pens per treatment and 3 birds per pen (n=12).

3 Fine and coarse limestone were separated from the same product via sieving (Sibelco, the Netherlands; geometric mean diameter 160 vs. 1062 pm).

4 Determined using absolute quantification and normalized by the geometric mean of EEF2 and IPOS.

a-d Values lacking a common superscript within a column differ (P<0.05).

CaBP-D28k, calbindin D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2, eukaryotic elongation factor 2; IPO8, importin 8; NaPi-Ila, sodium dependent phosphate
transporter IIa; NaPi-IIb, sodium dependent phosphate transporter IIb; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic phosphate transporter 2; PMCA1, plasma
membrane Ca-ATPase 1; TRPC1, transient receptor potential canonical 1; TRPV6, transient receptor potential cation channel subfamily V member 6; VDR, vitamin-Ds
receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; ZO-1, zonula occludens-1. Of note, NaPi-IIa, TRPV6 and CLDN-16 mRNA were not detectable.
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Jejunum

Jejunal mucosa displayed lower mRNA abundances of all measured genes
compared to duodenal mucosa except for PiT-1 and CLDN-12 (Table 3).
Expression of CaBP-D28k, NaPi-IIb and XPR1 in the jejunum were approximately
50% lower. Jejunal mucosal expression of CaSR was reduced with high dietary
Ca/P (P<0.001) and with fine limestone intake (P=0.002). An interaction effect
was observed for CaBP-D28k mRNA levels due to the fact that the inhibitory effect
was greatest with fine limestone at an increase of Ca/P from low to medium but
with coarse limestone from medium to high (Pinteraction=0.004). Contrary to findings
in the duodenum, PMCA1 mRNA levels remained unaffected by the dietary
treatments in the jejunum. Besides, dietary Ca increment reduced jejunal
expression of TRPC1 but only for diets supplied with coarse limestone
(Pinteraction=0.05). Incremental dietary Ca/P also reduced CLDN-2 gene expression
levels (P<0.015) independent of limestone size. Compared to the low Ca/P group,
high dietary Ca/P downregulated ZO-1 mRNA levels only in the presence of coarse
limestone (Pinteraction=0.047). Neither CLDN-12 nor VDR mRNA levels were
influenced by the dietary treatments. Regarding P absorption, NaPi-IIb expression
was downregulated by incremental dietary Ca/P (P=0.004) regardless of the
addition of the different limestone sizes. Similarly to duodenal mucosa, jejunal
mucosal transcript levels of PiT-1, PiT-2 and XPR1 were not affected in response
to the dietary treatments (P>0.05; Table 3) and the levels of NaPi-IIa, TRPV6 and
CLDN-16 were below the limit of detection (data not shown).
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Table 3. Least square mean of mRNA expression levels of Ca and P transporters and claudins in the jejunal mucosa as affected by dietary Ca/P and limestone particle sizes in broilers 123#

Limestone Ca/P CaSR TRPC1 CaBP-D28k PMCA1l  NaPi-IIb PiT-1 PiT-2 XPR1 Z0-1 CLDN-2 CLDN-12 VDR
0.50 0.94 1.47° 6682 356 1276 16.0 1.26 8.31 2.423bc 70.1 1.85 1.71
Fine 1.00 0.70 1.612b 418¢ 287 971 15.1 1.01 8.01 2.543b 51.2 2.03 1.71
1.75 0.43 1.41b 530P 330 952 16.0 0.92 8.56 2.35P 45.5 1.85 2.10
0.50 1.14 1.692 6642 327 1282 16.2 1.10 8.40 2.642 65.4 2.02 2.17
Coarse 1.00 0.95 1.44b 5613 320 1296 16.0 1.15 8.58 2.41bc 56.1 1.81 1.94
1.75 0.65 1.43b 401¢ 295 846 14.7 1.12 8.37 2.27¢ 45.6 1.83 2.00
Pooled SEM 0.115 0.109 53.8 36.1 151.8 2.81 0.137 0.617 0.100 6.28 0.111 0.229
Ca/P
0.50 1.042 1.58 666 342 12792 16.1 1.18 8.35 2.53 67.82 1.94 1.94
1.00 0.83b 1.53 489 304 1133 15.5 1.08 8.30 2.47 53.6° 1.92 1.82
1.75 0.54¢ 1.42 466 312 899P 15.3 1.02 8.46 2.31 45.6° 1.84 2.05
Pooled SEM 0.081 0.077 38.1 25.5 107.4 1.99 0.097 0.436 0.071 4.44 0.078 0.163
Limestone
Fine 0.69 1.50 539 324 1066 15.7 1.06 8.30 2.43 55.7 1.91 1.84
Coarse 0.92 1.52 542 314 1141 15.6 1.12 8.45 2.44 55.6 1.89 2.04
Pooled SEM 0.066 0.063 31.1 20.8 87.6 1.63 0.079 0.356 0.058 3.63 0.064 0.133
P-value
Ca/P <0.001 0.125 <0.001 0.308 0.004 0.925 0.222 0.927 0.015 <0.001 0.451 0.420
Limestone 0.002 0.738 0.915 0.626 0.398 0.972 0.510 0.704 0.891 0.973 0.604 0.135
Ca/P x limestone  0.949 0.050 0.004 0.351 0.125 0.867 0.153 0.677 0.047 0.553 0.066 0.271

I Dietary P content was fixed at 5.5 g/kg diet.

2 Data are presented as treatment means, 4 pens per treatment and 3 birds per pen (n=12).

3 Fine and coarse limestone were separated from the same product via sieving (Sibelco, the Netherlands; geometric mean diameter 160 vs. 1062 pm).

4 Determined using absolute quantification normalized by EEF2 and IPO8.

a-¢ Values lacking a common superscript within a column differ (P<0.05).

CaBP-D28k, calbindin D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2, eukaryotic elongation factor 2; IPO8, importin 8; NaPi-IIa, sodium dependent phosphate
transporter I1a; NaPi-IIb, sodium dependent phosphate transporter IIb; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic phosphate transporter 2; PMCA1, plasma
membrane Ca-ATPase 1; TRPC1, transient receptor potential canonical 1; TRPV6, transient receptor potential cation channel subfamily V member 6; VDR, vitamin-Ds
receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; ZO-1, zonula occludens-1. Of note, TRPV6, NaPi-IIa and CLDN-16 mRNA were not detectable.
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Discussion

The data in the present study demonstrates that high dietary Ca/P reduces
duodenal mRNA level of NaPi-IIb in broilers to a greater extent in the presence of
fine limestone than coarse limestone. The inhibitory effect on the jejunal NaPi-IIb
MRNA level, however, appears to be independent of limestone size. Similarly, in
the duodenum, incremental dietary Ca/P downregulated the expression of the Ca
absorption-related genes CaBP-D28k and PMCA1 in a limestone size dependent
manner, but this dependency was not seen for the latter gene in the jejunum.
Irrespective of limestone size, the expression of CLDN-2 in both intestinal

segments was linearly downregulated with incremental dietary Ca/P.

An intriguing observation is that our RT-gPCR procedure did not detect any
substantial gene expression of TRPV6 in the duodenal and jejunal mucosa, while
ample studies have demonstrated that TRPV6 is responsible for the highly selective
apical uptake of Ca by absorptive epithelial cells in mammals. The expression of
TRPV6 in the chicken’s intestine is controversial; the absence of TRPV6 mRNA in
the chicken small intestine is also reported by others (620 21) while the presence
is supported by the evidence of an immunoreactive protein in the small intestine
of chickens (2% 22), Gloux et al. **) postulated that TRPC1 may be a new candidate
Ca transporter which also allows apical Ca entry in the gut of chickens. Indeed, we
observed a downregulation of TRPC1 mRNA expression in response to dietary Ca
increment combined with coarse limestone in jejunal but not duodenal mucosa.
However, expression of TRPC1 was not regulatable when the diet contained fine
limestone. Further studies are thus required to establish the exact transport

system for Ca by the intestinal epithelium of chickens.

Our observation that high dietary Ca/P downregulates expression of NaPi-
ITb, CaBP-D28k and PMCA1l in the duodenum and jejunum in broilers is in
agreement with studies in mammals. We previously reported that in these birds,
incremental dietary Ca/P led to a linear increase in serum Ca concentration,
accompanied by a numerical decrease in serum 1,25-dihydroxycholecalciferol
(1,25(0H).Ds3). The VDR is expressed in the small intestine and unaffected by the
dietary treatments. The observed lowering of CaBP-D28k, PMCA1 and NaPi-IIb
MRNA levels may be ascribed to the decrement of 1,25(0OH).Ds since these genes

contain a responsive element on their promoter sequence (3,
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Since NaPi-IIb is considered as the rate-limiting step in the process of P
absorption across the epithelial cells ¥, its downregulation with high Ca/P
indicates a lower capacity of P absorption by the intestinal segment. This notion is
in line with our previous observation ) that high dietary Ca/P lowered serum P
levels in these birds. In another recently performed broiler study from our group
(Chapter 6), dietary Ca increment also reduced serum P accompanied with a
downregulation of duodenal expression of NaPi-IIb, PiT-2 and XPR1, which is in

line with results obtained in the present study.

We also observed that the limestone particle size treatment modulated the
effect of dietary Ca/P on the duodenal expression of NaPi-IIb, CaBP-D28k and
PMCA1, i.e. mRNA levels of these genes were in the combination with fine
limestone only higher with low dietary Ca/P, while for coarse limestone with low
and medium Ca/P. An explanation is that fine limestone is more soluble 3,
providing a greater Ca availability for absorption in the duodenum ©), Combined
with a medium Ca/P level, this may lead to an earlier overload of the Ca
transcellular pathway compared to the combination with coarse limestone and that
the epithelial cells will prevent excessive cellular uptake long term by reducing
expression of these three genes to lower the active Ca and P transport capacity in
the duodenum. Noteworthy is that we previously demonstrated that serum Ca, P
and 1,25(0H).Ds were independent of limestone particle size, which is probably
because the broilers were under steady-state conditions thus representing
intestinal Ca and P absorption from the total tract rather than proximal part of the
gut. Furthermore, an acute release of Ca from fine limestone could activate
extracellular CaSR, thereby, directly downregulating expression of Ca transporters

independent of serum circulation of PTH or 1,25(0H),D3; 9,

Incremental dietary Ca/P might also reduce paracellular Ca permeation. No
information is available about the intestinal Ca absorption via the paracellular route
in broilers. In mammals, Ca permeation was considered to be stable and
independent of 1,25(0H).Ds @70 28), However, in Caco-2 cells, it has been
demonstrated that CLDN-2 formed pores selective for Ca ions, increasing Ca
permeation across the monolayer and its expression level was upregulated after
1,25(0H).D3 stimulation ?®), In the present study, we found a drastic reduction of
MRNA expression of CLDN-2 in the broilers evoked by high dietary Ca/P intake in
both duodenum and jejunum, which could also be regulated by 1,25(0OH).Ds. This
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is in agreement with the numerical drop of serum 1,25(0OH).Ds levels in these birds
) and that the CLDN-2 gene has a responsive element to vitamin D3 in its
promoter. In support of this notion is the reduced CLDN-2 expression by a high
dietary Ca/P in these segments (Table 2 and 3) and the serum 1,25(0OH).Ds levels
were not affected by limestone particle size (¥, The lower mRNA expression of
CLDN-2 probably attributes to a decreased capacity of intestinal paracellular Ca
permeation. Unfortunately, CLDN that may facilitate paracellular P permeation in

animals have not been identified yet and awaits, therefore, further studies.

Our previous study demonstrated that over 85% of precaecal digestible Ca
and P is absorbed proximal to the ileum (3, Here, we report that the duodenal
mucosa displayed a higher expression level of NaPi-IIb, CaBP-D28k and PMCA1
than jejunum. Considering that active apical entry of P ?¥ and intracellular
diffusion of Ca % are regarded as the rate-limiting processes for active
translocation of Ca and P across the intestinal epithelial cell, a gradual reduction
of NaPi-IIb and CaBP-D28k may indicate a lower contribution of active Ca and P
absorption along the small intestine. Indeed, by using in situ ligated intestinal
loops infused with solutions varying in P concentration, Liu et al. 3% confirmed that
P absorption is a carrier-mediated process in the duodenum while a passive
unsaturated process in the jejunum and ileum. It should be noted that an abundant
expression of Ca and P transporters does not necessarily mean substantial
absorption of Ca and P in the duodenum, as our previous broiler study > showed
that digesta mean retention time was rather short in this segment (approximately

1 min).

In conclusion, dietary Ca increment reduces expression of Ca transporters
in a limestone particle size dependent manner in both duodenal and jejunal
mucosa. Expression of Ca permeable claudin (CLDN-2) is also downregulated with
dietary Ca increment irrespective of limestone particle size. Calcium induced mRNA
expression of P transporters maybe important in reducing intestinal P absorption

in broilers.
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Abstract

The hypothesis that dietary inclusion of microbial phytase improves apparent
calcium (Ca) digestibility thereby allowing a lower dietary Ca inclusion without
compromising growth performance was tested. One-day-old male Ross 308
broilers (25 birds/pen, nine pens/treatment) were assigned to one of eight
experimental diets containing one of four dietary Ca to retainable P (rP) ratios (1.3,
1.8, 2.3 and 2.8) with (1000 FTU/kg) or without microbial phytase inclusion. On
day 21-23, eight birds per pen were dissected to collect digesta from different gut
segments for analysis of apparent Ca and P digestibility. Mid duodenal mucosa was
collected for expression of Ca and P transporters by RT-qPCR. Dietary phytase
inclusion in low Ca/rP diets increased apparent Ca digestibility in the distal ileum
(Pinteraction=0.023) but not the proximal or distal jejunum. Broilers receiving the
lowest Ca/rP displayed the lowest body weight gain and highest feed conversion
ratio (P<0.001) irrespective of dietary phytase inclusion. Incremental dietary
Ca/rP linearly reduced apparent P digestibility to a greater extent in the absence
of phytase in the distal jejunum and ileum (Pinteraction=0.021 and 0.001,
respectively). Incremental dietary Ca/rP linearly reduced serum P more in phytase-
free diets (Pinteraction<0.001), and lowered duodenal expression of P transporters
NaPi-IIb, PiT-2 and XPR1 (P=0.052, 0.071 and 0.028, respectively). Incremental
dietary Ca/rP linearly increased (P<0.001) serum Ca irrespective of phytase
inclusion, accompanied by a lower (P<0.001) duodenal expression of Ca
transporters CaSR, CaBP-D28k and PMCA1 and Ca-pore forming claudins CLDN-2
and CLDN-12. Dietary phytase inclusion increased (P=0.026) NaPi-IIb but reduced
(P=0.029) CLDN-2 expression. Incremental Ca/rP reduced apparent Ca and P
digestibility, increased serum Ca, lowered serum P and inhibited mRNA levels of
Ca and P-related transporters, indicating that these transporters and CLDN
contribute to the observed effect of Ca level and phytase on Ca and P absorption
in broilers. Despite the improvement in apparent Ca digestibility, inclusion of
dietary phytase did not restore the compromised growth performance of broilers

fed a Ca-deficient diet, leading to rejection of the hypothesis.

Key words: Ca and P digestibility, intestinal gene expression, paracellular

pathway, transcellular pathway, broilers
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Introduction

Phosphorus (P) is the 3™ most expensive ingredient in farm animal diets and plays
an important role in many biological processes such as muscle contraction, energy
production, cell signalling and bone formation (). Inositol phosphate bound P (IP-
P) is the major form of P storage (60-80%) in most cereal grains and oil seeds (2.
This IP-P is poorly digestible in non-ruminant animals such as pigs and broilers. It
is generally accepted that reduction of dietary calcium (Ca) content improves IP
degradation and IP-P digestion 3, However, over-reduction of dietary Ca content
may compromise growth performance and tibia breaking strength ¥ because a
minimum supply of dietary Ca is required to suffice post-absorption P utilisation
and bone development. Improving dietary Ca digestibility seems to be a promising
approach to reduce dietary Ca inclusion without compromising growth

performance or bone development in broilers.

Dietary inclusion of microbial phytase is widely practised to improve IP-P
absorption in animal diets . A number of studies reported that microbial phytase
also improves dietary Ca digestibility although the results are inconsistent. The
mechanism involved may be that dietary phytase liberates Ca ions by degradation
of its chelator IP. Ravindran et al. (® showed that microbial phytase inclusion (500
and 2000 FTU/kg) enhanced the true ileal Ca digestibility in broilers fed canola-
based diets, and also in corn-soybean meal based diets at a dosage of 2000 but
not 500 FTU phytase/kg diet. These findings are largely in line with Majeed et al.
(7 who demonstrated that microbial phytase inclusion (1000 FTU/kg) significantly
increased apparent ileal Ca digestibility from 44 to 68% in diets supplemented with
coarse limestone, while it reduced Ca digestibility from 70 to 61% in diets with
fine limestone. These findings indicate that dietary phytase may improve Ca
digestibility depending on dose of microbial phytase and source of Ca, probably
because they affect Ca-IP complexation in the gastrointestinal tract (GIT) of
broilers. It seems possible that inclusion of microbial phytase improves Ca
digestibility and allows a reduction of dietary Ca inclusion without compromising
growth performance. Moreover, a reduction in dietary Ca may abate the process
of Ca-IP complexation, which in turn, may enhance microbial phytase efficacy in
the GIT. The interaction between Ca and microbial phytase on Ca and P digestibility
is currently not fully clarified with studies reporting a high dietary Ca content

hampering or either enhancing microbial phytase efficacy.
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The binding capacity of IP towards Ca decreases drastically at a pH <5 ®,
indicating that phytase efficacy would be hampered more in the distal than
proximal segments of the GIT. However, Ca and P absorption along the intestinal
tract in broilers is not fully elucidated. Moreover, a gradual reduction in expression
of Ca and P transporters along the small intestine of broilers was observed ),
which may suggest a lower absorption capacity of Ca and P in the distal compared
to the proximal part of the small intestine. The candidate genes involved in
intestinal Ca and P absorption in broilers are presumed to be rather similar to those
in mammals, due to their relative high degree in protein sequence homology,
implicating functional similarity (*9. Transcellular intestinal absorption of Ca or P
starts with the apical uptake into the enterocytes via distinct transporters, diffusion
across the cytoplasm and basolateral exit by other transporters (V). The
paracellular mechanism is a passive transport process that occurs across the
majority of the intestine and is a linear function of luminal Ca and P concentration
and is likely mediated by claudins (CLDN), integral structures of the tight junction
complex (?), Recently, it has been demonstrated that Ca absorbed through the
paracellular shunt is also significantly regulated 3. More insight into the
modulation of intestinal Ca and P transporters and CLDN through dietary
intervention is an important element in poultry nutrition in order to better
understand and improve intestinal Ca and P absorption, reduce feed costs and

alleviate P pollution in the environment.

We hypothesized that microbial phytase in the diet would increase intestinal
Ca absorption in broilers, allowing lower dietary Ca inclusion without affecting the
growth performance. Therefore, we investigated the interactive effect of dietary
Ca content and microbial phytase inclusion on the growth performance, apparent
Ca and P digestibility, serum Ca and P content as well as duodenal mRNA

expression of genes related to Ca and P absorption in broilers.

Materials and methods

The experiment was approved by the ethical committee of Wageningen University
& Research (2016.D-0065.022) and conducted in the facilities of ForFarmers,
Bathmen, the Netherlands. All procedures agreed with Dutch laws on animal

experiments.
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Experimental design and diets

A total of 1800 one-day-old Ross 308 male broilers were equally divided over 72
pens, receiving one of eight experimental diets containing one of four Ca to
retainable P ratios (Ca/rP) in the presence (1000 FTU/kg) or absence of microbial
phytase in a 4x2 completely randomized block design, with nine replicate pens per
treatment and 25 birds per pen. Pens were blocked by location within the barn and
allotted to one of eight experimental treatments. The intended rP content was fixed
at 80% of CVB (**) recommendation for all treatment groups (i.e. 3.2, 2.5 and 2.2
g/kg, excluding the contribution of microbial phytase, in the starter, grower and
finisher period, respectively). The intended dietary Ca/rP of 1.3, 1.8, 2.3 and 2.8

was realised by inclusion of various amounts of limestone.

The animal experiment lasted for 36 d and included three feeding phases.
Starter, grower and finisher diets were supplied from d 0-10, 10-29 and 29-36,
respectively. In each of the three feeding phases, a basal diet, which met or
exceeded the minimum requirement of all nutrients for broilers (*4) except for Ca
and rP, was prepared and then divided into eight equal portions. Subsequently the
eight experimental diets were made by adding various amounts of limestone
(Faunacal®, Wiulfrath, Germany; mean particle size 90 ym as reported by the
manufacturer), phytase (Axtra Phy, Danisco Animal Nutrition, Marlborough, United
Kingdom) and diamol (Damolin, Kgnsborgvej, Denmark) according to the
experimental design. Titanium dioxide (TiO.) was added to the basal grower diets
at 5 g/kg as an indigestible marker. All diets were pelleted (starter diets 2.5 mm,
grower and finisher diets 3.2 mm). Diet samples were taken with an automatic
sampling device during production. Dietary composition is reported in Table 1.

Intended and analysed Ca, P and phytase activity are shown in Table 2.
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Table 1. Ingredients and composition of the diets, g/kg as fed unless otherwise specified

Item Starter Grower Finisher
Ingredients
Wheat 320.0 318.0 350.0
Maize 257.0 260.0 253.0
Soybean meal (48% crude protein) 307.0 278.0 238.0
Rapeseed meal 24.8 39.8 59.1
Sunflower seed meal 5.3 10.0 10.9
Soybean oil 27.6 36.0 38.7
Palm oil 5.0 10.0 10.0
Oat hulls 10.0 10.0 10.0
Lauric fatty acids 5.0 5.0 5.0
Premix vitamins ? 2.0 1.5 1.25
Premix trace minerals 2 1.5 1.5 1.25
Premix xylanase (6.25%) 3 1.0 1.0 1.0
DL-Methionine 2.8 2.3 2.1
L-Lysine (HCI) 2.4 1.7 1.8
L-Threonine 1.0 0.5 0.5
Valine 0.7 0.1 0.1
Sodium bicarbonate 2.3 3.0 2.7
Sodium chloride 1.8 1.0 1.0
Monocalcium phosphate 9.3 5.5 4.4
Experimental mixture 4 13.5 10.1 9.2
Titanium dioxide 0.0 5.0 0.0
Nutrients, calculated
AMEn, kcal/kg 2900 3000 3025
Crude protein 219 211 200
Crude fibre 33 34 36
Crude ash 57 50 46
Crude fat 63 77 80
Starch 357 360 372
Nutrients, analysed
Dry matter 890 882 881
Crude ash 55 51 43
Crude fibre 32 33 34
Crude protein 216 207 199
Starch 367 355 369
Crude fat 65 75 81

L Vitamin premix (Trouw Nutrition, Putten, the Netherlands) contained: (IU/kg) vitamin A
5,000,000; vitamin D3 2,222,000; vitamin E 13,333; (mg/kg) vitamin K3 1,000; vitamin By 667;
vitamin B, 2,667; vitamin B3 26,667; vitamin Bs 7246; vitamin Bs 2,000; vitamin B; 89; vitamin
B11 667; vitamin B1z 10.

2 Trace mineral premix (Trouw Nutrition, Putten, the Netherlands) contained: (g/kg) FeSO4-H,O 23.3;
Ca(I03)2 1; CuS04-5H,0 8; MnO 46.7; ZnS04-H,0 53.3; (mg/kg) Na SeOs 133.

3 Xylanase 6.25% (Trouw Nutrition, Putten, the Netherlands).

4 Composition shown in Table 2.
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Table 2. Inclusion of limestone, phytase and diamol, and calculated and analysed content of calcium
(Ca), phosphorus (P) and phytase activity in the starter, grower and finisher diets, g/kg as fed

unless otherwise specified

Phytase, FTU/kg 0 1000
Ca/rP 1.3 1.8 2.3 2.8 1.3 1.8 2.3 2.8
Starter period (d 0-10)
Limestone ! 0.5 4.9 9.2 13.5 0.5 4.9 9.2 13.5
Phytase 2 0 0 0 0 0.2 0.2 0.2 0.2
Diamol 3 13.0 8.6 4.3 0 13.0 8.6 4.3 0
Ca calculated 4.2 5.8 7.4 9.0 4.2 5.8 7.4 9.0
P calculated 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8
Retainable P calculated # 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2
Ca analysed 4.5 6.0 6.8 9.0 4.5 6.5 8.0 9.0
P analysed 5.7 5.7 5.6 5.6 5.7 5.6 5.7 5.6
Phytase analysed, FTU/kg 119 34 404 246 1395 1550 1362 1511
Grower period (d 10-29)
Limestone ! 0.06 3.4 6.8 10.1 0.06 3.4 6.8 10.1
Phytase 2 0 0 0 0 0.2 0.2 0.2 0.2
Diamol 3 10.1 6.7 3.3 0 10.1 6.7 3.3 0
Ca calculated 3.2 4.5 5.7 6.9 3.2 4.5 5.7 6.9
P calculated 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Retainable P calculated 4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Ca analysed 3.5 4.7 6.0 7.1 3.5 4.7 5.9 6.7
P analysed 4.7 4.8 4.9 4.9 5.1 4.9 5.2 5.0
Phytase analysed, FTU/kg 237 135 55 293 1386 1060 1205 860
Finisher period (d 29-36)
Limestone ! 0.1 3.1 6.2 9.2 0.1 3.1 6.2 9.2
Phytase 2 0 0 0 0 0.2 0.2 0.2 0.2
Diamol 3 9.1 6.1 3.0 0 9.1 6.1 3.0 0
Ca calculated 2.9 4.0 5.2 6.3 2.9 4.0 5.2 6.3
P calculated 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.8
Retainable P calculated # 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Ca analysed 3.2 4.1 5.5 6.1 3.2 4.2 5.2 6.1
P analysed 4.8 4.7 4.8 4.8 4.8 4.9 4.7 4.8
Phytase analysed, FTU/kg 252 315 281 157 966 1208 673 842

! Faunacal®, Wiilfrath, Germany, mean particle size 90 ym as reported by the manufacture.
2 Axtra Phy, Marlborough, United Kingdom.

3 Damolin, Kgnsborgvej, Denmark.

4 Calculated retainable P content does not include contribution of microbial phytase.
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Animal husbandry and management

The birds were housed in 2 m? pens with wooden shavings (0.9-1.0 kg/m?) as
bedding material. During the first 3 days continuous light (24L:0D) was provided,
thereafter, a dark/light schedule of 18 h light and 6 h dark (18L:6D, 20 lux light
intensity) was used throughout the experimental period except for the week of
dissection (d 17-22) during which continuous lighting was used (24L:0D) to ensure
a constant feed intake and steady-state passage of digesta in the GIT. The birds
were weighed on d 10, at dissection (d 21-23), d 29 and d 36. On d 21-23 eight
birds per pen were randomly selected and sacrificed for collection of digesta,
mucosa scrapings and tibia (see below). The remaining 17 birds per pen were kept
until d 36 to determine the growth performance in the overall period (d 0-36) until
reaching a commonly used commercial slaughter weight. Broilers were dissected
per block with 3 blocks per day on d 21-23. From d 18-23, a cardboard was placed
in the pens to prevent birds from consuming excreta or bedding material since this
might influence the observed Ca and P digestibility. During the entire period, birds
had free access to feed and water. Ventilation and temperature in the barn were

computer controlled and were appropriate for the age of birds.

Sample collection and chemical analysis

On d 21-23, eight birds per pen were weighed and electrocuted. The abdominal
cavity was opened, the GIT carefully taken out and laid out on the dissection table,
before the proximal and distal half of the jejunum as well as the distal half of the
ileum were enclosed with plastic forceps and quantitatively emptied by flushing
with deionized water. The collected digesta were stored at -20 °C until
determination of Ca, P and Ti. After electrocution blood was collected from the
carotid artery of three of the eight dissected birds per pen, and centrifuged at
3,000xg for 10 min at 4 °C to harvest serum. The serum was stored at -80 °C
pending analysis of Ca and P. After cleansing with tap water, mucosa was scraped
from the mid duodenum (approximately 5 cm) of one bird, randomly selected out
of the eight dissected birds per pen, snap-frozen in liquid nitrogen and stored at -
80 °C prior to analysis of gene expression. The right tibia from three birds,
randomly selected out of the eight dissected birds per pen was separated and

stored at -20 °C prior to breaking test.
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Fresh diets and lyophilised digesta were ground to pass a 1-mm sieve
(Retsch GmbH, Germany) prior to subsequent analyses. Diets were analysed for
dry matter ), crude ash ), crude fibre (), crude protein (N (1®)x6.25), starch
(19) and crude fat 29 before commencement of the trial. The Ca, P and Ti content
in the diets and Ilyophilised digesta were determined using ICP-OES @Y
(ThermoFisher, MA) after destruction of the samples with a mixture of 37% HCI (6
ml), 65% HNOs (2 ml) and 48% HF (2 ml) in a microwave (CEM, NC) ), Serum
Ca and P concentrations were determined with a C701 Photometric measuring unit
(Roche Diagnostics Limited, Rotkreuz, Switzerland). The characteristics of tibia
strength were determined by a breaking test using an Instron Texture Analyzer
(type 3366, MA). Tibia diameter, maximum compressive load, bone deflection at
maximum compressive load and stiffness (slope) were determined as

characteristics of tibia strength, as described by Guz et al. 33,

Expression of genes in the duodenal mucosa was determined using real-
time quantitative PCR (RT-gPCR) following the standard protocol in our lab. Briefly,
scrapings of duodenal mucosa were ground in liquid nitrogen and subsampled (50-
100 mg). In the subsample, total RNA was isolated using TRIzol (ThermoFisher
Scientific) and then subjected to on-column DNAse treatment to remove possible
genomic DNA contamination with the Nucleospin II kit (Macherey Nagel). Quantity
and quality of RNA was determined with the NanoDrop 1000 Spectrophotometer
(ThermoFisher Scientific) and 2100 Bioanalyzer and RNA 6000 Nano LabChip kit
(Agilent Technologies), respectively. The RNA integrity number values ranged from
9.5 to 10. A total of 500 ng RNA was reverse transcribed with Superscript III kit
(ThermoFisher Scientific) and mMRNA levels were assessed by RT-qPCR
amplification on a QuantStudio 5 Real-Time PCR System (ThermoFisher Scientific)
using the SensiFAST™ SYBR® low-ROX Kit (Bioline) under the following conditions:
95 °C for 15 s and 60 °C for 30 s for 40 cycles. Absolute quantitative mRNA
measurement was performed by establishing a linear calibration curve using 10-
fold serial dilutions of cDNA template for corresponding genes. Expression levels
of gene of interest were normalized to the geometric mean expression level of
importin 8 (IPO8), eukaryotic elongation factor 2 (EEF2), beta actin (ACTB),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 60S ribosomal protein
PO (RPLPQ). The used primer sequences were designed with Primer Express
Software (Life Technologies, Bleiswijk, the Netherlands), and where possible
recommended primer sets that span an intron were selected and presented in
Table 3.
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Table 3. Gene-specific primers used for the analysis of mRNA levels using real-time quantitative
PCR (RT-gPCR)

Gene Accession no. Sense 5'-3' Antisense 5'-3'

Ca transporters

CaSR XM_416491.6 GCCAATCTGCTGGGACTCTT  CTGATGCTCGTCATTGGGGA
CaBP-D28k NM_205513.1 CGAGATCTGGCACCACTACG  ACCTGAGCAAGCTCAACGAT
PMCA1 NM_001168002.3 ACTCTGATGGCAGTTTCCGA  GTCACGGTCCCTAGGTCTGA
TRPC1 NM_001004409.2 GAATACGATGGGACCAGCCC AGCTGATTGCGTGACTCTTCT
TRPV6 XM_004938143.3 GACCAGAGCAAAGAGGGACC CCGCCTCTGCATGAGGTATT

P transporters
NaPi-IIa XM_015293846.2 GAAGCCAGGTGCCTCTGATG AGAGGATGGCGTTGTCCTTG

NaPi-IIb NM_204474.2 TGGCTTTGTCCCTGCTTGTT ~ CCAGCCAGCCAAGTAAAAGG
PiT-1 XM_015297502.2 TGAAGCTTCCCATCTCGGGT  AGGACAACACGATTTTTAGCAGC
PiT-2 NM_001305398.1 GCTGGGAGCAAAAGTAGGAGA AAACAGCAGAACCAACCATCG
XPR1 XM_422258.6 AACCTGGAGACAACACGAGG CGTTGGTCACCACTTCCTCT

Tight junction proteins and VDR
CLDN-2 NM_001277622.1 CAACTGGAAGATCAGCTCCT  TGTAGATGTCGCACTGAGTG
CLDN-12 XM_025148431.1 CTCTTATTCCTCCTCGCATG GTCAAAGCTAAAGACAGGCT

CLDN-16 XM_426702.4 GGGATCCAAACATGTGATGA  AGAGAAATCCAAATCCTGCC
Z0-1 XM_015278981.2 CCGCAGTCGTTCACGATCT GGAGAATGTCTGGAATGGTCTGA
VDR NM_205098.1 GGCTCAGGTTTTGCAGATTTG CAGCATCGCCTTTCCCATT
Reference genes
ACTB NM_205518.1 GCCCTGGCACCTAGCACAAT GCGGTGGACAATGGAGGGT
EEF2 NM_205368.1 CAGTTGGCTTTGGTTCTGGC  AAAGTATCTGTCTCCCCACAGC
GAPDH NM_204305.1 ATCCCTGAGCTGAATGGGAAG AGCAGCCTTCACTACCCTCT
IPOS8 XM_015287054.2 ACCTCCGAGCTAGATCCTGT  GGCTCTTCTTCGCCAACTCT
RPLPO NM_204987.2 TTGGGCATCACCACAAAGATT CCCACTTTGTCTCCGGTCTTAA

ACTB, beta actin; CaBP-D28k, calbindin D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2,
eukaryotic elongation factor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IPO8, importin 8;
NaPi-IIa, sodium dependent phosphate transporter IIa; NaPi-IIb, sodium dependent phosphate
transporter IIb; PMCA1, plasma membrane Ca-ATPase 1; PiT-1, inorganic phosphate transporter 1; PiT-
2, inorganic phosphate transporter 2; RPLPO, 60S acidic ribosomal protein PO; TRPC1, transient receptor
potential canonical 1; TRPV6, transient receptor potential cation channel subfamily V member 6; VDR,
vitamin-D3 receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; ZO-1, zonula occludens-1.

Calculations and statistical analysis

The apparent Ca and P digestibility coefficient was calculated according to de Vries

and Gerrits (2%);
Apparent digestibility, % =(1-(Xaigesta/ Xdiet) X (Tidiet/ Tidigesta) ) X 100

where Xudigesta and Xdiet @are the Ca or P content in the freeze-dried digesta and diet
(g/kg), respectively, and Tigiet and Tigigesta the Ti content in diet and freeze-dried

digesta (g/kg), respectively.
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Pen was the experimental unit for data analysis. All data were subjected to
a two-way ANOVA using the MIXED procedure of SAS (version 9.4, SAS Institute,
Cary, NC) with dietary Ca/rP, phytase and their interaction as fixed effects and
block and pen as random effects. The LSMEANS procedure with a PDIFF option
was used to separate the means. Distribution and variance homogeneity of the
Studentized residual were visually checked by the graphics plotted using the ODS
GRAPHICS procedure. A CONTRAST procedure was used to estimate the linear and
quadratic effect of dietary Ca/rP irrespective of phytase inclusion. Probability was
considered significant at P<0.05 and a trend at 0.05<P<0.10.

Results
Growth performance

The mean initial body weight (BW) of the newly hatched broilers (d 0) across
dietary treatments was approximately 47 g (Table 4). Intake of microbial phytase
(1000 FTU/kQ) increased body weight gain (BWG) and feed intake (FI) and lowered
feed conversion ratio (FCR) in the first 3 weeks of life (P=0.002, 0.029 and 0.001,
respectively). Furthermore, dietary Ca content quadratically affected BWG, FI and
FCR (P<0.001, 0.004 and <0.001, respectively), with the maximum values of BWG
and FI being observed in broilers fed a dietary Ca/rP of 1.8. This impact of dietary
Ca/rP and phytase on growth performance persisted until the end of the trial (d
36). No significant Ca/rP x phytase interactions for BWG, FI and FCR were

observed during the entire experiment (d 0-36).
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Table 4. Least square means of initial body weight on d 0 (BW_d0), body weight gain (BWG), feed
intake (FI) and feed conversion ratio (FCR) of broilers from d 0 to dissection (d 21-23) and d 36 as
affected by dietary Ca to retainable P ratio (Ca/rP) and microbial phytase supplementation 1.2

Ca/rp Phytase BW_dO D 0 to dissection (d 21-23) D 0-36
FTU/kg g BWG, g FI, g FCR, g/g BWG, g FI, g FCR, g/g
1.3 0 47.2 1132 1488 1.32 2483 3790 1.53
1.8 0 46.9 1190 1518 1.28 2661 3897 1.46
2.3 0 46.8 1178 1497 1.27 2656 3868 1.46
2.8 0 46.9 1125 1451 1.29 2609 3803 1.46
1.3 1000 47.1 1138 1476 1.30 2511 3781 1.51
1.8 1000 46.7 1233 1552 1.26 2734 3968 1.45
2.3 1000 47.0 1204 1526 1.27 2667 3888 1.46
2.8 1000 46.9 1204 1518 1.26 2699 3901 1.45
Pooled SEM 0.35 23.8 26.5 0.010 39.9 52.2 0.011
Ca/rP
1.3 47.2 1135¢ 1482° 1.312 2497° 3785¢ 1.522
1.8 46.8 12112 15352 1.27° 26972 39322 1.46°
2.3 46.9 11912ab 1511ab 1.27b 26612 3878zab 1.46b
2.8 46.9 1165P¢  1484° 1.28P 26542 3852°b¢ 1.46°
Pooled SEM 0.24 16.9 18.7 0.007 27.8 37.7 0.008
Phytase
0 47.0 1156 1488 1.29 2602 3839 1.48
1000 46.9 1195 1518 1.27 2653 3884 1.47
Pooled SEM 0.17 11.9 13.2 0.005 19.6 37.5 0.006
P-value
Ca/rP 0.491 <.001 0.019 <0.001 <0.001 0.003 <0.001
Linear (Ca/rP) = 0.197 0.800 <0.001 <0.001 0.340 <0.001
Quadratic (Ca/rP) - <0.001 0.004 <0.001 <0.001 0.001 <0.001
Phytase 0.845 0.002 0.029 0.001 0.010 0.073 0.057
Ca/rP x Phytase 0.878 0.186 0.235 0.286 0.367 0.393 0.585

1 Calculated rP content was 3.2, 2.5 and 2.2 g/kg in the starter, grower and finisher diets,
respectively, excluding the contribution of microbial phytase.

2 Data are presented as treatment means, 9 replicate pens per treatment (n=9).

a-¢Values within a column without common superscript differ significantly (P<0.05).

Apparent digestibility in different GIT segments and serum concentration of Ca
and P

Overall, apparent Ca digestibility gradually increased from the proximal jejunum
to distal ileum (Table 5). Incremental dietary Ca/rP linearly reduced (P<0.001)
apparent Ca digestibility in all three intestinal segments. Phytase inclusion did not

affect apparent Ca digestibility in the jejunum, whereas in the distal ileum, we
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observed a Ca/rP x phytase interaction (Pinteraction=0.023). In particular, addition
of phytase enhanced apparent Ca digestibility only in the 1.3 and 1.8 Ca/rP diets
compared to the non-phytase-treated broilers. Despite its inhibitory action on
apparent Ca digestibility, incremental dietary Ca/rP, but not phytase inclusion
(P=0.296), linearly and quadratically elevated (P<0.001) serum Ca concentration.
Table 5. Least square means of calcium (Ca) and phosphorus (P) content in the serum and

apparent Ca and P digestibility in different gastrointestinal tract segments on d 21-23 in broilers,

in response to dietary Ca to retainable P ratio (Ca/rP) and microbial phytase supplementation 1.2

Serum, mM Apparent Ca digestibility, % Apparent P digestibility, %

Phytase
Ca/rP Proximal Distal Distal Proximal Distal Distal
FTU/kg Ca P
jejunum jejunum ileum jejunum jejunum ileum

1.3 0 2.43 2.312 46.1 56.1 67.3bc 61.2 73.1°b 78.8°P
1.8 0 2.64 2.14¢ 43.6 54.2 63.2¢ 49.2 62.0¢ 65.3¢
2.3 0 2.68 1.974 37.1 47.1 54,24 43.9 54.64 56.2f
2.8 0 2.74 1.72¢ 27.4 40.4 48.9¢ 32.3 46.2° 49.39
1.3 1000 2.43 2.342 55.8 63.4 75.62 76.0 84.32 89.42
1.8 1000 2.62  2.25% 51.5 59.0 69.6b 72.6 82.32 83.72
2.3 1000 2.64  2.17b¢ 33.8 45.7 54.84 59.8 72.9b 75.2¢
2.8 1000 2.71  2.17¢b¢ 27.4 38.2 46.9¢ 57.3 68.5P 70.3¢
Pooled SEM 0.042 0.061 4.66 3.30 2.62 4.14 2.58 1.75
Ca/rP

1.3 2.43¢ 2.32 51.02 59.72 71.4 68.72 78.7 84.2

1.8 2.63b 2.20 47.6b 56.62 66.4 60.9°b 72.2 74.5

2.3 2.66° 2.07 35.5¢ 46.4° 54.5 51.9¢ 63.8 65.8

2.8 2.732 1.94 27.44 39.3¢ 47.9 44,94 57.4 59.9

Pooled SEM 0.030 0.043 3.29 2.33 1.85 2.93 1.82 1.24
Phytase

0 2.62 2.03 38.6 49.4 58.4 46.7 59.0 62.5

1000 2.60 2.23 42.1 51.6 61.7 66.5 77.1 79.7

Pooled SEM 0.021 0.030 2.33 1.65 1.31 2.07 1.30 0.87
P-value

Ca/rP <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Linear (Ca/rP) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Quadratic (Ca/rP) 0.001  0.959 0.317 0.237 0.540 0.866 0.966  0.038

Phytase 0.296 <0.001 0.133 0.195 0.014 <0.001 <0.001 <0.001

Ca/rP x Phytase 0.952 <0.001 0.159 0.124 0.023 0.207 0.021 0.001

1 Calculated rP content was 3.2, 2.5 and 2.2 g/kg in the starter, grower and finisher diets,
respectively, excluding the contribution of microbial phytase.

2 Data are presented as treatment means, 9 replicate pens per treatment (n=9).

@9 Values within a column without common superscript differ significantly (P<0.05).
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A substantial increase in apparent P digestibility from the proximal to distal
jejunum, with only a slight subsequent increase in the distal ileum (Table 5) was
observed. Incremental dietary Ca/rP linearly reduced (P<0.001) apparent P
digestibility in all three intestinal segments. In the distal jejunum and distal ileum, a
Ca/rP x phytase interaction on apparent P digestibility (Pinteraction=0.021 and 0.001,
respectively) was observed. Increasing dietary Ca/rP from 1.3 to 2.8 reduced distal
ileal P digestibility, which was more pronounced in broilers fed phytase free compared
to phytase supplemented diets (29.5 vs. 19.1% units reduction). Incremental dietary
Ca/rP linearly decreased serum P concentration, but this reduction was much smaller
with phytase-supplemented diets than with phytase-free diets (Pinteraction<0.001).

Duodenal mRNA expression of transporters and CLDN

Analysis of the broiler’'s duodenal mucosa on d 21-23 by RT-gPCR revealed that
incremental dietary Ca/rP linearly reduced the expression levels of extracellular Ca
sensing receptor (CaSR), calbindin-D28k (CaBP-D28k) and plasma membrane Ca-
ATPase 1 (PMCA1) by 70, 51 and 40%, respectively (P<0.001, Table 6). Phytase
had no impact on these Ca homeostasis-related genes. Transcript levels of apical Ca
channel (TRPV6) were beyond the limit of detection and that of transient receptor
potential canonical 1 (TRPC1), a nonspecific cation channel, were affected neither
by dietary Ca/rP nor phytase treatment.

Duodenal expression of the apical sodium dependent phosphate transporters,
NaPi-IIb, PiT-2 and the candidate basolateral P extrusion channel, xenotropic and
polytropic retrovirus receptor 1 (XPR1), were either significantly reduced or showed
a trend with incremental dietary Ca/rP in a linear fashion (14, 8 and 23% reduction;
P=0.052, 0.071 and 0.028, respectively). Moreover, phytase increased NaPi-IIb
mMRNA by 20% (P=0.026), but did not alter the levels of PiT-2 and XPR1 mRNA
(P=0.398 and 0.912, respectively). Expression of PiT-1 was affected by an interaction
between Ca/rP and phytase (Pinteracion=0.035), with the expression being 57% higher
with phytase in the lowest Ca/rP diet compared to the non-phytase group.

On the one hand, incremental dietary Ca/rP linearly decreased duodenal
zonula occludens-1 (Z0O-1), CLND-2 and -12 mRNA irrespective of phytase inclusion
(13, 40 and 13% reduction, P=0.005, <0.001 and 0.010, respectively) while
phytase inclusion, on the other hand, reduced CLDN-2 expression by 15%
(P=0.029). Neither dietary Ca/rP nor phytase affected the expression of vitamin Ds
receptor (VDR) mRNA. Expression of CLDN-16 in the broiler’s duodenal mucosa was
beyond the limit of detection.
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Table 6. Least square means of mRNA expression level of calcium (Ca) and phosphorus (P) transporters, vitamin D3 receptor (VDR) and claudins (CLDN)

on day 21-23 in the broiler’s duodenal mucosa in response to dietary Ca to retainable P ratio (Ca/rP) and microbial phytase intake 123

Phytase Ca transporters P transporters VDR and CLDN

S FTU/kg CaSR TRPC1 CaBP-D28k PMCA1l NaPi-IIb PiT-1 PiT-2 XPR1 VDR Z0-1 CLDN-2 CLDN-12
1.3 0 0.36 0.39 455 101 3.30 2.18¢ 392 5.32 2.75 1.44 23.0 0.23
1.8 0 0.25 0.38 349 80.5 3.53 3.60° 382 5.32 2.76 1.53 18.3 0.23
2.3 0 0.16 0.39 291 71.0 2.76 2.45bc 366 5.03 3.05 1.34 18.4 0.22
2.8 0 0.12 0.37 231 62.3 2.71 2.873b¢ 353 4.76 2.83 1.25 15.8 0.20
1.3 1000 0.39 0.41 455 98.2 3.83 3.432b 406 5.41 2.93 1.50 23.3 0.23
1.8 1000 0.17 0.49 346 90.7 4.30 2.683b¢ 466 5.44 2.67 1.58 16.2 0.25
2.3 1000 0.14 0.41 200 59.6 3.28 3.2920 317 4.57 2.72 1.29 14.4 0.19
2.8 1000 0.10 0.38 213 56.8 3.40 3.392b 379 4.90 2.89 1.30 11.9 0.20
Pooled SEM 0.046  0.045 53.9 10.75 0.549 0.540 44.2 0.433 0.446 0.124 2.17 0.020
Ca/rP

1.3 0.372 0.40 4552 99.42 3.57 2.81 399 5.37 2.84 1.473b 23.22 0.232b

1.8 0.21° 0.44 347° 85.62 3.91 3.14 424 5.38 2.71 1.552 17.2°b 0.242

2.3 0.15bc 0.40 246¢ 65.3b 3.02 2.87 342 4.80 2.88 1.32b¢ 16.4° 0.216bc

2.8 0.11¢ 0.37 222¢ 59.5b 3.05 3.13 366 4.83 2.86 1.28¢ 13.8¢ 0.20¢

Pooled SEM 0.033 0.032 38.1 7.60 0.388 0.382 31.3 0.307 0.315 0.088 1.54 0.014
Phytase

0 0.22 0.38 332 78.6 3.07 2.77 373 5.11 2.85 1.39 18.9 0.22

1000 0.20 0.42 303 76.3 3.70 3.20 392 5.08 2.80 1.42 16.4 0.22

Pooled SEM 0.023 0.022 26.9 5.38 0.274 0.270 221 0.217 0.223 0.062 1.09 0.010




Table 6 (continued). Least square means of mMRNA expression level of calcium (Ca) and phosphorus (P) transporters, vitamin D3 receptor (VDR) and

claudins (CLDN) on day 21-23 in the broiler’s duodenal mucosa in response to dietary Ca to retainable P ratio (Ca/rP) and microbial phytase intake 123

Phytase Ca transporters P transporters VDR and CLDN
S FTU/kg CaSR TRPC1 CaBP-D28k PMCA1 NaPi-IIb PiT-1 PiT-2 XPR1 VDR Z0-1 CLDN-2 CLDN-12
P-value
Ca/rP <0.001 0.104 <0.001 <0.001 0.071 0.746 0.053 0.097 0.952 0.008 <0.001 0.026
Linear (Ca/rP) <0.001 0.275 <0.001 <0.001 0.052 0.562 0.071  0.028 0.826 0.005 <0.001 0.010
Quadratic (Ca/rP) 0.010 0.163 0.113 0.457 0.573 0.903 0.982 0.961 0.829 0.338 0.131 0.523
Phytase 0.412 0.271 0.287 0.671 0.026 0.119 0.398 0.912 0.841 0.662 0.029 0.863
Ca/rP x Phytase 0.454 0.385 0.571 0.542 0.986 0.035 0.218 0.727 0.873 0.927 0.460 0.519

1 Calculated rP content was 3.2, 2.5 and 2.2 g/kg in the starter, grower and finisher diets, respectively, excluding the contribution of microbial phytase.
2 Data are presented as treatment means, 9 replicate pens per treatment (n=9).

3 Determined using absolute quantification normalized by geometric mean expression level of ACTB, EEF2, GAPDH, IPO8 and RPLPO.

a-¢Values within a column without common superscript differ significantly (P<0.05).

ACTB, beta actin; CaBP-D28k, calbindin D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2, eukaryotic elongation factor 2; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; IPO8, importin 8; NaPi-IIb, sodium dependent phosphate transporter type IIb; PMCA1, plasma membrane Ca-ATPase 1;
PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic phosphate transporter 2; RPLPO, 60S ribosomal protein PO; TRPC1, transient receptor potential
canonical 1; VDR, vitamin-Ds receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; Z0-1, zonula occludens-1. Of note, mRNA expression of
transient receptor potential cation channel subfamily V member 6 (TRPV6), sodium dependent phosphate transporter type Ila (NaPi-IIa) and CLDN-16
were beyond limit of detection.
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Characteristics of tibia strength

Incremental dietary Ca/rP linearly and quadratically enhanced the stiffness of tibia
in broilers, with a steeper slope in phytase-included than phytase-free diets (Table
7), as evidenced by the interaction effect (Pinteraction=0.001). Furthermore, the
maximum compressive load was linearly and quadratically increased (P<0.001)
with incremental Ca/rP or phytase inclusion, and tibia diameter tended to be
quadratically increased with incremental Ca/rP reaching the maximal tibia
diameter at Ca/rP of 1.8 (P=0.075).

Table 7. Effects of dietary Ca to retainable P ratio (Ca/rP) and microbial phytase intake on the

least square means of diameter and characteristics of breaking strength of tibia collected from
broilers on day 21-23 1.2

Phytase Diameter  Stiffness Maximum compressive load Deflection at maximum

Ca/rp FTU/kg mm N/mm N compressive load, mm
1.3 0 6.0 57.0d 116 4.4
1.8 0 6.1 68.9¢ 139 4.3
2.3 0 6.2 77.1b 160 4.4
2.8 0 6.0 73.5b¢ 158 4.4
1.3 1000 5.9 57.14 122 4.5
1.8 1000 6.2 81.0° 165 4.3
2.3 1000 6.1 88.72 178 4.4
2.8 1000 6.0 95.02 181 4.0
Pooled SEM 0.13 3.81 7.4 0.16
Ca/rP
1.3 5.9 57.1 119¢ 4.4
1.8 6.2 75.0 152b 4.3
2.3 6.1 82.9 1692 4.4
2.8 6.0 84.2 1692 4.2
Pooled SEM 0.09 2.71 5.2 0.11
Phytase
0 6.1 69.1 143 4.4
1000 6.1 80.5 161 4.3
Pooled SEM 0.07 1.91 3.7 0.08
P-value
Ca/rP 0.075 <0.001 <0.001 0.156
Linear (Ca/rP) 0.392 <0.001 <0.001 0.066
Quadratic (Ca/rP) 0.016 <0.001 <0.001 0.599
Phytase 0.706 <0.001 <0.001 0.627
Ca/rP x Phytase 0.591 0.001 0.242 0.133

1 Calculated rP content was 3.2, 2.5 and 2.2 g/kg in the starter, grower and finisher diets,
respectively, excluding the contribution of microbial phytase.

2 Data are presented as treatment means, 9 replicate pens per treatment (n=9).

a-d Values within a column without common superscript differ significantly (P<0.05).
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Discussion

Previous study indicated that the reduction of dietary Ca content improves
apparent P digestibility, but a too low dietary Ca content compromises growth
performance and tibia breaking strength in broilers ). In the present study, we
hypothesized that microbial phytase supplementation improves dietary Ca
digestibility, allowing a lower dietary Ca inclusion without compromising growth
performance. This hypothesis, however, is not supported by our experimental
results. We found that broilers fed with microbial phytase indeed displayed
improved apparent distal ileal Ca digestibility, particularly in the lowest Ca/rP diet
(Table 5). However, the additional absorbed Ca (0.32 g/kg diet) in the presence
of phytase at the lowest Ca/rP diet was insufficient to alleviate the negative impact
of a low Ca intake on growth performance, as indicated by a lower BWG and FI
and higher FCR when birds received the lowest Ca/rP diet regardless of microbial
phytase inclusion (Table 4). Furthermore, although mRNA expression of Ca
absorption-related genes, including CaBP-D28k, PMCA1, CLDN-2 and -12 was
highest in the duodenal mucosa for birds fed the lowest Ca/rP diet, this was
independent of microbial phytase inclusion (Table 6). Therefore, our results did
not support a reduction in dietary Ca inclusion in the presence of microbial phytase
without compromising growth performance in broilers, which led us to reject the

hypothesis.

Dietary Ca and microbial phytase interaction

Reducing dietary Ca content has been intensively studied since Ca can bind to IP
which hampers the digestion of IP to lower IP esters, i.e. IP6 to IP1 ), It is
demonstrated that microbial phytase inclusion enhances intestinal IP degradation
(26), thus it may also enhance dietary Ca digestibility. This assumption is supported
by Li et al. @7 who reported that microbial phytase inclusion (1000 FTU/kg)
significantly improved standardized ileal Ca digestibility (38 vs. 49%) in broilers,
which largely supports our results (Table 5). Interestingly, dietary phytase
inclusion increased apparent distal ileal Ca digestibility to a greater extent in the
lowest Ca/rP diet, while phytase improved BWG and FI to a numerically greater
extent in the higher Ca/rP diets (Table 4). This finding suggests that release of IP-

Ca might not have been a major element for dietary phytase to augment the
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broiler’'s growth performance. Amerah et al. ?® reported that microbial phytase
inclusion improved BWG, FI and FCR in broilers fed a Ca-sufficient, but not a Ca-
deficient diet, which accompanied with an increased ileal digestibility of P, gross
energy and amino acids. They concluded that the positive impact of phytase on
growth performance was attributed to a higher digestibility of other nutrients, such
as amino acids, energy and P rather than Ca. Thus, despite of a positive impact on
Ca digestibility, dietary phytase inclusion would not restore the compromised

growth performance of broilers when a Ca-deficient diet was offered.

Numerous studies have been published (e.g. Bello et al. (?®, Krieg et al. 39
and Ajuwon et al. ®Y) demonstrating that microbial phytase inclusion improves IP
degradation and P absorption in broilers. We also observed an improved apparent
P digestibility in diets supplemented with microbial phytase. Noteworthy is the
rather high distal ileal apparent P digestibility (i.e. 78.8%) without microbial
phytase inclusion in the lowest Ca/rP diet (Table 5), indicating that broilers had a
large potential to degrade IP and absorb IP-P upon low-Ca intake. Since the
intrinsic phytase activity in the basal diet was low (Table 2), the high ileal P
digestibility observed in the absence of exogenous phytase inclusion is probably
attributed to the activity of endogenous epithelial and/or microbial phosphatases
in the GIT of broilers. This idea is supported by Rodehutscord and Rosenfelder (2,
who in their literature survey found that approximately 70% of dietary IP6 is
degraded in the distal ileum of broilers fed a low-Ca and low-P content diets devoid
of phytase. Furthermore, we also observed a steep linear inhibitory effect on
apparent ileal P digestibility with incremental dietary Ca/rP in the absence of
phytase, indicating that the catalytic activity of endogenous epithelial and/or
microbial phosphatases is significantly inhibited by dietary Ca. This is in line with
the findings of Sommerfeld et al. %), who showed a strong inhibition of ileal IP
degradation with dietary inclusion of mineral Ca and P in broilers fed phytase-free
diets. To further clarify the source of endogenous phosphatase, these researchers
conducted a similar study by feeding gamma-irradiated diets to gnotobiotic broilers
(3), Since their data revealed a similar reduction of ileal IP degradation upon
mineral Ca and P supplementation, it can be concluded that broilers have a great
potential to absorb P from IP due to a high endogenous epithelial phosphatase

activity, which can be inhibited by high levels of dietary Ca.
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Dietary phytase inclusion alleviated the negative impact of dietary Ca/rP
increment on apparent P digestibility in the distal jejunum and ileum (Table 5),
which is largely in agreement with Sommerfeld et al. 3?), who reported that the
negative impact of dietary supplementation of Ca and P on ileal IP degradation in
broilers could be fully recovered by the inclusion of microbial phytase. As
mentioned above, in the absence of microbial phytase, a high dietary Ca intake
inhibited endogenous epithelial phosphatases activity and reduced distal ileal P
digestibility. In contrast, in the presence of microbial phytase, the negative impact
of a high dietary Ca intake on P digestibility was much smaller. It appears that the
efficacy of the exogenous microbial phytase is less affected by dietary Ca inclusion
compared to the endogenous epithelial phosphatases. An explanation for this
difference is likely pH related, that exogenous microbial phytase is primarily active
in the proventriculus and gizzard ®, while endogenous epithelial phosphatases are
mostly active in the small intestine. The luminal pH in the small intestine is
favorable to Ca-IP complexation, impeding the efficacy of endogenous epithelial
phosphatases, while the low pH in the proventriculus and gizzard (approximately
at pH 3), is unfavorable to Ca-IP complexation, making the efficacy of exogenous

microbial phytase in the latter segments less sensitive to dietary Ca intake.

Expression of Ca and P related transporters and tight junctions

We observed a downregulation of CaBP-D28k and PMCA1, CLDN-2 and -12 mRNA
with incremental Ca/rP (Table 6) in the duodenal mucosa. These results are in line
with the reduced apparent Ca digestibility at a higher Ca intake in the posterior
small intestinal segments (Table 5), suggesting that both intestinal Ca transporters
and CLDN are regulatable and contribute to whole body Ca homeostasis in broilers.
The higher serum Ca level obtained with high Ca intake (Table 5) would activate
the extracellular CaSR on the parathyroid gland, supressing parathyroid hormone
(PTH) expression and secretion 33, A reduced PTH circulation would reduce serum
circulation of 1,25-dihydroxycholecalciferol (1,25(0H).Ds), thereby, downregulating
expression of Ca transporters and CLDN in the GIT since the promoter of CaBP-
D28k, PMCA1, CLDN-2 and -12 contains a VDR responsive element (19 34, Another
possible mechanism for the downregulation of Ca transporters might be that a high
dietary Ca/rP increased luminal Ca content, which might activate extracellular

CaSR, a transmembrane G protein-coupled receptor expressed in the GIT, thereby,
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directly reducing CaBP-D28k and PMCA1l expression, independent of circular
1,25(0H)2D3 (35 36),

Incremental Ca intake also led to the downregulation of duodenal P
transporters NaPi-IIb, PiT-2 and XPR1 (Table 6), which is consistent with the lower
apparent P digestibility in the jejunal and ileal part under these conditions (Table
5). Furthermore, the downregulation of P transporters was accompanied by a lower
concentration of serum P, and dietary phytase inclusion increased serum P while
upregulating duodenal expression of NaPi-IIb. Our observations are in line with
the work of Huber et al. 37, who demonstrated a positive correlation between
plasma P and jejunal NaPi-IIb mRNA expression in laying hens. Expression of NaPi-
ITb in the intestine of broilers might be under control of systemic hormones and
regulators such as 1,25(0OH).Ds and fibroblast growth factor 23 (FGF23). It is
conceivable that high Ca intake decreased serum 1,25(0H);D; ), via the
parathyroid-kidney axis, which in turn reduced intestinal NaPi-IIb mRNA
expression. Furthermore, dietary phytase inclusion enhanced serum P
concentration (Table 5), which might have stimulated FGF23 secretion from the
bone 38, A higher serum FGF23 circulation has been shown to be coupled with a
greater NaPi-IIb protein expression in the duodenal mucosa of layers 3, Taken
together, expression of P transporters is consistent with intestinal P absorption in

broilers.

Site of Ca and P absorption

It is generally accepted that Ca and P are primarily absorbed in the small intestine
of chickens 9, In this study, we observed that an average of 95 and 85% of the
precaecal digestible P and Ca were absorbed proximal to the ileum, respectively
indicating a limited contribution of the ileum to Ca and P absorption. Our previous
study in broilers ¥ demonstrated that approximately 85% of the distal ileal
digestible P and Ca were absorbed anterior to the ileum, which is in line with results
of the present study. Rodehutscord et al. “!) compared apparent P digestibility in
the proximal, medial and distal ileum in broilers receiving diets with various P
content. They found that P absorption was trivial in the ileum particularly in broilers
fed diets with a P content above 5 g/kg. Their results are in line with the present

study (P content 4.8 g/kg), and shows that the ileum plays a minor role in P
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absorption in broilers. Ileal Ca absorption has been less investigated but may not

be substantial according to the present and our previous study 4,

In conclusion, dietary phytase inclusion improves distal ileal apparent Ca
digestibility but cannot recover the compromised growth performance in broilers
fed a Ca-deficient diet. Incremental dietary Ca/rP reduces apparent Ca and P
digestibility paralleled with a reduced duodenal expression of Ca and P transporters
and CLDN, indicating that these transporters and CLDN contribute to the observed

effect of Ca level and phytase on Ca and P absorption in chicken.
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Abstract

In previous studies incremental dietary Ca intake was shown to downregulate
intestinal expression of Ca transporters CaSR, CaBP-D28k and PMCA1, and cation-
permeable CLDN-2 and -12 in broilers. In contrast, dietary Ca reduced intestinal
expression of Ca transporters TRPV5, TRPV6 and CaBP-D9k, and upregulated
CLDN-2, indicating a shift from transcellular to paracellular Ca absorption
pathways with increasing Ca intake in pigs. These observations indicate that the
regulation of intestinal absorption and urinary excretion of Ca may not be the same
in pigs and poultry. Here, we hypothesized that renal expression of Ca- and P-
related transporters and pore-forming CLDN respond differently to dietary Ca and
P intake in broilers compared to growing pigs. In experiment (Exp) 1 we varied
dietary Ca content (2.0 vs. 9.6 g/kg) and phytase (0 vs. 500 FTU/kg) in growing
pigs, in Exp 2 dietary Ca/P (0.50, 1.00 and 1.75) and limestone particle size (fine
vs. coarse) and in Exp 3 dietary Ca/retainable P (rP) (1.3, 1.8, 2.3 and 2.8) and
phytase (0 vs. 1000 FTU/kg) in broilers. Results of RT-qPCR demonstrate that in
Exp 1 incremental dietary Ca intake reduces the expression of epithelial Ca
transporters TRPV5, TRPV6, CaBP-D28k and NCX1, and Ca permeable CLDN-12
and -16 in pig kidney. In contrast, in Exp 3 high Ca intake increased renal
expression of TRPV6, CaBP-D28k and cation-selective CLDN-2 in broilers.
Moreover, while dietary phytase inclusion enhanced the reducing effect of dietary
Ca on renal TRPV5, CaBP-D28k and NCX1 expression in pigs (Pinteraction<0.05), it
reduced the positive impact of dietary Ca on renal TRPV6 and CaBP-D28k
expression in broilers (Pinteraction<0.05). In pig kidney, incremental dietary Ca
upregulated PiT-1 (P<0.001) while phytase downregulated XPR1 (P=0.035),
without effect on other P transporters. In the broiler kidney, however, incremental
dietary Ca intake downregulated NaPi-IIa, PiT-1, PiT-2 and XPR1 (P<0.01), while
phytase downregulated NaPi-IIa (P<0.001) but upregulated PiT-2 and XPR1
(P<0.05). In Exp 2, limestone particle size had no effect on the above-mentioned
transporter genes, except that coarse limestone numerically (P=0.053) decreased
CaBP-D28k expression in broiler kidneys. Incremental dietary Ca and microbial
phytase inclusion downregulate renal Ca transporters and CLDN in growing pigs,
but upregulate these genes in broilers, confirming the hypothesis and showing
important differences in the regulation of Ca and P homeostasis between birds and
mammals.

Key words: calcium and phosphorus, transporters and claudins, kidney, pigs, broilers
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Introduction

Calcium (Ca) and phosphorus (P) are two essential macro minerals for vertebrates
and play an important role in many biological processes such as muscle
contraction, cell differentiation and bone formation (). Calcium and P homeostasis
is controlled through the absorption of these minerals in the gastrointestinal tract
(GIT), their storage and release in bone and excretion via urine by the kidney. Of
these three organs, the kidney is generally considered as the central regulator of

whole body Ca and P homeostasis (2.

The transporters involved in renal Ca and P reabsorption in broilers > and
pigs ¥ are presumed to be rather similar to those in rodents, due to their relative
high degree in protein sequence homology, implicating functional similarity.
Studies in rodents indicate that after glomerular filtration, bulk Ca is reabsorbed
in the proximal tubules and thick ascending limb via paracellular diffusion, and to
a lesser extent but tightly controlled in the distal convoluted and connecting
tubules via an active ATP-consuming transcellular route ®). Active transcellular Ca
reabsorption begins with Ca diffusion into the renal epithelium predominantly via
transient receptor potential channel V. member 5 (TRPV5) and 6 (TRPV6) ©),
Intracellular Ca binds to calbindin-D28k (CaBP-D28k) and is exported via
basolateral sodium-Ca exchanger (NCX1) or plasma membrane Ca-ATPase 1
(PMCA1) ), The reabsorption of P occurs mainly in the proximal tubules via both
transcellular and paracellular pathways . Transcellular uptake of P is facilitated
by sodium dependent phosphate transporter type Ila (NaPi-IIa) ®), and putative

xenotropic and polytropic retrovirus receptor 1 (XPR1) ©),

Paracellular ion reabsorption occurs via channels formed by claudins (CLDN,
for review see Otani and Furuse (!9) whereby CLDN-2, -12 and -16 have been
demonstrated to be permeable for Ca (Y), CLDN-4 is associated with chloride
reabsorption in the kidney of mice *?), and CLDN-7 putatively forms channels for
magnesium in Caco-2 3 or for sodium in porcine kidney cell lines (LLC-PK1) (4,
CLDN-10 may facilitate both cation and anion absorption depending on the spliced
variants (>, Noteworthy, CLDN forming paracellular pores for P have not been

identified, yet.

Improving dietary P absorption and retention has been intensively studied

in @ number of animal species. In some studies and reports dealing with Ca and P
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absorption and excretion, it is (inherently) assumed that regulatory mechanism of
Ca and P metabolism are largely identical between pigs and poultry. For instance,
based on earlier findings in chicken kidney, Colston and Feldman () postulated
the function and metabolism of 1,25-dihydroxycalciferol (1,25(0OH).Ds, the
bioactive form of vitamin Ds3) in pig kidney and tested their hypothesis in the
porcine kidney cell lines (LLC-PK1). Symeou et al. *7) directly used broiler data to
predict efficacy of mucosal phosphatases to degrade dietary inositol phosphate in
the GIT of pigs when the relevant pig data are absent, in their in silico model that
simulates P intake, absorption and retention in pigs. However, this simplification
ignores the fact that striking differences have been observed in Ca and P
absorption and metabolism between pigs and broilers. An example is that in the
study of Jendza et al. *®, which investigated the efficacy and equivalency of
microbial phytase inclusion in pigs and broilers, dietary phytase inclusion of 500
FTU/kg enhanced the apparently digested P content by 0.6 vs. 0.9 g/kg in broilers
and pigs, respectively. Interestingly, they also found that based on bone ash
content, 500 FTU/kg phytase was equivalent to 1.2 vs. 1.0 g of inorganic P from
monosodium phosphate in broilers and pigs, respectively. Their results indicate
that although phytase inclusion (500 FTU/kg) enhances intestinal P absorption to
a lesser extent in broilers compared to pigs, it increases bone ash to a greater
extent in broilers. This indicates a difference in urinary Ca and P excretion in the

kidney between pigs and broilers.

The potential difference in Ca and P absorption and excretion between pigs
and broilers was also observed in our previous studies. In Chapter 5 and 6 it was
found that incremental dietary Ca intake downregulated expression of both Ca-
related transporters and CLDN in the duodenum and jejunum of broilers. By
contrast, in the jejunum of pigs, a higher Ca intake reduced expression of Ca
transporters while it increased Ca permeable CLDN (Chapter 3). The differences in
modulating intestinal expression of Ca transporters and CLDN presumably are
related to a difference in Ca and P post-absorptive metabolism and excretion via
urine between pigs and broilers. This assumption is supported by the difference in
kidney morphology between pigs and poultry, where 70-90% * of the avian
nephron is reptilian-type and without a loop of Henle (for comparison of different
nephron types see Dantzler %), We hypothesized that the response of the renal

expression of Ca- and P-related transporters and CLDN to dietary Ca and microbial
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phytase inclusion differs between growing pigs and broilers. As such, the impact
of dietary Ca content, limestone particle size and microbial phytase inclusion on
mMRNA expression of Ca- and P-related transporters and CLDN in kidneys of

growing pigs and broilers was compared.

Materials and methods

Kidneys from a study in pigs (Experiment (Exp) 1) and two studies in broilers (Exp
2 and 3) that were approved by the Ethical Committee of Wageningen University
& Research and conducted in accordance with the Dutch law on animal
experiments were used. Experiment 1 was performed in the facilities of the Swine
Research Centre of Trouw Nutrition (Sint Anthonis, the Netherlands; approval no.
2016.D-0065.006), while Exp 2 and 3 were conducted in the broiler research
facility of De Heus (Eerde, the Netherlands; approval no. 2016.D-0065.004) and
ForFarmer (Bathmen, the Netherlands; approval no. 2016.D-0065.022),

respectively.

Experiment 1

The experimental design, dietary composition, animal husbandry, sample
collection, as well as results regarding faecal and urinary Ca and P excretion are
described in detail in Chapter 2. Briefly, sixty individually housed male growing
pigs (Hypor LibraxMaxter, 30.4+1.3 kg) received one of six diets containing either
low, medium or high Ca content (2.0, 5.8, and 9.6 g/kg, respectively) in the
presence or absence of microbial phytase (0 vs. 500 FTU/kg) in a 3x2 factorial
arrangement. The study was conducted over time in two runs with five replicate
pigs per treatment per run. Dietary P content in the basal diet was fixed at marginal
deficiency for all treatment groups (4.7 g/kg, digestible P 1.7 g/kg excluding the
contribution of microbial phytase). Limestone (Sibelco, Maastricht, the
Netherlands; particle size less than 250 pm as reported by the manufacture) was
added to the basal diet to realise the intended Ca content of 2.0, 5.8 and 9.6 g/kg,
respectively. The animal trial lasted for 21 days. At dissection, the renal cortex of
the left kidney was sliced off with a scalpel, collected in cryovials, snap-frozen in

liquid nitrogen, and stored at -80 °C until analysis. For analysis of gene expression
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in the kidney, all pigs from the treatments with the lowest and highest dietary Ca

content, with and without phytase were selected.

Experiment 2

Experiment 2 is described in detail in Chapter 4. Briefly, 1152 0-d-old male Ross
308 broilers were equally divided over 72 pens and allocated to one of twelve diets
containing one of six Ca levels from either fine or coarse limestone in a 6x2
factorial arrangement, with six replicate pens per treatment and 16 birds per
replicate pen. The total P content in the basal diet was sufficient (5.5 g/kg,
retainable P (rP) 3.2 g/kg) to meet the requirements of broilers. Fine or coarse
limestone was added to the basal diet to realise the intended Ca/P of 0.50, 0.75,
1.00, 1.25, 1.50 and 1.75, respectively. The coarse and fine limestone were
derived from the same limestone product (Sibelco, Maastricht, the Netherlands)
via sieving. The analysed geometric mean diameter was 160 vs. 1062 um for the
fine and coarse limestone, respectively. Broilers were given a common commercial
starter diet (apparent metabolizable energy 12.5 MJ/kg, crude protein 212 g/kg,
Ca 8.6 g/kg, P 5.5 g/kg) from d 0-13. Thereafter dietary treatments were applied
for six days (d 14-20). At dissection (d 20), the left kidney were sampled (3 birds
per pen) from four of the six replicate pens, snap-frozen in liquid nitrogen and
stored at -80 °C. For gene expression analysis, samples from the lowest, medium
and highest Ca/P (0.50, 1.00 and 1.75) with fine and coarse limestone were

selected.

Experiment 3

As described in Chapter 6, in Exp 3, 1800 male 0-d-old Ross 308 broilers were
equally divided among 72 pens and allocated to one of eight experimental diets
containing either one of four Ca levels in the presence (1000 FTU/kg) or absence
of microbial phytase in a 4x2 factorial arrangement, with nine replicate pens per
treatment and 25 birds per replicate pen. The animal trial lasted for 23 d including
a starter and grower period from d 0-9 and 10-23, respectively. Dietary rP was
fixed at 80% of CVB () recommendation in the basal diet (3.2 and 2.5 g/kg,

excluding the contribution of microbial phytase in the starter and grower diet,
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respectively). Limestone (Faunacal®, Wilfrath, Germany; mean particle size 90
MM as reported by the manufacture) was added to the basal diet to realise Ca/rP
of 1.3, 1.8, 2.3 and 2.8. At dissection, one of the kidneys of one bird per pen was

sampled, snap-frozen in liquid nitrogen and stored at -80 °C until further analysis.

Gene expression

Determination of mMRNA expression of Ca- and P-related transporters and CLDN
was performed following the standard protocol in our laboratory. Briefly, deep-
frozen kidney tissue was ground in liquid nitrogen, subsampled (50-100 mg) and
used to isolate the total RNA using TRIzol (ThermoFisher Scientific). RNA was
subjected to on-column DNAse treatment to remove possible genomic DNA
contamination with the Nucleospin II kit (Macherey Nagel). Quantity and quality
of RNA was determined with the NanoDrop 1000 Spectrophotometer
(ThermoFisher Scientific) and 2100 Bioanalyzer and RNA 6000 Nano LabChip kit
(Agilent Technologies), respectively. Reverse transcription of RNA (500 ng) was
achieved with a Superscript III kit (ThermoFisher Scientific) and mRNA levels were
assessed by real-time quantitative PCR (RT-gPCR) amplification on a QuantStudio
5 Real-Time PCR System (ThermoFisher Scientific) using the SensiFAST™ SYBR®
low-ROX Kit (Bioline) under the conditions: 95 °C for 15 s and 60 °C for 30 s for
40 cycles. This was followed by a melting curve analysis ramping from 60 to 95 °C
with a rate of 0.1 °C/s in order to confirm PCR specificity. Absolute quantitative
mMRNA levels in the three experiments were calculated by establishing a linear
calibration curve using 10-fold serial dilutions of cDNA template for corresponding
genes. Expression levels of genes of interest in Exp 1 were normalized to the
geometric mean of importin 8 (IPO8), eukaryotic elongation factor 2 (EEF2) and
beta actin (ACTB) (22, Expression levels in Exp 2 and 3 were normalized by the
geometric mean of IPO8, EEF2, ACTB, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and 60S acidic ribosomal protein PO (RPLPO) (?®, The used primer
sequences were designed with Primer Express Software (Life Technologies,
Bleiswijk, the Netherlands), and where possible recommended primer sets that

span an intron were selected (Table 1).
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Table 1. Gene-specific primers used for the analysis of mRNA levels using real-time quantitative

PCR (RT-qPCR)

Genes

Primers used in pig study (5'-3")

Primers used in broiler studies (5'-3")

Ca transporters

CaSR

CaBP-D9k

CaBP-D28k

NCX1

PMCA1

TRPM7

TRPV5

TRPV6
P transporters

NaPi-IIa

NaPi-IIb

NaPi-IIc

PiT-1

PiT-2

XPR1
Tight junction proteins

CLDN-2

CLDN-4

CLDN-7

CLDN-10

CLDN-12

CLDN-16

Z0-1

o M X M X M X T

o M X M X T

X M X M X M X T X MO T

X M X M X M X T MO T I M

TTGCTCATGCCCTGCAAGAT
AAGTGCCGTAGGTGCTTCAG
TATGCAGCCAAAGAAGGGGAT
CTAGGGTTCTCGGACCTTTCAG
GGCTTCATTTCGACGCTGAC
TCGGGTGATAACTCCAATCCAG
GTTTGTGGCGCTTGGAACTT
TGCCCGTGACGTTACCTATG

AGCACCATCTTGGACTCTTGC
CCCAGGACCACAGATTTCACG
GCTGCAACAGAAGAGGATTCG
CCGAAAGTCACAGGTTCGGT
AGCAGAAGCGGATCTGGG
GGGCTCCTTTCTGGTGGACA

GACAGGACTGACTTCCGGC
CACGGATGTTGAAGGAGGCT
CTCTGTAGCTGCCGGGTCCTAA
GGTCAGAGTCGACGAGAACAC
GCATCCTGTTGTGGTACGTG
AGAAGCCGAGCAACAGGTAG
GATGTTTGGTTCTGCTGTGTG
AGACCACTTGACACCCTCCTG
TCACGAACCAAGCCACGAA
GATCTCACCCCCATCACACC
GGTGGCCTCTTGCCAAATGA
GCACTGGATAAAGCGAAGCC

CTGCCCACTGCAAGGAAATC
ACTCACTCTTGGCTTTGGGT
ATGGGTGCCTCGCTCTACAT
GAGTAGGGCTTGTCGGTACG
GCAGGTCTTTGTGCGTTGAT
AAGATGGCAGGGCCAAACTC
GACCGGGTGTTCCCTGTATG
GGCTCCTGCCCATCCAATAA
ATGACGTCCGTTCTGCTCTT
TACGTATGCATGCTGGGAGG
TTTTTGGCTGGTGCTGTCCT
CATACGACTTGGCCATCGAAAC
GTTGGACAACCAGACGTGGA
ACTAACTTCATGCTGGGCCG

F GCCAATCTGCTGGGACTCTT
R CTGATGCTCGTCATTGGGGA

F CGAGATCTGGCACCACTACG
R ACCTGAGCAAGCTCAACGAT

F ACTCTGATGGCAGTTTCCGA
R GTCACGGTCCCTAGGTCTGA

F GACCAGAGCAAAGAGGGACC
R CCGCCTCTGCATGAGGTATT

F GAAGCCAGGTGCCTCTGATG
R AGAGGATGGCGTTGTCCTTG
F TGGCTTTGTCCCTGCTTGTT

R CCAGCCAGCCAAGTAAAAGG

F TGAAGCTTCCCATCTCGGGT

R AGGACAACACGATTTTTAGCAGC

F GCTGGGAGCAAAAGTAGGAGA
R AAACAGCAGAACCAACCATCG
F AACCTGGAGACAACACGAGG
R CGTTGGTCACCACTTCCTCT

F CAACTGGAAGATCAGCTCCT
R TGTAGATGTCGCACTGAGTG

F CTCTTATTCCTCCTCGCATG
R GTCAAAGCTAAAGACAGGCT
F GGGATCCAAACATGTGATGA
R AGAGAAATCCAAATCCTGCC
F CCGCAGTCGTTCACGATCT

R GGAGAATGTCTGGAATGGTCTGA
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Table 1 (continued). Gene-specific primers used for the analysis of mRNA levels using real-
time quantitative PCR (RT-qPCR)

Genes

Primers used in pig study (5'-3")

Primers used in broiler studies (5'-3")

Vitamin Ds related proteins
F GGGCGGAGGATTTGAGGAAT

CYP24
R ATCAACACGGTTCCTTTGGGT -
— F CTCTCCAGACACGATGGAGC F GGCTCAGGTTTTGCAGATTTG
R TTGGCAAAGCCGATGACCTT R CAGCATCGCCTTTCCCATT
Reference genes
. F CGTGAGAAGATGACCCAGATCA F GCCCTGGCACCTAGCACAAT
R TCTCCGGAGTCCATCACGAT R GCGGTGGACAATGGAGGGT
e F AGTCCACTCTGACGGACTCA F CAGTTGGCTTTGGTTCTGGC
R AGAGGGAAATGGCCGTTGAT R AAAGTATCTGTCTCCCCACAGC
- F ATCCCTGAGCTGAATGGGAAG
GAPDH
- R AGCAGCCTTCACTACCCTCT
e F TGCCATGGTATTTCTCCTCAAA F ACCTCCGAGCTAGATCCTGT
R GCAGAAGAGGCATCATGTCTGT R GGCTCTTCTTCGCCAACTCT
- F TTGGGCATCACCACAAAGATT
RPLPO

= R CCCACTTTGTCTCCGGTCTTAA

- Gene not determined.

ACTB, beta actin; CaBP-D9k, calbindin D8k; CaBP-D28k, calbindin D28k; CaSR, Ca sensing
receptor; CLDN, claudin; CYP24, vitamin D3 24 hydroxylase; EEF2, eukaryotic elongation factor 2;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IPO8, importin 8; NaPi-Ila, sodium
dependent phosphate transporter Ila; NaPi-IIb, sodium dependent phosphate transporter IIb;
NaPi-IIc, sodium dependent phosphate transporter IIc;NCX1, sodium-Ca exchanger; PMCA1,
plasma membrane Ca-ATPase 1; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic
phosphate transporter 2; RPLP0O, 60S acidic ribosomal protein PO; TRPC1, transient receptor
potential canonical 1; TRPM7, transient receptor potential cation channel subfamily M member 7;
TRVP5, transient receptor potential cation channel subfamily V member 5 TRPV6, transient
receptor potential cation channel subfamily V member 6; VDR, vitamin-Ds receptor; XPR1,
xenotropic and polytropic retrovirus receptor 1; Z0O-1, zonula occludens-1.

Statistical analysis

Pen was the experimental unit in all three studies. Data were submitted to a 2-
way ANOVA using the MIXED procedure of SAS (version 9.4, SAS Institute, Cary,
NC). In Exp 1 and 3, dietary Ca content (or Ca/rP in Exp 3), phytase and their
interaction were used as fixed effects and block as random effect. In Exp 2, dietary
Ca/P, limestone particle size and their interaction were used as fixed effect, block
and pen as random effect. Distribution and variance homogeneity of the
Studentized residuals were visually checked via graphics plotted by the ODS
GRAPHICS procedure. The LSMEANS procedure with a PDIFF option was used to
separate means. In Exp 3, linear and quadratic effect of dietary Ca/rP were
determined using the CONTRAST procedure. Probability was considered significant

at 0.05 and a trend between 0.05 and 0.1.
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Results
Dietary effects in pig kidney

Quantification of gene expression levels in the kidney cortex of pigs by RT-gPCR
revealed that extracellular Ca sensing receptor (CaSR) mRNA expression was
increased more (62 vs. 21%, Pinteraction=0.039, Table 2) with high (9.6 g/kg) dietary
Ca content in the absence and presence of phytase compared to low (2.0 g/kg),
respectively. Overall, mRNA expression of Ca-related transporters was reduced with
higher Ca content, with a greater impact in the presence compared to absence of
phytase. In particular, a high dietary Ca content reduced TRPV5 mRNA expression
only in the presence of phytase (69% reduction, Pinteraction=0.026). Similar to TRPV5,
a high Ca intake (9.6 g/kg) reduced renal CaBP-D28k mRNA expression by 77 vs.
36% (Pinteraction=0.025), and NCX1 mRNA expression by 57 vs. 21%
(Pinteraction=0.024) in presence and absence of phytase, respectively. Irrespective of
phytase inclusion (Pinteraction=0.791), renal TRPV6 mRNA expression was 40% lower
(P<0.001) at a high Ca intake (Table 2). In contrast, expression of CaBP-D9k was
increased with a high dietary Ca content in the phytase-free but not phytase-
supplemented diets (Pinteraction=0.002). In general, expression of TRPV5 mRNA in the
pig renal cortex was approximately 6 times greater than that of TRPV6, and CaBP-
D28k mRNA expression approximately 100 times greater than CaBP-D9k mRNA

expression. Expression of TRPM7 remained unaffected by dietary treatment.

Expression of P transporters in the kidney of pigs was not affected by dietary
Ca content or microbial phytase inclusion, apart from PiT-1, which showed a 47%
greater expression level in response to dietary Ca intake (P<0.001) and for XPR1,

which expression level was 7% lower with phytase inclusion (P=0.035).

Except for ZO-1 and CLDN-4, renal expression of all measured tight junction
proteins was affected by dietary Ca content and/or phytase inclusion without
significant interactions in pigs. In particular, expression of the Ca-related CLDN,
including CLDN-12 (P=0.013) and -16 (P<0.001), was reduced by 9 and 38% with
dietary Ca intake, respectively. Expression of Ca pore-forming CLDN-2 was 7%
greater with phytase inclusion (P=0.032). Phytase inclusion also reduced renal
expression of CLDN-7 and -10 by 17 and 10%, respectively (P=0.005).
Furthermore, dietary Ca content and phytase inclusion increased vitamin D3 receptor

(VDR) and 24-hydroxylase (CYP24) mRNA expression in the kidney cortex of pigs.
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Table 2. Least square means of mRNA expression level of various calcium (Ca) and phosphorus (P) related transporters, tight junction proteins, vitamin

D3 24 hydroxylase and its receptor in the kidney cortex of growing pigs as affected by dietary Ca content and microbial phytase supplementation 1.2:3

Ca Phytase Ca transporters P transporters
a/kg FTU/kg CaSR CaBP-D9k CaBP-D28k NCX1 TRPM7 TRPV5 TRPV6 NaPi-Ila NaPi-IIb NaPi-IIc PiT-1 PiT-2 XPR1
0 0.13¢ 0.06° 20.12 0.432 1.37 0.292 0.06 4.00 0.002 0.13 1.79 10.8 0.46
20 500 0.14b¢ 0.04° 22.2°2 0.492 1.31 0.362 0.05 3.93 0.002 0.14 1.84 11.0 0.44
0 0.212 0.342 12.9° 0.34°b 1.35 0.292 0.03 4.12 0.002 0.15 2.93 10.2 0.50
26 500 0.17° 0.04° 5.0¢ 0.21¢ 1.30 0.11b 0.03 4.12 0.001 0.12 2.41 9.7 0.45
Pooled SEM 0.016 0.056 2.95 0.052 0.059 0.075 0.007 0.159 0.001 0.015 0.251 2.01 0.022
Ca
2.0 0.14 0.05 21.1 0.46 1.34 0.32 0.05 3.97 0.002 0.14 1.82 10.9 0.45
9.6 0.19 0.19 8.9 0.27 1.33 0.20 0.03 4.12 0.002 0.13 2.67 9.9 0.47
Pooled SEM 0.012 0.041 2.08 0.038 0.043 0.053 0.005 0.112 0.001 0.011 0.178 1.43 0.016
Phytase
0 0.17 0.20 16.5 0.39 1.36 0.29 0.04 4.06 0.002 0.14 2.36 10.5 0.48
500 0.16 0.04 13.6 0.35 1.31 0.24 0.04 4.03 0.002 0.13 2.13 10.4 0.45
Pooled SEM 0.012 0.041 2.08 0.038 0.043 0.053 0.005 0.112 0.001 0.011 0.178 1.43 0.016
P-value
Ca <0.001 0.003 <0.001 <0.001 0.569 0.028 <0.001 0.182 0.405 0.860 <0.001 0.429 0.204
Phytase 0.334 0.001 0.177 0.400 0.224 0.288 0.422 0.777 0.467 0.457 0.201 0.921 0.035
Ca x phytase 0.039 0.002 0.025 0.024 0.945 0.026 0.791 0.722 0.619 0.195 0.122 0.779 0.502




Table 2 (continued). Least square means of mMRNA expression level of various calcium (Ca) and phosphorus (P) related transporters, tight junction proteins, vitamin

Ds 24 hydroxylase and its receptor in the kidney cortex of growing pigs as affected by dietary Ca content and microbial phytase supplementation 123

Ca Phytase Tight junction proteins, CYP24 and VDR
a/kg FTU/kg Z0-1 CLDN-2 CLDN-4 CLDN-7 CLDN-10 CLDN-12 CLDN-16 CYP24 VDR
0 0.278 0.172 0.13 0.023 3.36 0.35 0.18 0.56 0.51
20 500 0.286 0.176 0.13 0.020 3.11 0.35 0.19 0.86 0.69
0 0.283 0.164 0.14 0.025 3.44 0.34 0.11 2.32 0.74
26 500 0.272 0.185 0.11 0.020 2.98 0.31 0.12 3.00 0.88
Pooled SEM 0.011 0.007 0.014 0.001 0.161 0.017 0.009 0.301 0.086
Ca
2.0 0.282 0.174 0.13 0.022 3.24 0.35 0.18 0.71 0.60
9.6 0.277 0.174 0.12 0.023 3.21 0.32 0.11 2.66 0.81
Pooled SEM 0.008 0.006 0.010 0.001 0.114 0.012 0.006 0.219 0.063
Phytase
0 0.280 0.168 0.13 0.024 3.40 0.35 0.14 1.44 0.62
500 0.279 0.180 0.12 0.020 3.05 0.33 0.15 1.93 0.78
Pooled SEM 0.008 0.006 0.010 0.001 0.114 0.012 0.006 0.219 0.063
P-value
Ca 0.471 0.982 0.532 0.446 0.809 0.013 <0.001 <0.001 0.002
Phytase 0.857 0.032 0.182 0.005 0.005 0.135 0.171 0.034 0.017
Ca x phytase 0.254 0.127 0.098 0.541 0.369 0.382 0.478 0.386 0.754

! Dietary P content was fixed at 4.7 g/kg.

2 Data are presented as treatment means, 10 replicate pens per treatment (n=10).

3 Determined using absolute quantification and normalized by the geometric mean expression of ACTB, EEF2 and IPOS.

a¢ | east square means within a column lacking a common superscript differ significantly (P<0.05).

ACTB, beta actin; CaBP-D9k, calbindin-D9k; CaBP-D28k, calbindin-D28k; CaSR, Ca sensing receptor; CLDN, claudin; CYP24, vitamin D3 24 hydroxylase; EEF2, eukaryotic
elongation factor 2; IPO8, importin 8; NaPi-Ila, sodium-dependent phosphate transporter type IIa; NaPi-IIb, sodium-dependent phosphate transporter type IIb; NaPi-Ilc,
sodium-dependent phosphate transporter type IIc; NCX1, sodium-Ca exchanger; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic phosphate transporter 2;
TRPV5, transient receptor potential cation channel subfamily V. member 6; TRPV6, transient receptor potential cation channel subfamily V member 6; TRPM7, transient
receptor potential cation channel subfamily M member 7; VDR, vitamin D3 receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; ZO-1, zonula occludens-1.
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Dietary effects in chicken kidney

Irrespectively of limestone particle size (no interaction effect), incremental Ca/P
enhanced expression of TRPV6 (P=0.008) and CaBP-D28k mRNA (P<0.001) by 34
and 86%, respectively, and tended (P=0.073) to enhance renal expression of CaSR
by 10% in the kidney of broilers (Table 3). Limestone particle size had no impact
(P>0.10) on expression of Ca- and P-related transporters, apart from a renal
CaBP-D28k mRNA expression which tended (P=0.053) to increase (16%) with fine

limestone. Dietary treatments did not alter transcript levels of renal PMCA1.

Renal NaPi-Ila mRNA expression tended (Pinteraction=0.063, Table 3) to be
lower (31%) in diets supplemented with coarse compared to fine limestone at the
lowest dietary Ca content only. Irrespective of limestone particle size (no
interaction effect), incremental dietary Ca content reduced PiT-1 and PiT-2 mRNA
expression by 86 and 30%, respectively (P<0.001 and 0.032). By contrast, XPR1

MRNA expression remained unaffected.

No interaction effect between limestone particle size and inclusion level on
any of the measured tight junction proteins was observed in the kidney of broilers.
CLDN-2 mRNA expression was enhanced by 25% with incremental Ca intake
(P=0.045, Table 3). In addition, expression of ZO-1 mRNA tended (P=0.075) to
be lower (9%) in the presence of coarse compared to fine limestone. CLDN-12 and
-16 mRNA expression were not affected by dietary treatment. In contrast, VDR
MRNA expression was 74% higher (P<0.001) in broilers with a high compared to

low Ca intake.
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Table 3. Least square means of mMRNA expression level of calcium (Ca) and phosphorus (P) related transporters, tight junction proteins and vitamin D3
receptor in the kidney of broilers as affected by dietary Ca/P and limestone particle size 1:2:3

Limeston Ca/P

Ca transporters

P transporters

Tight junction proteins and VDR

CaSR CaBP-D28k PMCA1 TRPC1 TRPV6 NaPi-IIa NaPi-IIb PiT-1  PiT-2 XPR1 Z0O-1 CLDN-2 CLDN-12 CLDN-16 VDR
0.50 1.7 52.9 17.5 0.55 41.9 286 1.5 76.2 1016 7.6 0.65 0.53 1.9 2.0 0.51
Coarse 1.00 2.2 59.0 17.4 0.61 44.3 313 2.2 32.7 813 9.5 0.75 0.68 2.2 2.6 0.60
1.75 2.1 97.6 18.7 0.65 62.4 319 2.1 15.4 905 8.9 0.79 0.68 2.5 2.6 0.93
0.50 2.1 61.8 17.9 0.61 48.8 375 2.4 82.6 1231 8.6 0.78 0.58 2.3 2.4 0.57
Fine 1.00 2.3 65.6 18.5 0.69 42.5 284 2.6 15.0 980 9.5 0.82 0.75 2.3 2.7 0.63
1.75 2.0 116.2 17.9 0.65 59.4 337 1.7 6.7 671 8.1 0.81 0.72 2.2 2.6 0.95
Pooled SEM 0.21 9.92 1.76 0.054 8.26 34.8 0.45 15.63 177.8 1.26 0.066 0.097 0.23 0.29  0.095
Ca/P
0.50 1.9 57.4b 17.7 0.58 45.3b 331 1.9 79.4% 11242 8.1 0.71 0.56P 2.1 2.2 0.54b
1.00 2.2 62.3° 18.0 0.65 43.4b 298 2.4 23.8° 8963 9.5 0.79 0.722 2.3 2.7 0.61°
1.75 2.0 106.92 18.3 0.65 60.9° 328 1.9 11.0b  788P 8.5 0.80 0.70° 2.4 2.6 0.942
Pooled SEM 0.15 7.02 1.24 0.038 5.84 24.6 0.32 11.05 125.8 0.89 0.050 0.068 0.16 0.21  0.067
Limestone
Coarse 2.0 69.8 17.9 0.60 49.5 306 1.9 41.4 911 8.7 0.73 0.63 2.2 2.4 0.68
Fine 2.1 81.2 18.1 0.65 50.2 332 2.2 34.7 961 8.8 0.80 0.69 2.3 2.6 0.72
Pooled SEM 0.12 5.73 1.02 0.031 4.77 20.1 0.26 9.03 102.7 0.73 0.038 0.056 0.13 0.17 0.055
P-value
Ca/P 0.073 <0.001 0.873 0.117 0.008 0.356 0.229 <0.001 0.032 0.270 0.146 0.045 0.352 0.103 <0.001
Limestone 0.215 0.053 0.823 0.135 0.885 0.203 0.195 0.463 0.629 0.897 0.075 0.312 0.614 0.346 0.528
Ca/P x limestone 0.261 0.667 0.742 0.612 0.652 0.063 0.136 0.549 0.158 0.614 0.481 0.982 0.108 0.647 0.970

1 Dietary P was fixed at 5.5 g/kg.

2 Data are presented as treatment means, 4 pens per treatment and 3 birds per pen (n=12).
3 Determined using absolute quantification and normalized by the geometric mean expression of ACTB, EEF2, GAPDH, IPO8 and RPLPO.

a-b | east square means within a column lacking a common superscript differ significantly (P<0.05).
ACTB, beta actin; CaBP-D28k, calbindin-D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2, eukaryotic elongation factor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
IPOS8, importin 8; NaPi-Ila, sodium dependent phosphate transporter type Ila; NaPi-IIb, sodium dependent phosphate transporter type IIb; PiT-1, inorganic phosphate transporter 1;
PiT-2, inorganic phosphate transporter 2; PMCA1, plasma membrane Ca-ATPase 1; RPLPO, 60S acidic ribosomal protein PO; TRPC1, transient receptor potential canonical 1; TRPV6,
transient receptor potential cation channel subfamily V member 6; VDR, vitamin Ds receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; ZO-1, zonula occludens-1.
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In Exp 3, incremental dietary Ca intake enhanced TRPV6 mRNA expression
(Pinteraction=0.002, Table 4) by 67 vs. 10%, and increased CaBP-D28k mRNA
expression (Pinteraction<0.001) by 123 vs. 36% in phytase-free and phytase-
supplemented diets, respectively. However, CaSR and PMCA1 mRNA expression

were not significantly affected by dietary treatment in Exp 3 (Table 4).

No interaction effect between dietary Ca and phytase intake on expression
of any of the measured P transporters was observed in the kidney of broilers.
Incremental Ca intake reduced expression of NaPi-Ila, PiT-1, PiT-2 and XPR1 by
11, 81, 24 and 10%, respectively in the broiler’s kidney in Exp 3 (P<0.01, Table
4). In addition, phytase inclusion reduced (P<0.001) NaPi-Ila mRNA expression
by 15% and enhanced PiT-2 (P<0.001) and XPR1 (P<0.030) by 4 and 19%,
respectively. Renal expression of NaPi-IIb mRNA was not affected by the dietary

treatments.

In Exp 3, CLDN-2 mRNA expression was increased linearly with dietary
Ca/rP in the kidney of broilers (35% increase with Ca/rP from 1.3 to 2.8, P=0.002).
CLDN-12 expression tended (P=0.073) to be lower (4%) with phytase inclusion.
Z0-1 and CLDN-16 mRNA expression were not affected by dietary treatments,
while VDR mRNA expression was linearly elevated with incremental dietary Ca/rP
(71% increase with Ca/rP from 1.3 to 2.8, P<0.001).
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Table 4. Least square means of mMRNA expression level of calcium (Ca) and phosphorus (P) related transporters, tight junction proteins and vitamin D3

receptor in the kidney of broilers as affected by dietary Ca to retainable P ratio (Ca/rP) and microbial phytase inclusion 123

Phytase Ca transporters P transporters Tight junction proteins and VDR
FTU/kg a/rP CaSR CaBP-D28k PMCA1 TRPC1 TRPV6 NaPi-Ila NaPi-IIb PiT-1 PiT-2 XPR1 Z0-1 CLDN-2 CLDN-12 CLDN-16 VDR
1.3 1.75 26.14 5.66 0.45 35.1bc 272 1.42 18.57 1011 6.28 0.94 0.12 0.42 0.76 0.44
1.8 1.64 26.6« 5.60 0.45 33.7b¢ 233 1.35 9.79 983 6.94 0.93 0.12 0.42 0.76 0.56
0 2.3 1.71 38.2° 5.60 0.46 41.2b 261 1.08 3.99 806 6.05 0.98 0.14 0.43 0.81 0.77
2.8 1.67 58.12 5.59 0.46 58.52 268 1.09 3.48 803 5.59 0.98 0.14 0.43 0.75 0.90
1.3 1.80 26.049 5.89 0.46 33.5¢ 262 1.40 21.35 1234 6.89 0.97 0.09 0.42 0.81 0.53
1.8 1.66 25.8¢ 5.85 0.46 30.5¢ 209 1.36 6.83 1069 6.84 0.93 0.15 0.39 0.74 0.65
1000 2.3 1.64 29.65« 5.50 0.45 32.0¢ 201 1.34 5.22 1056 6.25 0.97 0.12 0.39 0.77 0.73
2.8 1.66  35.5b¢ 5.80 0.44 36.8b¢ 207 1.48 3.96 912 6.26 0.91 0.14 0.41 0.78 0.75
Pooled SEM 0.118 4.32 0.237 0.024 3.90 18.8 0.208 2.579 66.1 0.312 0.042 0.014 0.020 0.046 0.086
Ca/rP
1.3 1.77 26.1 5.77 0.45 34.3 2672 1.41 19.962 11222 6.59% 0.96 0.10° 0.42 0.78 0.48P
1.8 1.65 26.2 5.72 0.46 32.1 221b 1.36 8.31> 1026° 6.89° 0.93 0.132 0.40 0.75 0.60°
2.3 1.67 33.9 5.55 0.45 36.6 231P 1.21 4.61°¢ 931¢  6.15b¢c 0.97 0.132 0.41 0.79 0.752
2.8 1.67 46.8 5.70 0.45 47.7 238P 1.28 3.72¢ 858¢ 5.92¢ 0.95 0.142 0.42 0.77 0.822
Pooled SEM 0.084  3.05 0.167 0.017 2.76 13.3 0.147 1.823 46.7 0.220 0.030 0.010 0.014 0.032 0.061
Phytase
0 1.69 37.3 5.61 0.46 42.1 259 1.23 8.96 901 6.21 0.96 0.13 0.42 0.77 0.67
1000 1.69 29.2 5.76 0.45 33.2 220 1.40 9.34 1068 6.56 0.95 0.12 0.40 0.77 0.66

Pooled SEM 0.059 2.16 0.118 0.012 1.95 9.4 0.104 1.289 33.0 0.156 0.021 0.007 0.010 0.023 0.043




Table 4 (continued). Least square means of mMRNA expression level of calcium (Ca) and phosphorus (P) related transporters, tight junction proteins and

vitamin D3 receptor in the kidney of broilers as affected by dietary Ca to retainable P ratio (Ca/rP) and microbial phytase inclusion 1:2:3

Phytase Ca transporters P transporters Tight junction proteins and VDR

a/r
FTU/kg CaSR CaBP-D28k PMCA1 TRPC1 TRPV6 NaPi-Ila NaPi-IIb PiT-1 PiT-2 XPR1 Z0-1 CLDN-2 CLDN-12 CLDN-16 VDR

P-value
Ca/rP 0.456 <0.001 0.575 0.818 <0.001 0.007 0.556 <0.001 <0.001 <0.001 0.524 0.002 0.591 0.609 <0.001
Linear (Ca/rP) 0.257 <0.001 0.447 0.924 <0.001 0.067 0.265 <0.001 <0.001 <0.001 0.898 0.001 0.978 0.996 <0.001
Quadratic (Ca/rP) 0.337 0.004 0.413 0.816 0.001 0.007 0.545 <0.001 0.731 0.092 0.958 0.102 0.181 0.822 0.579
Phytase 0.967 <0.001 0.214 0.988 <0.001 <0.001 0.122 0.767 <0.001 0.030 0.566 0.348 0.073 0.868 0.942
Ca/rP x phytase 0.901 0.001 0.699 0.647 0.002 0.142 0.446 0.454 0.214 0.257 0.383 0.098 0.708 0.405 0.158

! Dietary rP was fixed at 80% of minimal requirement of rP for broilers (3.2 and 2.5 g/kg excluding the contribution of microbial phytase in the starter and
grower period, respectively).

2 Data are presented as treatment means, 9 replicate pens per treatment (n=9).

3 Determined using absolute quantification and normalized by the geometric mean expression of ACTB, EEF2, GAPDH, IPO8 and RPLPO.

a-d | east square means within a column lacking a common superscript differ significantly (P<0.05).

ACTB, beta actin; CaBP-D28k, calbindin-D28k; CaSR, Ca sensing receptor; CLDN, claudin; EEF2, eukaryotic elongation factor 2; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; IPO8, importin 8; NaPi-IIa, sodium dependent phosphate transporter type IIa; NaPi-IIb, sodium dependent phosphate
transporter type IIb; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic phosphate transporter 2; PMCA1, plasma membrane Ca-ATPase 1; RPLPO,
60S acidic ribosomal protein PO; TRPC1, transient receptor potential canonical 1; TRPV6, transient receptor potential cation channel subfamily V member
6; VDR, vitamin D3 receptor; XPR1, xenotropic and polytropic retrovirus receptor 1; Z0O-1, zonula occludens-1.
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Discussion

To improve dietary P utilization and reduce P excretion, studies have been
performed assuming an identical regulatory mechanism of Ca and P metabolism
between pigs and broilers (e.g. Colston and Feldman (®). In the present study,
we demonstrate that the renal expression of Ca- and P-related transporters and
CLDN in pigs and chicken respond differently to Ca and microbial phytase intake.
Thus, caution should be taken with the extrapolation from mammals to birds and
vice versa. Indeed, mRNA expression of TRPV5, TRPV6, CaBP-D28k, NCX1 and
CLDN-12 were all downregulated with incremental dietary Ca content in the kidney
of pigs, as demonstrated in Exp 1 (Table 2). The opposite effect was observed in
broilers: incremental dietary Ca content linearly upregulated the renal expression
of TRPV6, CaBP-D28k and CLDN-2 in both Exp 2 and 3 (Tables 3 and 4).

Modulation of Ca-related transporters and CLDN in the kidney of pigs

In Chapter 2 we observed that incremental dietary Ca intake substantially
increased urinary Ca excretion in pigs, which is in agreement with the
downregulated renal expression of Ca-related transporters and CLDN, involved in
Ca reabsorption in the kidney, with a higher Ca intake (Table 2). This
downregulation likely reflects a reduction in Ca reabsorption in the kidney. In
Chapter 3, we further showed that pigs fed a diet with higher Ca content had
elevated serum Ca concentration, which might have activated extracellular CaSR
in parathyroid gland and triggered a lower secretion of parathyroid hormone (PTH)
as observed in Chapter 3. A lower PTH concentration reduced serum 1,25(0OH)2Ds
concentration (Chapter 3) probably by catalysing 1,25(0H).Ds 24-hydroxylation,
as indicated by the upregulated renal expression of CYP24 mRNA expression at a
high Ca intake (Table 2). The reduced 1,25(OH).Ds concentration, in turn,
decreased expression of TRPV5, TRPV6, CaBP-D28k and NCX1, which could be due
to the similarity between these four genes in VDR response elements in their
promoter region @4, In addition, the negative impact of incremental Ca intake on
renal TRPV5, CaBP-D28k and NCX1 mRNA expression was greater in pigs fed
phytase included diets (Table 2), which is in line with the greater reduction of
serum 1,25(0OH).D3 with incremental Ca intake in the presence of phytase (Chapter
3).
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Besides systemic regulation of 1,25(0OH).Ds and PTH, increasing Ca intake
might also downregulate expression of Ca-related transporters via activation of
the cell surface CaSR, a G protein-coupled receptor, expressed in kidney tissue.
Specifically, a higher Ca intake elevated serum Ca concentration (Chapter 3) and
might result in an increase in tubular Ca concentration that stimulated CaSR, which
is capable of integrating Ca signals deriving from the tubular fluid and/or the
interstitial plasma (>, CaSR couples to Gq-proteins to activate enzymes of the
phospholipase C family, which eventually leads to the stimulation of urinary Ca

excretion (26; 27)

Paracellular Ca transport is mediated via channels in the tight junction
proteins formed by CLDN (?®, We observed a positive correlation between the
expression levels of Ca-related transporters and CLDN in the kidney of pigs, i.e.
lower TRPV5, TRPV6, CaBP-D28k and NCX1 mRNA expression was accompanied
with lower CLDN-12 and -16 mRNA expression in pigs with a higher Ca intake
(Table 2). A study in mice indicates that CLDN-12 forms Ca-selective pores and its
expression is upregulated by exposure to 1,25(0H).Ds; %, In murine kidney,
CLDN-16 is located on the distal convoluted tubule where it interacts with TRPV5
to mediate Ca reabsorption (3% 31, Thus, downregulated expression of CLDN-12
and -16 presumably reduced paracellular Ca reabsorption in the kidney, which
agrees with the greater urinary Ca excretion in pigs fed a higher Ca diet (Chapter
2). Taken together, expression of both Ca-related transporters and CLDN in the
kidney cortex of pigs appears to be tightly controlled in responses to changes in
dietary Ca and phytase intake, indicating that kidneys in pigs play a pivotal role in

whole body Ca homeostasis.

Modulation of Ca-related transporters and CLDN in the kidney of broilers

In contrast to pigs, incremental Ca intake enhanced renal mRNA expression of
TRPV6 and CaBP-D28k in broilers (Tables 3 and 4). In Chapter 4 and 6 it was found
that broilers with a higher Ca intake had increased serum Ca concentration. Thus,
unlike mammals, expression of Ca transporters in the kidney of broilers was
positively correlated with serum Ca concentration. It is tempting to speculate that
this is due to the fact that chicken CaSR, which shares high homology (84%) with

the amino acids sequence of human CaSR, has a shorter cytoplasmic C-terminal
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domain compared with its mammalian homologues ©?). Since the C-terminal tail
has been shown to be involved in agonist-promoted receptor internalization of
many G protein-coupled receptors, it is conceivable that chicken CaSR exhibits
different spatial and temporal regulation of intracellular signalling ©3- 34,
Furthermore, 70-90% of the chicken nephron is reptilian type and does not contain
a loop of Henle (®), which may also play a role in the apparently different regulation
of Ca reabsorption in renal tubules of chickens.

Our observations are in line with several in vivo studies in chickens. For
instance, Bar et al. 3% reported that dietary low P or high Ca content increased
serum Ca concentration in chickens, which was associated with a higher renal
MRNA expression of CaBP-D28k. Similar modulation of renal CaBP-D28k
expression was observed in another in vivo study from these researchers 3%, The
latter study showed that a lower dietary Ca content reduced serum Ca
concentration, which was accompanied by an elevated serum 1,25(0H).Ds3 level
and reduced CaBP-D28k protein expression in the kidney of chickens. A similar
effect on these three parameters was obtained with low dietary P content 9, It is
noteworthy that both studies (3% 36) also demonstrated that CaBP-D28k expression
in the GIT was reduced upon high Ca intake in these animals. Those findings agree
with our results that in broilers, high Ca intake reduced mRNA expression of Ca-
related transporters and CLDN in the GIT (Chapter 5 and 6) while it enhanced their
MRNA expression in the kidney (Table 3 and 4).

Researchers of the previous studies 5 38 claimed that CaBP-D28k
expression in the kidney of chickens were anti-homeostatic. Thus, they speculated
that CaBP-D28k might not be involved in the process of transcellular Ca
reabsorption in chickens, but in the sequestering of free intracellular Ca to prevent
apoptotic responses 37, However, we question this interpretation, since CaBP-
D28k protein is highly conserved during phylogeny with an overall 79% homology
between chickens and rats (3®). Moreover, CaBP-D28k has shown to be dynamically
involved in the process of transcellular Ca absorption in the chicken intestine, since
its distribution was altered from villus core to the basolateral membrane with Ca
absorption 3%, Furthermore, CaBP-D28k mRNA levels positively correlated with
that of TRPV6 and CLDN-2 in the broiler kidney (Table 3 and 4). We postulate that

CaBP-D28k is actively involved in transcellular Ca reabsorption in chickens.
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The upregulation of Ca-related transporters and CLDN in the kidney of
broilers in response to higher Ca intake demonstrates that whole body Ca
homeostasis in poultry is differently regulated compared to mammals. An earlier
study in chickens indicated that vitamin D3 treatment enhanced CaBP-D28k mRNA
expression eightfold more in the duodenal mucosa than kidney ‘%, Apparently,
CaBP-D28k expression in the GIT of broilers is more sensitive to changes in serum
1,25(0H).Ds than in the kidney, indicating that the GIT plays a primary role in
whole body Ca homeostasis in these species. Indeed, duodenal mRNA expression
of CaSR, CaBP-D28k and PMCA1l negatively correlated with serum Ca
concentration in broilers (Chapter 5 and 6), presumably to maintain serum Ca
concentration within a normal physiological range. Furthermore, it is noteworthy
that the chicken GIT may reflux urine and recycle urinary excreted nutrients. For
instance, Karasawa (**/ 42) indicated that urinary urea could be retrograded to the
ceca and converted into ammonia by the microflora in chickens with ammonia
being reabsorbed and subsequently utilized for synthesis of nonessential amino
acids in the liver. Based on these reports 4!/ 42 we cannot exclude that a
proportion of the urinary excreted Ca was recycled in the GIT of broilers fed Ca-

deficient diets. This idea, however, needs confirmation in future studies.

Modulation of renal expression of P transporters in pigs and broilers

Surprisingly, urinary P excretion was substantially reduced with incremental Ca
intake in pigs (Chapter 2), while renal mRNA expression of P-related transporters
was largely unaffected by both dietary Ca and phytase inclusion (Table 2). This
discrepancy between urinary P excretion and expression levels of renal P
transporters may indicate the involvement of posttranscription regulation
mechanisms. Indeed, several reports in mammals indicated that NaPi-IIa accounts
for 70-90% of total renal P reabsorption, and its expression is regulated at the
post-transcriptional level, i.e. trafficking of NaPi-Ila to and from the apical
membrane via its PDZ binding motif (4344, In particular, pigs receiving a lower Ca
diet had lower serum Ca concentration, which might relieve the suppressive effect
of CaSR on PTH transcription and secretion in the parathyroid gland of mammals
(45; 46)  Besides its calciotropic role, PTH readily stimulates urinary P excretion via
inducing removal of NaPi-IIa from the brush-border membrane of renal epithelial

cells, independent of renal NaPi-Ila mRNA expression (47) or its endocytic motifs
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(48), However, we did not further investigate the posttranscription regulation of
NaPi-IIa since it was beyond the scope of this study. Noteworthy, a pore-forming
CLDN for P has not been identified yet, hence renal P reabsorption via the
paracellular pathway in response to dietary Ca and phytase intake remains

unknown in the kidney of pigs.

In contrast to mammals, incremental dietary Ca intake reduced the mRNA
expression of P transporters (NaPi-IIa, PiT-1, PiT-2 and XPR1) in the kidney of
broilers. In Chapter 4 and 6 it was found that dietary Ca intake decreased serum
P concentration. Thus, expression of P-related transporters in the kidney of broilers
appeared to be positively correlated to serum P concentration. Our results are in
line with those of Ren et al. *?, who indicated that laying hens fed a reduced P
diet had a lower serum P concentration, which was accompanied by a lower NaPi-
ITa protein expression in the kidney. Renal NaPi-Ila expression is under tight
control of 1,25(0H),Ds since its promoter contains a VDR responsive element ),
It is conceivable that broilers fed a higher Ca diet had greater serum Ca content
(Chapter 4 and 6), which might activate CaSR on the parathyroid gland and trigger
a lower secretion of PTH, thereby, reducing serum 1,25(0OH).Ds concentration %,
Taken together, dietary Ca and phytase intake result in a decrease in the

expression of P transporters in the kidney of broilers.

Modulation on expression of other CLDN in pigs

We also observed a lower impact of phytase inclusion on renal CLDN-7 and -10
mMRNA expression in pigs. However, the physiological function of both CLDN is
under debate. A study using the LLC-PK1 cell line indicated that CLDN-7 forms a
barrier for chloride but a paracellular channel for sodium ¢4, By contrast, a murine
kidney cell culture indicated that genetic deletion of CLDN-7 decreases
permeability for both sodium and chloride 1), A similar debate exists for CLDN-
10, as it may confer a channel for sodium or chloride in the LLC-PK1 cell line
depending on the spliced variants *?), These results indicated that paracellular
permeability to traverse certain minerals across the renal epithelial layer might be

changed. However, it remains unknown which specific minerals are involved.
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Conclusions

The Ca-related transporters and Ca-forming CLDN are downregulated in the kidney
of pigs, but upregulated in the kidney of broilers, in response to incremental dietary
Ca and/or microbial phytase content. Insights obtained from studies in mammals
should not be extrapolated to poultry and vice versa. Unlike pigs where the kidneys
play a central role in maintaining whole body Ca homeostasis, in chickens the

intestine may be far more important for Ca homeostasis than the kidneys.
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In most of the grains and cereals, phosphorus (P) is predominantly stored in the
form of inositol phosphates (IP) with variable degrees of phosphorylation ). To
improve IP degradation and thereby overall dietary P absorption, a lower dietary
calcium (Ca) supply @ and inclusion of microbial phytase ¥ has been intensively
investigated in pigs and broilers. On the basis of previous studies, my research
aimed to further clarify the impact of dietary Ca level, limestone particle size and
microbial phytase inclusion on Ca and P absorption along the gastrointestinal tract
(GIT), bone mineralisation or breaking strength, urinary Ca and P excretion as well
as gene expression of Ca- and P-related transporters and claudins (CLDN) in the
intestinal mucosa and kidney of pigs and broilers (Chapter 1). To achieve this goal,
I first investigated the interaction effect between dietary Ca content and microbial
phytase inclusion on Ca and P absorption along the GIT, their deposition in the
metacarpal bone, excretion in the kidney (Chapter 2), as well as gene expression
of Ca- and P-related transporters and CLDN (Chapter 3) in the jejunal and colonic
mucosa of growing pigs. Thereafter, I studied the impact of dietary Ca content
supplied via coarse or fine limestone on Ca and P absorption along the GIT,
characteristics of tibia breaking strength (Chapter 4) and gene expression of Ca-
and P-related transporters and CLDN (Chapter 5) in the duodenal and jejunal
mucosa of broilers. Subsequently, I investigated the impact of dietary Ca content
in the presence or absence of microbial phytase on Ca and P absorption along the
small intestine and duodenal expression of Ca- and P-related transporters and
CLDN in broilers (Chapter 6). The similar experimental design of the above-
mentioned studies in broilers and pigs enabled comparison of renal expression of
Ca- and P-related transporters and CLDN between pigs and broilers, as modulated
by dietary Ca level, limestone particle size, and microbial phytase inclusion
(Chapter 7). Here, I will summarize the major findings obtained in these six studies

and compare the results between broilers and pigs.

Fine limestone is equally digestible to coarse limestone in broilers and
pigs

The morphology and digestive enzyme system of GIT is rather different between
pigs and poultry. Unlike mammals, poultry have a crop to transiently store and

wet the ingested items, crop and gizzard to grind the ingesta and function as a

real stomach, and a pair of caeca to ferment the precaecal indigestible components
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and reflux in various sections of the intestine . In addition, compared to pigs,
broilers seem to have a higher specific activity of alkaline phosphatases and
greater ratio of villus height to crypt depth in the small intestine, indicating a
higher intrinsic potential to degrade IP and larger surface area per unit volume to
absorb P compared to pigs (Chapter 1). Even so, the studies described in this
thesis indicate that limestone particle size has a similar impact on intestinal Ca
and P absorption in pigs and broilers.

Impacts of limestone particle size on intestinal Ca and P absorption in broilers

In contrast to the study described in Chapter 4 showing a similar apparent distal
ileal Ca digestibility between coarse and fine limestone (51 vs. 49%), Anwar et al.
(®) showed that coarse limestone was significantly better digestible than fine
limestone in the distal ileum of broilers (70 vs. 42%). Similar to my findings, these
authors also observed that limestone was segregated from the other digesta in the
GIT and retained in the gizzard, which was more pronounced for the coarse
compared to fine limestone. Because limestone requires to be solubilised in the
GIT prior to mucosal Ca absorption, Anwar et al. (6 7) assumed that a greater
segregation of coarse compared to fine limestone in the gizzard indicated a longer
mean retention time, thereby, allowing more Ca to be solubilised, released and
subsequently absorbed in the small intestine. Indeed, it has been reviewed that
the selective retention of particles in the gizzard results in some fine particles
having a short gizzard retention time, and the threshold size for being constrained
from leaving the gizzard in chickens is between 500 and 1500 ym ®, As such, it
is possible that fine limestone particles (<500 pm) may transmit from the gizzard
without adequate solubilisation. Since limestone solubility is much lower in the
small intestine compared to the gizzard due to the higher pH, it is conceivable that
fine limestone, with a shorter retention time in the gizzard compared to coarse
limestone, may hamper Ca solubilisation and mucosal Ca absorption in the small

intestine.

On the other hand, in vitro studies have shown that fine limestone is more
soluble than coarse limestone. For instance, Anwar et al. ) indicated that in vitro
limestone solubility was almost twice for the fine compared to coarse limestone at
10 min of incubation in 0.2 N hydrochloric acid (0.60 vs. 0.33). Their finding is in
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line with Kim et al. ®, who demonstrated that fine limestone was better soluble
than coarse limestone within 20 min of incubation in 0.2 N HCl and 3M glycine
buffer solution (Figure 1). Moreover, this difference in limestone solubility
gradually diminished with time and disappeared after 20 min of incubation. It is
conceivable that fine limestone may increase the surface area available to the
gastric acid and stimulate Ca release per unit of time in the gizzard. As such, the
effect of particle size on limestone solubilisation in the gizzard seems to be double-
edged, since fine compared to coarse limestone can reduce gizzard retention time

while enhance limestone solubilisation per unit of time.

(A) 0.2N HCI, pH =0.26 (B) 3M Glycine buffered, pH =3
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Figure 1. In vitro limestone solubility of two limestone samples (PAR and PUV) from the same origin
but different particle sizes in two different solutions, (A) 0.2 N HCl and (B) pH3-buffered solution
(mean+SEM) from Kim et al. (). Measured starting pH was 0.26 and 3, for 0.2 N HCl and pH3-
buffered solution, respectively. @ Data points with different superscript letters differ (P<0.05).
PAR=particulate limestone (geometric mean diameter (GMD)=402 um),; PUV=pulverized limestone
(GMD<75 um).

The discrepancy between the study described in Chapter 4 and Anwar et al.
(6:7) may be caused by the different coarse limestone used. Particle size was <500
vs. 500-2000 pm for the fine and coarse limestone in study of Chapter 4, and <500
vs. 1000-2000 um in the study of Anwar et al. (6 7), It was conceivable that the
larger particle size of coarse limestone (1000-2000 pm) in the latter studies might
result in a greater retention of limestone particles in the gizzard, thereby,
increasing limestone exposure to the gastric acid and stimulating mucosal Ca
absorption in the small intestine. As such, Ca digestibility in the distal ileum of
broilers was significantly higher for the coarse than fine limestone in their studies
(70 vs. 42%). The coarse limestone used in the study of Chapter 4 was relatively

smaller (500-2000 um), which might reduce limestone retention in the gizzard and
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stimulated limestone particles transmit into the small intestine. The distal ileal Ca
digestibility of broilers fed coarse limestone, therefore, was lower in the study of
Chapter 4 and not significantly different from the fine limestone particularly at a
low Ca intake (51 vs. 49%).

It is noteworthy that diets were supplied in pellets in the study described in
Chapter 4, while mash diets were used by Anwar et al. (¢:7), As described in Chapter
4, in the pelleted feed, ash recovery of the coarse particles added to the diets was
76%, which confirmed the presence of coarse limestone after pelleting. To validate
this conclusion, a small study was conducted where the fine, coarse and very
coarse limestone (Faunacal®, Wilfrath, Germany) was incinerated at 550 °C for 9
h, either by itself or when included in a mash diet (Textbox 1). Results indicated
78 and 84% recovery of coarse and very coarse particles in the ash of the mash

diets, similar to the 76%

Textbox 1: In the feed ash of the coarse limestone ; ;
diets, 76% of the added particles could be recovered recovery of coarse particles in
(Chapter 4). To clarify the impact of incineration on the ash of pelleted diets
limestone particle size, fine, coarse and very coarse
limestone (Faunacal®, Wiilfrath, Germany) were (Chapter 4). Thus, the
incinerated in the oven at 550 °C for 9 h in pure form
and in mash diets. Using dry sieve analysis (2, the observed recovery of 76%
determined geometric mean diameter (GMD) of
limestone before and (after) incineration was (um): fine may be caused by the
437 (418), coarse 1256 (1302), very coarse 1883 L . .
(1754). In the ash of the mash diets made of 35.4% Incineration process while
maize, 30.0% wheat, 25.5% soybean meal, 3.6% ; ;

soybean oil and supplemented with 2.2% limestone, pelleting as used in my study
recovery of the added fine, coarse and very coarse appears to have limited impact
limestone particles was 90, 78 and 84%, respectively.

on limestone particle size.

Of note is that the determination of distal ileal Ca digestibility in broilers
may be affected by the selective retention of particles in the gizzard. In particular,
distal ileal Ca digestibility may be overestimated if digesta samples are collected
prior to limestone particles transmit from the gizzard. Thus, steady-state condition
may affect determination of Ca digestibility especially for the coarse limestone with
a greater retention in the gizzard. In the study of Chapter 4, experimental diets
were provided for 6 days with a continuous lighting schedule (24L:0D) on the last
3 days to ensure a steady-state passage of digesta in the GIT of broilers at
dissection. The steady-state condition was also confirmed by that substantial

digesta were collected from the crop.

In contrast to the limited impact of limestone particle size on distal ileal Ca

digestibility, coarse compared to fine limestone significantly enhanced cumulative
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P absorption in the distal ileum of broilers (60 vs. 57%, Chapter 4). As reported in
Chapter 4, it was assumed that an acute and steep Ca release of fine limestone
probably promoted Ca-IP complexation in the proventriculus and gizzard, thereby,
hampering endogenous mucosal phosphatases to catalyse IP degradation in the
small intestine. The cumulative P absorption in the distal ileum of broilers,
therefore, was reduced in the presence of fine limestone. These findings are in line
with an earlier in vitro study to determine the impact of limestone particle size
(28-1306 um) on Ca solubility and IP degradation (9, which indicated that the
finest limestone (28 um), with its higher Ca solubility, displayed the greatest

inhibition on microbial phytase to catalyse in vitro IP hydrolysis.

Impact of limestone particle size on Ca and P absorption in pigs

Similar to broilers, study in pigs indicated that incremental limestone particle size
had no impact on apparent total tract digestibility (ATTD) of Ca while it significantly
increased ATTD of P (geometric mean diameter (GMD) of limestone particle size
ranged 34-1883 pm, mash diets were used, Bikker et al. ‘1) unpublished data).
Moreover, the latter authors also observed that incremental limestone particle size
stimulated limestone particle segregation from the digesta and increased Ca
retention in the stomach of pigs. It also significantly increased apparent Ca
digestibility in the proximal and distal small intestine but not in the large intestine
of pigs. It was conceivable that this fluctuation of Ca digestibility might be caused
by a non-steady state passage of limestone through the GIT. In line with Bikker et
al. @, Merriman and Stein (% reported that limestone particle size (200-1125
Mm) had no impact on ATTD of Ca in growing pigs. On the other hand, the latter
study (2 indicated that ATTD of P was also independent of limestone particle size
hence conflicting Bikker et al. V), Of note is that Merriman and Stein (2 obtained
their limestone sources by grinding four limestone batches, collected from the
same limestone mine, to four different particle sizes. Hence there might be a
distribution with some finer and coarser particles in each limestone source in the
study of Merriman and Stein *2), In contrast, limestone sources of different particle
sizes were separated from the same limestone batch via sieving in the study of
Bikker et al. (1),
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Ca and P absorption in the GIT of broilers and pigs

The negative impact of a high dietary Ca intake on intestinal P absorption has been
intensively studied in broilers and pigs. Moreover, this negative impact of Ca is
generally attributed to Ca-IP and Ca-P complexation (for review see Wilkinson et
al. (13)), Studies in pigs and poultry have demonstrated that microbial phytase
inclusion increases dietary IP degradation (e.g. Kriseldi et al. ) and Rosenfelder-
Kuon et al. ) and enhances Ca and P absorption (e.g. Ravindran et al. ® and
Li et al. 7). The improved Ca absorption may allow a lower dietary Ca supply,
which in turn, may enhance phytase efficacy to catalyse IP degradation.
Interestingly, the interaction effect between dietary Ca content and microbial

phytase inclusion on Ca and P absorption was different between pigs and broilers.

Modulation of dietary Ca and phytase intake on intestinal Ca and P absorption

As described in Chapter 6, apparent P absorption in the distal ileum of broilers was
linearly reduced with incremental dietary Ca intake. Moreover, this reduction was
less pronounced in diets supplemented with microbial phytase. In line with these
observations, Tamim et al. (*® reported that dietary limestone inclusion reduced
ileal IP degradation to a lesser extent in broilers fed microbial phytase
supplemented diets. Accordingly, apparent P absorption in the ileum of broilers
was decreased less in the phytase-supplemented diet in the study of Tamim et al.
(18), Furthermore, dietary phytase inclusion also increased apparent Ca absorption
in the distal ileum of broilers at a low Ca intake (i.e. Ca/rP of 1.3 and 1.8; Chapter
6). However, irrespective of microbial phytase inclusion, broilers fed the lowest Ca
content diet had the lowest body weight gain and highest feed conversion ratio.
As such, it can be concluded that dietary phytase inclusion alleviates the negative
impact of incremental dietary Ca intake on intestinal P absorption but cannot

restore the compromised growth performance in broilers fed a Ca-deficient diet.

In contrast to broilers, the negative impact of dietary Ca increment on
intestinal P absorption was more pronounced in pigs fed diets supplemented with
microbial phytase (Chapter 2). Thus, microbial phytase inclusion alleviates the
negative impact of dietary Ca intake on apparent P absorption in broilers, while it
enhances this impact in pigs. This difference may be caused by that broilers have
a greater intrinsic potential to catalyse IP degradation and absorb IP-P compared

to pigs. More specific, apparent P digestibility was high in the distal ileum of broilers
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fed the lowest Ca diets without microbial phytase inclusion (64 and 79% in Chapter
4 and 6, respectively; dietary Ca content approximately 3 g/kg, P content 6 and 5
g/kg in Chapter 4 and 6, respectively). In contrast, apparent P digestibility was
much lower in the distal small intestine of pigs fed the lowest Ca diet without
microbial phytase inclusion (26% in Chapter 2; dietary Ca and P content 2 and 5
g/kg, respectively). Given that mineral P digestibility is rather similar between pigs
and poultry (monosodium phosphate (MSP): 89 vs. 91%; monocalcium phosphate
(MCP): 83 vs. 85% in pigs and broilers, respectively; CVB (1¥)), the much higher
apparent P digestibility in the distal small intestine of broilers appears to indicate
a greater intrinsic potential to degrade IP and absorb IP-P in broilers compared to
pigs. This assumption is in line with a literature survey from Rodehutscord and
Rosenfelder (29, showing that receiving diets based on corn and soybean meal with
a low phytase activity, inositol hexakisphosphate (IP6) degradation was

approximately 70% in the ileum of broilers while it hardly exceeded 40% in pigs.

A greater potential to release and absorb IP-P might have masked the
impact of microbial phytase inclusion on P absorption in broilers. Indeed, microbial
phytase inclusion markedly increased IP6 degradation from 6 to 79% in the distal
small intestine of pigs (Chapter 2). Accordingly, apparent P digestibility in the distal
small intestine of pigs was almost doubled in the presence of microbial phytase
(24 vs. 54%, Chapter 2). By contrast, microbial phytase inclusion increased
apparent P digestibility to a lesser extent in the distal ileum of broilers (62 vs.
80%, Chapter 6). Thus, microbial phytase inclusion seems to have a greater
impact on P absorption in pigs than poultry, which is in line with systemic reviews
and meta-analysis based on previously published results. In particular, meta-
analysis studies indicated that microbial phytase inclusion (1000 FTU/kg) enhanced
P absorption by 25.6% unit in pigs ) and only by 8.6% unit in broilers (22,

Site of Ca and P absorption

Previous studies focused mainly on Ca and P absorption at the distal ileum of broilers
or total tract of pigs, an approach which does not provide insight into Ca and P
absorption kinetics along the GIT. Thus, I measured Ca and P absorption along the
GIT of pigs and broilers under steady-state condition. Results indicated that Ca and
P were predominantly absorbed in the proximal small intestine, i.e. anterior to the

ileum in broilers (Chapter 4 and 6). By contrast, P was primarily absorbed in the
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distal small intestine of pigs particularly in the absence of microbial phytase (Chapter
2). Moreover, dietary phytase supplementation increased apparent P absorption in
the proximal small intestine of pigs (Chapter 2). On the other hand, dietary phytase
inclusion reduced the amount of IP available for the microbiota residing in the colon
to release Ca and P ions from the IP complex for colonic absorption. Consequently,
post-ileal Ca and P absorption was greater for pigs without microbial phytase
inclusion (Chapter 2). The Ca- and P-related uptake and efflux transporters were
abundantly expressed in the colon of pigs, confirming that Ca and P could be
absorbed in the colon probably via a transcellular pathway (Chapter 3). Thus, other
GIT segments besides the small intestine may also substantially contribute to Ca
and P absorption. Post-ileal Ca and P absorption in broilers was not measured in the

studies described in this thesis due to cloacal Ca and P secretion.

Intestinal expression of Ca- and P-related transporters and CLDN

Interestingly, incremental dietary Ca intake reduced apparent P digestibility in the
distal ileum of broilers, while P solubility along the GIT (gizzard, jejunum, ileum)
was not significantly affected by dietary Ca content or limestone particle size
(Chapter 4). This finding indicates that Ca-IP and Ca-P complexation might not be
the only mechanism by which Ca reduces P absorption in the GIT of broilers.
Indeed, the dietary Ca-induced downregulation of P transporter (NaPi-IIb) in the
duodenal and jejunal mucosa of broilers was another important mechanism for
dietary Ca reducing mucosal P absorption (Chapter 5 and 6). An explanation
behind this downregulation might be that incremental dietary Ca intake elevated
serum Ca concentration, which could activate extracellular Ca sensing receptor
(CaSR) in the parathyroid gland and signal a reduction in parathyroid hormone
(PTH) expression and secretion, thereby, decreasing serum 1,25-
dihydroxycalciferol (1,25(0OH).D3, the bioactive form of vitamin D3) concentration
(23; 24) Expression of both Ca- and P-related transporters in the duodenal and
jejunal mucosa of broilers, therefore, was downregulated since the promoter of
these genes contains a vitamin Ds receptor (VDR) responsive element (?>, Thus,
modulation on expression of P-related transporters is, at least in part, an important

mechanism of dietary Ca reducing P absorption in the GIT of broilers.

Unlike broilers which displayed abundant level of NaPi-IIb mRNA in both
duodenal and jejunal mucosa, NaPi-IIb mRNA in the porcine GIT was below the
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limit of detection (Chapter 3). In addition, irrespective of dietary Ca content and
microbial phytase inclusion, soluble inorganic P concentration in the serum of pigs
was much lower than that in the GIT lumen (Chapter 3), allowing mucosal P uptake
down an electrochemical gradient. Thus, it is tempting to speculate that P might
be predominantly absorbed via the paracellular pathway in the GIT of pigs. This
assumption is in line with an earlier pig study from Stein et al. (?®, indicating that
ATTD of P in MCP was independent on dietary MCP inclusion level (Table 1).
Furthermore, incremental dietary Ca intake reduced ATTD of P in pigs,
accompanied by a reduction in ileal IP degradation and inorganic P solubility
(Chapter 2). Thus, it can be concluded that a higher Ca intake reduces P absorption
via reducing dietary IP degradation and precipitation of P in the GIT of pigs.

Table 1. Apparent total tract digestibility (ATTD) of phosphorus (P) as affected by incremental
dietary monocalcium phosphate (MCP) inclusion in pigs !

Dietary MCP inclusion, g/kg

Item P-value
0.0 3.4 6.8 10.2 13.6 17.0

Dietary P content, g/kg 2.6 3.2 3.9 4.7 5.3 6.4 =

Dietary Ca content, g/kg 4.2 4.7 5.5 6.9 7.2 8.4 -

ATTD of P, % 38.4 48.8 54.6 58.9 60.1 65.2 <0.001

MCP digestibility, % = 88.5 85.0 82.8 79.5 83.5 0.35

! Data from Stein et al. (26),
Diet consisted of corn (54%), corn starch (23%) and soybean meal (20%).

Paracellular Ca and P absorption is less well documented compared to their
transcellular route. Recent studies have shown that CLDN can form pores
selectively permeable to small ions and may be involved in paracellular ion
absorption (?7: 28) Although there are a few studies investigating the gene
expression of tight junction proteins (e.g. occludin, zonula occludens-1, -2 and -
3) in the GIT of pigs (?°31) and broilers (3% 33), regulation of their expression, as
modulated by dietary intervention, has not been reported in pigs and broilers
before. I investigated the intestinal expression levels of CLDN-2, -12 and -16 in
the pig and broiler studies, since it was postulated that these CLDN members are
involved in paracellular absorption of Ca in the intestine and/or kidney of mice G4
3%), Results indicate that the mRNA expression of CLDN-2 and -12 was
downregulated with incremental dietary Ca intake in the duodenal and jejunal

mucosa of broilers, which was accompanied by a downregulated expression of Ca-
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related transporters (CaSR, CaBP-D28k and PMCA1, Chapter 5 and 6). These
observations on Ca-related transporters and CLDN are in agreement with the
measured apparent Ca digestibility in the GIT of broilers (Chapter 4 and 6),
indicating that these transporters and CLDN contribute to the observed effect of

dietary Ca level and phytase on Ca absorption in broilers.

Unlike broilers, incremental dietary Ca intake and microbial phytase
inclusion increased expression of CLDN-2 and -12 and downregulated TRPVS5,
TRPV6 and CaBP-D9k in the jejunal and/or colonic mucosa of pigs (Chapter 3).
The concentration gradient of soluble inorganic Ca across the porcine enterocyte
was negative upon low but positive with high dietary Ca intake. Thus, it appears
that Ca absorption might be switched from a transcellular to paracellular pathway
with increasing dietary Ca content in the GIT of pigs (Chapter 3). It is conceivable
that in pigs fed a low Ca diet, creating a negative concentration gradient of Ca ion
across the porcine enterocyte, expression of CLDN-2 was downregulated to prevent
Ca efflux via tight junction complexes. In reverse, a high Ca diet upregulated the
expression of CLDN-2 to favour the mucosal crossing of luminal Ca along a positive
electrochemical gradient (Chapter 3). Furthermore, the downregulation of Ca
transporters (TRPV5, TRPV6 and CaBP-D9Kk) in the GIT of pigs fed high dietary Ca
was as expected, since a higher Ca intake also reduced serum 1,25(0OH).Ds
(Chapter 3), probably via the above described parathyroid-kidney axis 9,
Mucosal expression of Ca transporters (TRPV5, TRPV6 and CaBP-D9k), therefore,
was downregulated since their promoters contain VDR elements 7).

Expression of Ca and P transporters and CLDN in kidney

As mentioned above, a dilemma for the animals is that the surplus of absorbed Ca
and P above requirement cannot be retained in the soft tissue or form
hydroxyapatite in the bone. Rather, this surplus needs to be eliminated via urine
by downregulating selective reabsorption processes in the kidney. The kidney is
generally considered to play a central role in the maintenance of whole body Ca

and P homeostasis 38,
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Renal expression of Ca- and P-related transporters in poultry

Because of the difficulty to separate urine from faeces in poultry, digestible P
content in feed ingredients is determined and expressed as retainable P or distal
ileal digestible P in some feed composition databases (e.g. CVB (?). Although
there are a few studies investigating urinary Ca and P excretion using surgically
colostomized broilers fed diets varying in limestone particle size or inclusion level
(e.g. Manangi et al. 3% 49), these studies are restrictive by the very small number
of replications (one replicate bird per treatment group). Since both Ca and P are
reabsorbed via transporters and CLDN in the kidney, the expression of Ca- and P-
related transporters and CLDN in the kidney of broilers was quantified as an
indicator of urinary Ca and P excretion. Of note is the upregulation of the Ca-
related transporters and CLDN with incremental dietary Ca intake in the kidney of
broilers (Chapter 7). This observation is in line with Rosenberg et al. ““) and Bar
et al. “?), who reported that a higher Ca intake increased protein expression of
CaBP-D28k in the kidney of chickens. Thus, an increase in dietary Ca intake

enhanced renal expression of Ca-related transporters and CLDN in broilers.

Whole body Ca homeostasis is maintained via altering Ca absorption in the
GIT, deposition and resorption in the bone and urinary excretion by the kidney 3,
In case of a higher Ca intake in broilers accompanied with a decreased intestinal
P absorption, surplus of serum Ca could not be retained in bone due to limited P
availability or above Ca requirement, nor could it be eliminated via urine in the
kidney as indicated by the elevated renal expression of Ca-related transporters
and CLDN at a higher Ca intake. The reduced apparent Ca digestibility in the distal
ileum (Chapter 4 and 6) and downregulated expression of Ca-related transporters
and CLDN in the duodenal and jejunal mucosa (Chapter 5 and 6), therefore,
appears to play a critical role to maintain serum Ca concentration within the normal
physiological range in broilers. This is in line with an earlier study of Christakos
and Norman “4 showing that in chickens, vitamin D3 treatment stimulated CaBP-
D28k mRNA expression eight times more in the duodenal mucosa than kidney.
These findings suggest that the GIT has a more important role than previously
considered in controlling whole body Ca homeostasis in this avian species (Figure
2).
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Growth performance
Body weight gain 1(1)
Feed intake 1(1)
Feed conversion ratio |(])

Serum Ca 1(=) P |(1) \O -

Renal mRNA expression of
TRPV6, CaBP-D28k 1(])
NaPi-IIa |[(]) PiT-1 |(=) PiT-2, XPR1 [(1)
CLDN-2, VDR (=)

Apparent Ca and P digestibility |(1)
Duodenal mRNA expression of
CaSR, CaBP-D28k, PMCA1 |(=)
Tibia strength NaPi-IIb [(1) PiT-1 =(=) PiT-2, XPR1 |(=)
Stiffness, maximal load (1) CLDN-2 [(]) CLDN-12 |(=)

Figure 2. Schematic illustration of the effects of increasing dietary Ca intake and microbial phytase
inclusion on growth performance, characteristics of tibia breaking strength, apparent Ca and P
digestibility, mRNA expression of Ca- and P-related transporters and CLDN in the intestinal mucosa and
kidney of broilers. Results are shown as a positive "1", negative "|" or no "=" effect of incremental
dietary Ca intake (and microbial phytase inclusion in parenthesis) on the measured parameters. Ca,
calcium; CaBP-D28k, calbindin D28k, CLDN, claudin;, NaPi-Ila, sodium dependent phosphate
transporter type Ila; NaPi-IIb, sodium dependent phosphate transporter type IIb;, PMCA1, plasma
membrane Ca-ATPase 1; P, phosphorus; PiT-1, inorganic phosphate transporter 1; PiT-2, inorganic
phosphate transporter 2; TRPV6, transient receptor potential cation channel subfamily V member 6;
XPR1, xenotropic and polytropic retrovirus receptor 1.

Incremental dietary Ca intake decreased serum P concentration (Chapter 4
and 6), which was accompanied by a reduced expression of P-related transporters
in the intestinal mucosa (Chapter 5 and 6) and kidney (Chapter 7) of broilers. Thus,
expression of P transporters in the GIT and kidney was positively correlated to serum
P concentration in broilers. This finding is in line with previous studies, showing a
positive correlation between serum P concentration and NaPi-IIb mRNA expression
in the GIT “> or NaPi-IIa protein expression in the kidney ©“® in laying hens. A
mechanism behind this positive correlation might be that incremental dietary Ca
intake, with the elevated serum Ca concentration, reduced serum 1,25(0OH).Ds
concentration probably via the above described parathyroid-kidney axis in broilers.
Expression of P-related transporters in the GIT and kidney, therefore, was

downregulated since their promoter contains a VDR responsive element (23,

Renal expression of Ca- and P-related transporters in pigs

In contrast to broilers, pigs showed a negative correlation between incremental

dietary Ca intake and expression of Ca-related transporters and CLDN in their
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kidney (Chapter 7). A lower renal expression of Ca-related transporters and CLDN
presumably reduced Ca reabsorption, which is in line with the increased urinary
Ca excretion in pigs fed a higher Ca diet (Chapter 2). In support of these findings,
Gonzalez-Vega et al. “7) reported a linear reduction of TRPV6 and PMCA1 mRNA
expression in the kidney of pigs fed diets with a higher Ca content. This regulation
of Ca transporters and CLDN expression may be 1,25(0H),Ds and PTH dependent,
via the above described parathyroid-kidney axis. In addition to the systemic
regulations via 1,25(0H);Ds3, a higher Ca intake might also directly downregulate
expression of Ca-related transporters and CLDN via activating the extracellular Ca
sensing receptor (CaSR), a G-protein-coupled transmembrane receptor which is
abundantly expressed in the renal tubules *®), Thus, in line with many previous
studies in rodents (e.g. Renkema et al. (4?)), the kidneys play a pivotal role in whole

body Ca and P homeostasis in pigs (Figure 3).

Growth performance Urinary excretion of Ca 1({) P (1)
Body weight gain [(1) Renal mRNA expression of CaSR 1(=)
Feed intake =(=) TRPVS5, TRPV6, CaBP-D28k, NCX1 |(=)
Feed conversion ratio 1(}) NaPi-Ila, IIb, IIc, PiT-2 =(=) XPR1 =(|) PT-1 1(=)
CLDN-2 =(1), CLDN-12, -16 (=)
Serum
Ca, ALP 1(})

P 1(1), PTH (1)
1,25(0H)2Ds I({)

=

ATTD of Ca and P (1)
Faecal Ca and P output 1(})
Retained Ca and P (1)

Metacarpus IP6 degradation, P solubility |(1)
Defatted mass 1(1) Intestinal MRNA expression of
Ca and P mass 1(1) TRPV5, TRPV6 CaBP-DSk |(|)
Ca/P in the ash (=) PiT-1 1(=), XPR1 |(=), NaPi-IIc, PT-2 =(=)

CLDN-2 1(=), CLDN-12 =(1)

Figure 3. Schematic illustration of the effects of increasing dietary Ca intake and microbial phytase
inclusion on growth performance, total tract Ca and P absorption and retention, IP6 degradation and
inorganic P solubility, metacarpal composition, serum characteristics and mRNA expression of Ca and
P-related transporters and CLDN in the intestinal mucosa and kidney cortex of pigs. Results are
shown as a positive "", negative "|" or no "=" effect of incremental dietary Ca intake (and microbial
phytase inclusion in parenthesis) on the measured parameters. 1,25(0H).Ds3 1,25-
dihydroxycalciferol; ALP, alkaline phosphatases; ATTD, apparent total tract digestibility; Ca, calcium;
CaBP-D9k, calbindin D9k; CaBP-D28k, calbindin D28k; CaSR, Ca sensing receptor; CLDN, claudin;
IP6, inositol hexakisphosphate; NaPi-Ila, sodium dependent phosphate transporter type Ila; NaPi-
IIb, sodium dependent phosphate transporter type IIb; NaPi-IIc, sodium dependent phosphate
transporter type IIc; NCX1, sodium-Ca exchanger; P, phosphorus; PiT-1, inorganic phosphate
transporter 1; PiT-2, inorganic phosphate transporter 2; PTH, parathyroid hormone; TRPV5, transient
receptor potential cation channel subfamily V member 5; TRPV6, transient receptor potential cation
channel subfamily V member 6; XPR1, xenotropic and polytropic retrovirus receptor 1.
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Summary

e Limestone particle size has limited impact on distal ileal Ca absorption in
broilers. Coarse compared to fine limestone improves intestinal P absorption
in broilers, although this impact is relatively small.

e Dietary phytase inclusion alleviates the negative impact of incremental Ca
intake on intestinal P absorption in broilers, but enhances this impact in
pigs.

e Calcium induced downregulation of P-related transporters in the duodenal
and jejunal mucosa is an important mechanism by which dietary Ca can
reduce intestinal P absorption in broilers. In pigs, dietary Ca intake reduces
intestinal P absorption via decreasing IP degradation and lowering P
solubility.

e Incremental dietary Ca intake reduces expression of Ca transporters and
CLDN in the duodenal and jejunal mucosa of broilers. In pigs, increasing Ca
intake reduces expression of Ca transporters but increases Ca permeable
CLDN in the jejunal mucosa, indicating a switch from the transcellular to
paracellular Ca absorption.

e Serum Ca concentration is positively correlated to renal expression of Ca-
related transporters and CLDN in broilers, and negatively correlated in pigs,
indicating that the GIT plays a preeminent role in maintaining whole body
Ca homeostasis in broilers, while this role is granted to the kidneys in pigs.

¢ In general, insights obtained in pig studies cannot be extrapolated to poultry
and vice versa at least when it comes to dietary Ca and P metabolism and

homeostasis.
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SUMMARY

Due to an increasing global population and growing wealth and income, pork and
chicken meat consumption has been increasing rapidly over the past decades.
Phosphorus (P), an essential macro element for all animal species, is
predominantly stored in various forms of inositol phosphate (IP) in most cereal
grains. These various forms of IP are poorly digestible by pigs and poultry. Thus,
mineral P, an expensive, finite and non-renewable resource, is routinely added to
pig and poultry diets. Phosphorus not deposited in body tissues is excreted via
urine and faeces which contributes to environmental pollution including surface
water eutrophication. As such, insights into P digestion, absorption and metabolism
can substantially contribute to reduce feed costs, conserve natural P resources and

alleviate environmental pollution.

It has been demonstrated that reduction of dietary calcium (Ca) supply and
supplementation of exogenous microbial phytase significantly improve dietary P
absorption and reduce fecal P excretion. There are a few studies that investigated
the interaction effects between dietary Ca content and microbial phytase
supplementation on Ca and P absorption and excretion. The results, however, are
inconsistent and a firm conclusion cannot be drawn, yet. On the basis of previous
studies, this thesis aimed to provide further insights into the interacting effects
between dietary limestone particle size and inclusion level, and microbial phytase
supplementation on absorption of Ca and P along the GIT, their deposition in bone
and excretion via the kidney, as well as expression of Ca- and P-related
transporters and claudins (CLDN) in the GIT and kidney of pigs and poultry
(Chapter 1).

Dietary Ca and phytase interaction in the GIT of pigs

Impact of dietary Ca content (2.0, 5.8 and 9.6 g/kg) in the presence (500 FTU/kg)
or absence of microbial phytase on dietary Ca and P absorption in different GIT
segments of growing pigs was investigated in Chapter 2. Dietary P was fixed at
4.7 g/kg for all dietary treatment groups. Results indicate that incremental dietary
Ca content reduced apparent total tract digestibility (ATTD) of P, which was more
pronounced in pigs fed phytase-supplemented diets. Moreover, dietary Ca also
significantly reduced the cumulative IP degradation in the distal small intestine

and decreased inorganic P solubility. As such, it can be concluded that incremental
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dietary Ca content reduces intestinal apparent P digestibility via hampering IP
degradation and precipitation of P, with a larger impact in microbial phytase-
supplemented diets. In addition, microbial phytase supplementation significantly
increased ATTD of Ca and P. Measurement in different GIT segments further
indicated that microbial phytase increased apparent P absorption in the proximal
small intestine and enhanced cumulative IP degradation in the distal small
intestine. Consequently, less IP would be available for the microbiota residing in
the colon to release Ca and P from the IP complex for colonic absorption, and
apparent P absorption in the colon seemed to be lower in the presence of microbial
phytase. However, colonic Ca and P absorption remains elusive, which was
addressed in Chapter 3.

The mRNA expression level of Ca and P transporters and CLDN in the colon
and jejunum of pigs, as modulated by dietary Ca content and microbial phytase
supplementation were studied in Chapter 3. Results indicate that mRNA of the
transporters involved in Ca (TRPV5, TRPV6, CaBP-D9K, NCX1) and P (PiT-1 and
PiT-2) absorption was abundantly expressed in the pig colon, confirming the
existence of colonic Ca and P absorption via a transcellular pathway. Moreover,
MRNA expression level of Ca transporters (TRPV5, TRPV6 and CaBP-D9k) in the
colon of pigs was significantly reduced with a high dietary Ca content (9.6 g/kg)
and microbial phytase inclusion (500 FTU/kg), indicating that colonic Ca absorption
might be flexible and contribute to whole body Ca homeostasis. A similar treatment
effect was observed in the jejunum, i.e. mMRNA expression level of Ca transporters
was downregulated upon high Ca intake (TRPV5) and microbial phytase
supplementation (TRPV5 and TRPV6). Surprisingly, jejunal mRNA expression level
of Ca-permeable CLDN (CLDN-2 and -12) was increased with a high Ca intake
and/or microbial phytase supplementation. Furthermore, the concentration
gradient of soluble inorganic Ca across the porcine enterocyte was negative upon
low but positive with high dietary Ca intake. Altogether, jejunal Ca absorption
switches from the transcellular to paracellular route with increasing dietary Ca
intake in pigs.
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Limestone particle size and inclusion level in the GIT of poultry

Chapter 4 clarified the impact of limestone particle size (coarse vs. fine) and
inclusion level (expressed as Ca/P) on Ca and P absorption, characteristics of tibia
breaking strength in broilers. Unlike previous reports showing a greater Ca
digestibility for the coarse compared to fine limestone, the study described in
Chapter 4 indicates that apparent Ca digestibility was significantly higher for the
fine compared to coarse limestone in the jejunum of broilers. However, this
difference disappeared in the distal ileum particularly at a low Ca intake. In
addition, growth performance and characteristics of tibia breaking strength
(maximal compressive load, stiffness and energy to fracture) was also independent
of limestone particle size. As such, limestone particle size has a limited impact on
apparent distal ileal Ca absorption in broilers.

Incremental dietary Ca content gradually reduced apparent P digestibility
but enhanced growth performance and characteristics of tibia breaking strength.
Moreover, coarse compared to fine limestone improved apparent distal ileal P
digestibility in broilers, but this impact was relatively small (60 vs. 57%, Chapter
4). The optimal dietary Ca/P to optimize apparent P digestibility while maintaining
growth performance and tibia development was 1.00-1.25 for both fine and coarse
limestone. Interestingly, P solubility in all measured GIT segments (crop, jejunum
and ileum) was not affected by limestone particle size or inclusion level, indicating
that Ca-IP and Ca-P complexation may not be the only mechanism by which Ca
reduces P absorption in broilers. As such, it was hypothesized that dietary Ca might
reduce P absorption via downregulating expression levels of P transporters. This
hypothesis was tested in Chapter 5.

The mRNA expression level of Ca and P transporters and CLDN in the
duodenum and jejunum of broilers, as affected by limestone particle size and
inclusion level was studied in Chapter 5. Results indicate that incremental dietary
Ca intake reduced mRNA expression level of P transporter NaPi-IIb in both the
duodenum and jejunum of broilers, confirming that Ca-induced downregulation of
P transporters is an important mechanism by which Ca reduces intestinal P
absorption. Similarly, mRNA expression level of Ca transporters and CLDN was
also downregulated with incremental dietary Ca intake in the duodenum (CaSR,
CaBP-D28k, PMCA1, CLDN-2) and jejunum (CaSR, CaBP-D28k and CLDN-2) of

broilers. Moreover, this downregulation of Ca and P transporters was greater for
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fine limestone when increasing dietary Ca/P from 0.5 to 1.0, while it was greater
for coarse limestone from 1.0 to 1.75. As such, it can be concluded that dietary Ca
reduces expression of duodenal and jejunal mucosa Ca and P transporters in a

limestone particle size dependent manner.

Ca and phytase interaction in the GIT of broilers

Chapter 6 investigated the impact of dietary Ca content (expressed as Ca to
retainable P ratio, Ca/rP) in the presence (1000 FTU/kg) or absence of microbial
phytase on Ca and P absorption, duodenal expression of Ca and P transporters and
CLDN in broilers. In contrasts to the greater reduction impact of dietary Ca on
intestinal P absorption in the phytase-supplemented diets in growing pigs (Chapter
2), broilers showed a lesser reduction of dietary Ca on P absorption in the presence
of microbial phytase. This difference can be attributed to that broilers may have a
greater intrinsic potential to release dietary IP than pigs. In addition, unlike pigs
which showed a downregulation of Ca transporters (TRPV5, TRPV6, CaBP-D9k)
with an upregulation of Ca-permeable CLDN (CLDN-2) upon higher Ca intake,
mMRNA expression of both Ca transporters (CaSR, CaBP-D28k and PMCA1l) and
CLDN (CLDN-2 and -12) was downregulated at a higher Ca intake in the duodenum
of broilers. The differences in modulating intestinal expression of Ca transporters
and CLDN presumably are related to a difference in Ca and P post-absorptive

metabolism and excretion via urine between pigs and broilers.

Renal mRNA expression of Ca and P transporters and CLDN in pigs vs.

broilers

The surplus of absorbed Ca and P is not retained in the bone since hydroxyapatite
(Cas(P0O4)3(0OH)) has a constant Ca/P of approximate 2.1. They are eliminated via
urine in the kidney, and the kidney is generally considered to play a pivotal role in
whole body Ca and P homeostasis. Urinary Ca and P excretion in broilers is more
difficult to measure. Thus, the mRNA expression level of Ca and P transporters and
CLDN in the kidney of pigs and broilers was measured as an indicator of urinary
Ca and P excretion (Chapter 7). As expected, mRNA expression level of Ca
transporters (CaSR, TRPV5, TRPV6, CaBP-D28k and NCX1) and CLDN (CLDN-12
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and -16) were downregulated at a higher Ca intake in the kidney of pigs,
confirming that the kidneys play a pivotal role in whole body Ca homeostasis in
pigs. By contrast, mRNA expression level of Ca transporters and CLDN (TRPV6,
CaBP-D28k and CLDN-2) were upregulated with dietary Ca intake in the kidney of
broilers. This study shows that insights obtained in the studies with poultry should

not be extrapolated to pigs and vice versa.

Conclusions

The results presented in this thesis indicate that microbial phytase
supplementation enhances the negative impact of incremental dietary Ca content
on apparent P absorption in growing pigs, while it alleviates this negative impact
in broilers. Calcium-induced downregulation of P transporter is an important
mechanism by which Ca reduces P absorption in the GIT of broilers. In pigs,
incremental dietary Ca content reduces intestinal P absorption via hampering IP
degradation and precipitation of P. Limestone particle size has a limited impact on
apparent distal ileal Ca absorption, while slightly improves apparent distal ileal P
absorption in broilers. Insights obtained in studies with poultry should not be
extrapolated to pigs and vice versa at least when it comes to dietary Ca and P

metabolism and homeostasis.
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