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Calcium solubilization and retention in the gastrointestinal tract
in chicks (Gallus domesticus) as a function of gastric acid
secretion inhibition and of calcium carbonate particle size
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In chicks, immature pullets and laying hens, the inhibition of gastric acid secretion by omeprazole, an
H* K*-transporting ATPase (EC 3.6.1.36) inhibitor, greatly increased proventricular and gizzard pH
values. Consequently, gizzard soluble Ca concentration deceased and the insoluble Ca fraction increased.
Inhibition of acid secretion increased duodenal pH values in immature pullets and laying hens but not in
chicks. Duodenal soluble and jonic Ca concentrations were lowered by gastric acid inhibition in chicks
and to a larger extent in immature pullets and laying hens. The use of Ca of coarse particle size increased
the gizzard insoluble Ca fraction in chicks and pullets, However, it did not influence its soluble Ca
fraction in chicks but tended to reinforce the negative effect of omeprazole on soluble Ca in the gizzard
and duodenum of chicks and laying hens. Coarse particles of Ca led to an increase in gizzard and
duodenal soluble Ca at the end of eggshell calcification in laying hens. An enhancement in the level of
Ca in the diet from 10 to 36 g/kg increased gizzard soluble Ca and duodenal soluble and ionic Ca
concentrations in immature and adult hens. Intestinal Ca retention and bone mineralization was
unaffected by gastric acid inhibition in chicks but were largely diminished by the use of coarse particles
of Ca. Gastric acid inhibition was associated in laying hens with decreased Ca retention to a small extent
and with reduced eggshell quality. These observations confirm that gastric acid secretion is of importance
for CaCO, solubilization but question its role as a prerequisite for intestinal Ca retention in chicks and
even in hens fed on a high Ca diet.

Calcium: Particle size: Omeprazole: Gastric acid secretion: Chicken

It is generally accepted that gastric acid secretion is a prerequisite for CaCQ, solubilization
before its intestinal absorption in the ionic form (Ivanovitch et al. 1967). Nevertheless, in
humans, a previous report has pointed out the lack of effect of a high intragastric pH on
dietary Ca absorption (Bo-Linn et al. 1984) and partial gastrectomy does not affect Ca
absorption (Nilas ez al. 1985). In rapidly growing chicks the high requirement of Ca for
skeletal growth, and in hens for shell formation, is supplied as CaCO, in the diet in a form
such as limestone or marine shells (Guinotte, 1992). Moreover, laying diets include coarse
particles of Ca in substitution of 50-66% of fine particles to improve eggshell quality
(Guinotte, 1992). These increases in amount and size of CaCO, in poultry, when compared
with other species, might reveal a prominent role of gastric acid secretion in Ca
solubilization and might affect the acid secretion as suggested by a higher in vitro activity
of H*,K*-transporting ATPase (EC 3.6.1.36) in hens receiving coarse particles of Ca
(Guinotte et al. 1993). In humans, such an increase in Ca input (Behar ez al. 1977) and
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coarse particle size of dietary ingredients (Low, 1990) leads to an enhancement in gastric
acid secretion. In chicks the soluble fractions of Ca in gizzard and intestine are related to
their corresponding pH, but not in laying hens (Mongin, 1976a). Moreover, hens are
characterized during the period of shell formation by a large amount of soluble Ca in the
duodenum and jejunum (Nys & Cabrera-Saadoun, 1986) despite high intestinal pH values
(Mongin, 1976b), and by an associated increase in Ca retention (Itoh, 1967). The soluble
Ca enhancement resulted from an increase in gastric acid secretion at the onset of the dark
period (Mongin, 1976 a; Nys & Cabrera-Saadoun, 1986) induced by crop dilatation (Ruoff
& Sewing, 1971) due to the consumption of a large amount of feed just before night
(Mongin, 1976a).

The aim of the present studies was to evaluate, in birds, the importance of gastric acid
secretion for Ca solubilization as a function of sexual maturity, Ca level in the diet and
CaCO, particle size. The consequences of gastric acid secretion inhibition, using an H* K*-
transporting ATPase inhibitor were studied on Ca solubilization, intestinal retention and
biological efficiency in chicks and hens.

MATERIALS AND METHODS
Animals and diets

Shaver male broiler chicks (Saint Loup d’Ordon, 89330 Saint Julien du Sault, France) were
raised in individual wire cages in an air-conditioned building. They were exposed to 16 h
light (8 h dark) from 04.00 to 20.00 hours and room temperature was 28°. They were given
free access to a diet including (g/kg): maize 300, wheat 300, soya beans 280, according to
recommendations of the Institut National de la Recherche Agronomique (INRA, 1989;
g/kg:protein 222, fibre 23, Ca 10, available P 4-6, cholecalciferol 37-5 ug, metabolizable
energy (ME) 12:7 MJ). In Expt 1 (Table 1), 6 g Ca/kg were provided by ground limestone
in a granulated diet. In Expts 2 (Tables 2 and 3) and 3 (Table 6), seashells (Calcialiment;
ZI de la gare, 22690 Pleudihen sur Rance, France) were used as the only Ca supplement
(10 g/kg) and were offered under two particle sizes (fine < 0-5 mm or coarse > 1-18 mm) in
a flour diet. At the beginning of the experimental procedure, chicks were not offered feed
for 12-14 h and, thereafter, had access for 2-5 h to 10 g feed in Expt 1 at 9 d of age and to
60 g feed for 3 h at 3 weeks of age in Expt 2. Individual records of feed consumption were
kept.

In Experiments 4 and 5 respectively (Table 4), twenty-four brown immature pullets and
sixty laying hens (Institut de Sélection Animale, 69427 Lyon, France) were individually
caged. At 16 weeks the immature pullets were submitted to a cycle of 14 h light (10 h
dark)/d from 06.00 to 20.00 hours similar to the hens. Before the experiment, pullets were
fed on a standard diet (g/kg:protein 156, 11-85 MJ ME) containing 10 g Ca/kg as fine
particles. Then, from 15 weeks, they received a flour diet containing (g/kg):wheat 470,
maize 220, soya beans 110, formulated according to laying hens recommendations
(g/kg:protein 167-5, fat 48, fibre 20, Ca 36, including 32 from sea shells, available P 33,
cholecalciferol 37-5 ug and 12 MJ ME). The sixty laying hens were fed until 41 weeks on
a layer diet and accustomed to one of the experimental layer diets during 1 week. Two
particle sizes of the seashells were used as Ca source (fine particles < 0-5 mm or coarse
particles > 1-18 mm). Birds were provided with free access to feed and water until the
beginning of the experimental procedure (16 and 42 weeks). At that time they were feed-
restricted during 14 h and had access to feed for 2 h. Birds were killed by an intravenous
nembutal (Sanofi, Paris, France) injection.

In Expt 6 (Table 7) a balance study was carried out for 4 d on 30-week-old hens laying
daily as previously described (Guinotte & Nys, 1991). Hens were fed on the layer diet
(35 g Ca/kg) with coarse particles of seashells.
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Treatments

In Expt 1, groups of chicks were injected once with one of the five doses of omeprazole (Ab
Hissle, MéIndal, Sweden; 0, 2:5, 5, 7'5 and 10 gmol/kg body weight; n 6 chicks/group)
during the last 30 min of the feed consumption period and were killed 1-5h later.
Additional groups were injected with 10, 50 or 100 gmol omeprazole/kg body weight and
were killed at various time intervals as indicated in Fig. 1. In Expt 2 the experimental design
was a 2x2x2 factorial arrangement of the treatments; 3-week-old chicks were either
treated or not treated with omeprazole (50 pumol/kg body weight), supplied with two
particle sizes of Ca and sampled 3 or 6 h after omeprazole injections. In Expt 3a 72 h Ca
balance study was carried out as previously reported (Guinotte ez al. 1991) on sixteen
replicates of two chicks which had been previously randomly assigned to one of the four
experimental treatments. The experimental design was a 2 x 2 factorial arrangement of
treatments with diets containing fine or coarse particles of Ca for 18 d and omeprazole
(100 umol/kg body weight) or vehicle injection for three consecutive days.

In Expts 4 and 5 respectively, twenty-four immature pullets and twenty-four laying hens
were randomly assigned to the four experimental treatments. The experimental design was
similarly a 2 x 2 factorial arrangement of treatments with or without gastric acid inhibition
by omeprazole (30 pmol/kg body weight) or placebo and two particle sizes of the seashell
Ca. Birds were killed 4 h after omeprazole injections, i.e. 3-5 h after the end of the meal.
Only hens which had laid an egg 0-5-5 h after the start of the light period were used. The
time-course between oviposition and slaughtering did not exceed 8 h and preceded the
calcification of another egg. However, to investigate a possible role of eggshell calcification
during the night, ten additional hens receiving either fine or coarse particles of Ca were
assayed before the end of eggshell calcification. Eventually, the effect of a lower Ca intake
(10 g Ca/kg from fine particles) was investigated in two groups of five pullets and five hens
submitted to a similar procedure. In Expt 6, eight hens were treated daily for 5 d, during
the balance study, with omeprazole (100 xmol/kg body weight) or vehicle.

Omeprazole powder was dissolved in polyethylene glycol (molecular weight 400; PEG
400; Merck, Schuhardt, 8011 Miinchen, Germany) and a weak NaHCQ, buffer solution
(0-56 g/1) and injected intramuscularly in the breast muscles.

pH and calcium measurements

pH and ionic Ca measurements were carried out in the digestive tract immediately after
sampling. Proventriculus, gizzard and duodenum were clamped to avoid bolus con-
tamination from one part to another. pH was measured with an Ingold mini electrode
(30 mm long and 3 mm wide; 440 M3; Messtechnick AG, CH-8902 Urdorf, Switzerland)
connected to a pH meter with an automatic printer (Bioblock, 67403 Ilikirch, France). The
pH electrode was gently introduced in each section where pH was recorded twice and the
mean was calculated. Between each gastrointestinal section the electrode was rinsed
with distilled water. Recalibration with buffer solutions (pH 1, pH 4-01 and pH 7-00;
Radiometer Copenhagen, 2880 Bagsvaerd, Denmark) was carried out every fourteen chicks
to avoid any drift of the electrode. Time-course of recording did not exceed 2 min per
chicken.

Gizzard contents were poured out into centrifugation tubes (13 ml for chicks, 50 ml for
pullets and hens) and 5 mi distilled water were mixed with gizzard contents in order to
extract soluble Ca. A duodenal loop was isolated. Distilled water (1 ml) was injected
through the lumen in order to pour out its contents into centrifugation tubes. After a few
minutes decantation, ionic Ca was assayed on a Corning 634 ISE pH and ionic Ca analyser
(Ciba Corning Diagnostics Ltd, Halstead, Essex).

Duodenal and gizzard sample tubes were centrifuged at 4° for 20 min at 11500 and
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8500 g (model PR20; Jouan, 44805 St Herblain, France) respectively. Gizzard and
duodenal supernatant fractions were frozen (—20°) until further determinations. Dry
matter contents from gizzard were determined and Ca contents were assayed by
absorptiometry (Varian atomic absorption spectrometer, model AA-475; Varian Techtron
Pty Ltd, Springvale, Victoria, Australia). The gizzard insoluble fraction of Ca was
expressed as a concentration (mmol/g pellets dry matter) or as the total amount per
gizzard. Soluble Ca concentrations were assayed in duodenal and gizzard supernatant
fractions containing additional water by complexometry and fluorimetry (Corning 940 Ca
analyser; Ciba Corning Diagnostics Ltd).

Blood was sampled in five hens fed on fine or coarse Ca and was assayed immediately
for ionized Ca (Corning 634 ISE, Ciba Corning Diagnostics Ltd). After centrifugation
(10 min at 2000 g; Beckman J6, Beckman, 93220 Gagny, France) plasma Ca was
determined on a Corning 940 Ca analyser.

Tibia mineralization and eggshell quality
In Expt 3, tibias sampled in chicks which had been treated on three consecutive days with
omeprazole were tested for ultimate stress (Guinotte et al. 1991). Eggshell quality variables
(eggshell weight and eggshell index) were assayed as previously described (Guinotte & Nys,
1991) on eggs layed by hens used in the Ca balance study.

Statistical analysis
Data were submitted to one-, two- or three-way analysis of variance depending on the
factorial arrangement of the treatments. Splitting of the data was carried out for analysis
when standard errors were not of similar magnitude. Differences between means were
tested by paired ¢ test or Tukey’s multiple-range test. Pearson correlation coefficients were
calculated among pH and Ca content variables. The calculations were performed using the
Systat software program (Wilkinson Leland, Systat inc., Evanston, IL, USA).

RESULTS
pH values in the diets were 6:3, 6:3, 6-1, 59, 6-1 respectively for Expts 1, 2, 3, 4, 5.

Effect of omeprazole on pH and calcium contents of the gastrointestinal tract

In chicks, feed consumption was not different between experimental groups treated with
omeprazole (overall mean 7-9 (sp 1-3) and 338 (sD 3-5) g in Expts 1 and 2 respectively).
Similarly, in immature pullets (26 (sD 13) g) and laying hens (23 (sp 9) g), feed consumption
was not affected by omeprazole. Gizzard dry matter was higher in laying hens injected with
omeprazole compared with control (0-79 (sp 0-57) v. 1-68 (sp 0-41) g, P < 0-001). No
changes were observed in chicks (0-63 (sD 0-30) and 092 (sp 0-45) g in Expts 1 and 2
respectively) or in pullets (2-28 (sD 0-83) g).

Gizzard pH values increased as a function of omeprazole doses in chicks (Table 1) but
duodenal pH changed little. The increase in gizzard pH and the duration of acid secretion
inhibition were in proportion to the level of omeprazole injected in chicks (Fig. 1). A dose
of 50 umol omeprazole/kg body weight enhanced proventricular and gizzard pH and
increased crop pH slightly. Duodenal pH remained unchanged (Table 2). In immature
pullets, omeprazole treatment increased pH values in proventriculus (2:38 (sp 0-82) v. 598
(sD 0-34), P < 0-001), gizzard and duodenum (Table 4). Similarly, laying hens’ pH values
were increased 4 h after the injection of 30 umol omeprazole/kg body weight in the
proventriculus (1-84 (sD 0-74) v. 575 (sp 0-62), P < 0:001), in the gizzard and in the
duodenum (Table 4).

Soluble Ca in gizzard contents decreased linearly with pH enhancement until pH 5-62 in
chicks sampled 1-5 h after the treatment (Table 1). A variation of 3-18 pH units led to a
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Gizzard pH

1 1 Lo 3y gyl 1 I
1 3 10 20 50 100
Time interval after injection (h)

Fig. 1. Inhibition kinetics of four doses of omeprazole on gizzard pH values in chicks: ([7), 0; (@), 10; (A), 50;
(H), 100 gmol omeprazole/kg body weight. Values are means and standard deviations represented by vertical
bars for six chicks per dose. For details of procedures, see pp. 126-127.

Table 2. Expt 2. The effect of omeprazole, particle size and sampling time on digestive
tract pH values in 4-week-old chicks*

{Mean values and standard deviations for five chicks per treatment)

pH
. . Proventriculus
Omeprazole Ca particle Sampling LA
(umol/kg body wt) size (mm) time (h) Crop Mean SD Gizzard Duodenum
0 <05 3 521P° 2:15% 11 2:26° 628
50 - <05 3 4.98v° 513* 0-6 514* 625
0 >12 3 4-75¢ 1-59%¢ 06 2:59° 634
50 >12 3 513 4-88* 07 530° 640
0 <05 6 518" 1-48° 03 1-77° 655
50 <05 6 6-49% 278> 11 4-76% 662
0 >12 6 5-838be 1-62%¢ 05 2:47° 636
50 >12 6 6:09%° 521 1-0 5-60* 662
SEM 0-59 0-52 019
Statistical significance (P) of effect of
Omeprazole 0-03 < 0-001 < 0001 NS
Particle size NS 0-08 0-005 NS
Sampling time < 0-001 0-01 NS 0-002
Omeprazole x particle size NS 0-01 NS NS
Omeprazole x time 007 NS NS NS
Particle size x time NS 002 NS NS
Treatment x particle size x time 004 0-05 NS NS

&P Mean values with unlike superscript letters were significantly different by three-way ANOVA with
interaction (# < 0-05).

NS, not significant.

* Chicks were injected intramuscularly with omeprazole and were fed on a 10 g Ca/kg diet (for details of diet
and procedures, see pp. 126—127).

reduction of 85% in gizzard soluble Ca and increased 2-8-fold total insoluble Ca. This
enhancement in pH decreased by 84 and 96 % duodenal soluble and ionic Ca respectively.
Omeprazole (50 pumol/kg body weight) decreased gizzard soluble Ca by 38 % at 3—6 h after
the injection (Table 3), duodenal soluble and ionic Ca by 52 and 63 % respectively, and
increased greatly the insoluble gizzard fraction. Similarly, gizzard and duodenal soluble Ca
concentrations were lowered in pullets and hens (Table 4) treated with the gastric acid

ssaid Asssnun abprique) Aq auljuo paysiiand 100566 LNIE/6£01°01/B1010p//:sd1y


https://doi.org/10.1079/BJN19950014

https://doi.org/10.1079/BJN19950014 Published online by Cambridge University Press

131

CA SOLUBILIZATION AND GASTRIC ACID INHIBITION

‘(700 = J) B 2[qNI0s [eusponp pue (50-0 > J) BD dqnjosmi prezzi§ 10J auny Supdwes pue azs sjonaed ‘ojozeidowo ussmlaq

pue (10-0 > 4) €D dqnosur prezzid 10 ozis apnaed pue o[ozeidowo usamiaq 3501 Jo uondasoxs oyl YimM JUROYIUSIIS JOU 1M SIUIWILIT) USMIaq SUOHORINUL oYL, |
(821-921 dd 92as ‘sainpeooid pue 101p JoO S[Ie19p 10]) 191p 8/BD) § @] ® U0 paj arom pue djozesdowo Yim A[IR[NOSNIURIIUL PajoslUr a1oMm SYOIYD 4

JuBdyIuSIs j0u ‘SN

(00 > J) suonorINUI YIIM YAONY £8M-20171 ® AQ 1Ua1agIp Aueoyiugdis alom s10)39] Jduosiadns ayI[un sonjes UedN p.oeq'e

SN SN $00> SN SN oum Suyduwes
SN SN 100-0 > 100-0 > SN 9ZIs spned
00 200 100-0 > <000 00 sjozeidowy
4 Jo 100p3 Jo (J) soueoytudis [eonsnels
€0 660 S0 81 60 oL I-E L0 «0V6-C ST TUT 9 [A IS 0s
b9 $8S§ 09 qeC8-9 S0 24850 60 15980 L1 €6€ 9 el < 0
€0 Led S0 %4 §0 2120 1-0 2860 61 €T¥ 9 0> 0s
80 080 0 981 1-0 p£0-0 I-0 vC€0-0 L2 2 £ 9 S0> 0
¥0 160 L0 «81-C id! 1991 9C a«0LT-T 60 99C £ ¢l < 0s
sl €8¢ 80 w68-€ 10 2680 0 alye-0 0-¢ 1¢9 £ [A RS 0
el Tl 80 ae9€-C -0 2CC0 1-0 HST0 LT 09t £ $0> 0s
6¥ ¥TE 6S 1286 1-0 vL00 -0 0950-0 vc  ILS 3 0> 0
as uedly  as UBO as uBsAl as UBOIN as ueN () owm  (wi) SzIs (14
Suridwes oputed 8y  Apoq 8y /jowr)
(1/1owru) (1/1owtm) (prezzi3/jowur) (1oneW A1p (1/10wu) sjozesdow
ie(o) s[qniog s[qnjosuy 8/jow) ajqnjosuy J|gnjos
wnuspon( piezzin
JUIUOD B

(qwaunean 1ad sYOIYO 9AY IOJ SUOINRIASP PIBPUE]S PUE San[eA UBI)
«SYOIYD PlO-YPIM~F Ul WNII[DD 19D4] 2ANSIBIPY U0 duiy) Supjdwns puv azis aponnd djozpidowto fo 123ff2 2y [ -7 1dxq *¢ S]QBL


https://doi.org/10.1079/BJN19950014

https://doi.org/10.1079/BJN19950014 Published online by Cambridge University Press

‘pouad Surdwres oY) Jo 1995 OU sem 213G, 8D d[qnIosul paezzid 10J (0.0 > J) JZis spolred pue Ljuunjew [enxas UsoM1aq 1dsoxs Jueoyrudis 10U a1om suonoeINu] §
JuaumesI) djozerdowo oYM Wi ¢ > 18 84/8) § 9¢ 10 o] Surae001 sdnoid jeruswnadxs YIM N0 PALIIBd sem SISA[eUy I
*83/8D 8 9¢ 18 sdnois [eiuswLIadxo YIIm JNO PILLIED SEMm SISA[BUE [EOUSIIBIS L
(821921 "dd 9ass ‘sainpacoxd pue s191p Jo s[ie1ap Jo]) sjozeidawro Yim AlIBMosnwenul paioafur arom susy Suike] pue sioqnd aimjewwy

JUBSTIUSIS J0U ‘SN

(S0-0 > J) suonoridjul yum (3zis spnied ‘owmn Surdures 10 [949] &) ‘Ajnjewl [ENXas)
VAONY Aem-om) € Jo (azis spnied ‘ajozerdouro ‘Ajimieur [enxas) VAONY Aem-201y1 e 9 JUa19gIp APUeSTIUGis drom $10119] 1d1ros1adns aIUn yiim SONJBA WBIA 5.,

8000 £00-0 10-0 > 7000 SN SN 1000 > §ejozeadawo x fumiew [enxag
8000 10-0 SN 90-0 10 §00-0 00 {1oss] mmpe)
SN 60-0 SN SN SN SN SN 218 SpiIed
1000 > 1000 > 100-0 > 100-0 > SN 100-0 > 100-0 > spozerdowQ
€00-0 1000 > SN 100-0 > SN 600-0 <00 ‘e [enxeg
Jo 103p2 Jo () souromIudIs [BONISHEIS
. 600 L81 090 Was
m LA AR €0 J8¢1 199 8€ @llS 96-¢ 70 961 e[T9 9¢ [N L4 0¢
an [0  «£L01 SL 85Tl al8§ 9T sqelbE LT 85 9P SI q08-C 9¢ 1< 4! 0
M ¥S  STII S-L  =SO-ET 186 L paaOL:1 9T [-6  <PT¥I 88T 9¢ i< 14 0
¥0  ¥80 90 91 «SL9 9t <658 (444 S0 61T eL19 9¢ s-0> 14 0t
m 8¢  oSPS 9y  q=l08 al9§ 0T I S6:1 [+ 2499:¢ al¥t 9¢ 0> 4 0
< TS 008 9t a9t8 a96:¢ LT 88T 5€ €V «lT6 ST 9¢ 0> L4 0
i L1 o6l 9T  o96¢ o586 80  o¥S0 0S-1 9-€  0q09-¢ acl-C 01 S-0> ¥ 0
ﬂ suay Suike|
m €20 89-1 S0 WHS
o I +L60 1 2581 099 -6 9TLI W € al¥ <196 9¢ [Q RS L4 0¢
nnuv 1T k661 (4 =[6-CT 819 0l Tl b 9 »CLT ab6-€ 9¢ oI < ¥ 0
= I o68-1 8 a99¥ 659 vl 91y STe £ a0 2066 9¢ §0> 14 0t
I =LTIT 0l «6¥-CC 629 0T a6t 81-¢ 4! «C-0T a8t 9¢ §-0> 14 0
9 aS¢L L a81-01 £€-9 70 PO 061 € a8¥ #9L-C 01 S-0> 14 0
syoqnd aInyewwy
as UB3A as UBSN Hd as UBSA (1on2W as UBSA Hd (8%/8) (ww) sazis  (Y) swm (m
[euspon(y K1p 8/jouwr) piezzi  [sAd eD)  opned Sunpdweg  Apoq 3y/[owrr)
(1/1ourur) (1/10m) (prezzid s|qnjosu] (1/1omur) ajozeidswi()
Joy s|qnjog frouur) 3qnjog
a[qnosuy
SIUSIUOD [RUSPONP UI B
SIS0 pIezzid ul 8)
. (yuownyesn; yod SpIIq Xis JO 9AY JOJ SUOIBIADP PIEpUE)S PUB Sonjea UedJA)
= «SUY 3udpy pup spapnd dangpuit

JO 10047 24135231p 2Y1 Ul 1UIUOI

wmopo puv prd uo jaaa) wimagpo pup sazis 1o1and ‘ajozvadawo Jo 10affo 2y "¢ pup p sidxg “p 9Bl


https://doi.org/10.1079/BJN19950014

CA SOLUBILIZATION AND GASTRIC ACID INHIBITION 133

Table 5. Expts 2, 4 and 5. Correlation coefficients between gizzard pH and pH or calcium
contents in the digestive tract of chicks, pullets and laying henst

Gizzard pH
Expt no.... 2 4 5
Chicks Pulletsi  Laying hens}
n... 37 22 20
pH
Proventricular 0-88*** 0-92%** 0-92%**
Duodenal 0-18 0-59** 0-80%**
Gizzard Ca
Soluble (mmol/1) —0-28 — - 79*** —0-66**
Insoluble (mmol/g DM) 0-55%* 019 0-67***
Duodenal Ca (mmol/1)
Soluble —0-35% L L A —0-63**
Ionic —031 —0-83%** —0-63**

DM, dry matter.

* P <005, ** P < 001, *** P < 0-001.

t For details of procedures, see pp. 126—-128.
1 Birds were fed on 36 g Ca/kg diet.

inhibitor when fed on 36 g Ca/kg. Gizzard soluble Ca decreased by 77 and 82 % in pullets
and laying hens respectively, 4 h after the treatment. Duodenal soluble and ionic Ca
concentrations showed a reduction of higher magnitude (Table 4). The concentration of
insoluble Ca in the gizzard (mmol/g dry matter) was not affected by omeprazole but the
total content of insoluble Ca was higher in the gizzard in laying hens treated with the
inhibitor.

Effect of the physiological stage, particle size and calcium intake on pH and calcium
solubility
In chicks, feed consumption was decreased by the use of coarse particles (38 v. 29 (sp 3-5) g,
P < 0-001) but the amounts of dry matter in the gizzard were similar (1-33 (sp 0-44) g).
Gizzard dry matter increased in immature pullets fed with coarse particles of calcium (1-53
v. 3-04 (sp 0-82) g, P < 0-001). Tt was not modified in laying hens.

Gastrointestinal pH and Ca contents did not differ significantly between chicks, pullets
and hens when they were fed on a 10 g Ca/kg diet. A larger level of Ca in the diet enhanced
gizzard pH in pullets (Table 4) without altering proventricular (1-79 (sp 0-47) v. 1-80
(s 0-42)) or duodenal pH. In hens the Ca intake did not change gizzard or intestinal pH
values. Omeprazole inhibition of gizzard pH was larger in laying hens than in pullets
(interaction between sexual maturity and treatment, Table 4). Duodenal pH values were
not modified by the inhibitor.

Soluble and total insoluble Ca of the gizzard increased with Ca level (Table 4). Soluble
and ionic Ca fractions in the duodenum showed a similar pattern. These effects were more
pronounced in immature pullets than in laying hens.

Gizzard pH was higher in chicks fed on coarse particle size of Ca (Table 2) but crop,
proventricular and duodenal pH values were not influenced by the size of the particles. This
observation of an increased gizzard pH associated with coarse Ca was not confirmed in
pullets and laying hens (Table 4). The use of coarse particles of Ca maintained in chicks a
higher concentration of insoluble Ca in the gizzard 6 h after the feed intake (Table 3), and
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increased soluble Ca in the duodenum at this time (P = 0-04) compared with chicks fed on
fine Ca. Moreover, the inhibition of acid secretion reinforced the increase in gizzard
concentration of insoluble Ca (P < 0-001) and the decrease in duodenal soluble Ca (P =
0-04) associated with the particulate size of the Ca source in chicks (Table 3). In older birds,
coarse particles of Ca have less influence on the amount of soluble Ca in gastrointestinal
contents (Table 4). In pullets fed on coarse CaCO,, concentrations of gizzard soluble or
insoluble Ca were similar but the total content of insoluble Ca was higher (P < 0-01).
Soluble Ca in gizzard (P < 0-01) and ionic Ca in duodenum (P = 0-07) tended to be larger
in laying hens receiving coarse particles of Ca compared with hens fed on a fine particle Ca
source at the end of eggshell calcification (Table 4). As a consequence, large particles tended
to reinforce the decrease in gizzard and duodenal soluble Ca elicited by omeprazole.
Results from blood samples confirmed the positive effect of particle size on soluble Ca. The
ionized blood Ca was increased by the use of coarse seashells (0-98 (sp 0-09) v. 1-17
(sp 0-15) mmol/1, P < 0-05) at the end of eggshell formation but blood total Ca was not
significantly affected (2-10 (sp 0-53) v. 2:47 (sD 0-83) mmol/l, P > 0-05).

Relationship between pH and calcium solubility
Proventricular and gizzard pH values were highly correlated in chicks treated with
increasing levels of omeprazole (r 0-96, n 28) and in chicks, pullets and laying hens injected
with high doses of the H*, K* ATPase inhibitor (Table 5). The relationship between gizzard
and duodenal pH values was low in chicks (Expt 1: r 0-31, n 28; Expt 2: r 0-18, n 37) in
contrast to those observed in immature and laying hens (Table 5).

Gizzard pH was negatively correlated in chicks treated with low levels of omeprazole
(Expt 1) with gizzard soluble Ca (r —0-83; P < 0-001), duodenal soluble Ca (» —0-74; P
< 0:001) and ionic Ca (r —076; P < 0-001) and was positively associated with total
insoluble Ca in the gizzard (r 0-43; P < 0-05). These relationships were lower in chicks fed
on coarse particles of Ca in Expt 2 (Table 5). In pullets and laying hens, gizzard and
duodenal soluble Ca concentrations were also dependent on gizzard pH (Table 5).
Intestinal pH and soluble Ca were not correlated in the duodenum of chicks, but were in
those of pullets (r —0:54; P < 0-01) and laying hens (r —0-49; P < 0-05).

A high correlation was observed between gizzard soluble Ca and duodenal soluble Ca in
pullets (r 0-79; P < 0-001) and laying hens (r 0-9; P < 0-001) and to a lower extent in chicks
(Expt 1: r0-74; P < 0-001; Expt 2: r 0-44, P < 0-01). Similarly, the correlations between
gizzard soluble Ca and duodenal ionic Ca were high in pullets (r 0-76, P < 0-001) and laying
hens (r 0-9, P < 0-001) and in chicks (Expt 1: r 0-71, P < 0-001; Expt 2: r 0-74, P < 0-001).
Ionic and soluble Ca levels were highly correlated in the duodenum (chicks: Expt 1, r 0-96;
Expt 2: r 0-67; pullets: r 0-97; hens: r 0:90; P < 0-001). Finally, gizzard insoluble Ca was
negatively correlated with its soluble fraction only in the first experiment in chicks (r —0-51,
P < 0-01) but correlation coefficients were not significant in the second experiment, in
pullets (» 0-22) and in laying hens (r 0-33). Moreover, duodenal soluble and ionic Ca were
not correlated with gizzard insoluble Ca concentrations in chicks, pullets and laying hens.

Effect of proventricular acid secretion inhibition on calcium balance in laying hens and
chicks
In chicks, feed consumption was impaired at high level of omeprazole (Table 6). As a
consequence, chick body weight diminished. Faecal dry matter (29-5 v. 26:5 (sp 3-34) g/cage
per d) and Ca excretion were lower in chicks injected with omeprazole but coarse seashells
enhanced Ca excretion. Total Ca retention (0-71 v. 1-51 (sp 0-32) g/cage in chicks fed on
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Table 6. Expt 3. The effect of omeprazole and calcium particle size on calcium retention
and bone breaking strength in chicks*
(Mean values for eight observations per treatment and sixteen tibias per treatment)

Omeprazole Feed
(umol/kg Ca particle Wt gain consumption Ca excretion Ca retention Tibia ultimate
body wt) size (mm) (g/cage) (g/cage per d) (g/cage per d) (%) stress (N)
0 <05 198 100® 0-62° 482 56-2%
100 <05 173° 81° 0-55° 43-5* 53.9*
0 >12 174° 90> 0-78* 21-5° 49-9°*
100 >12 145¢ 79° 0-60° 29-8® 44:2°
SEM 17 95 0-10 77 84
Statistical significance of
effect of
Omeprazole < 0001 < 0-001 0-002 NS 0-06
Particle size < 0001 NS 0-007 < 0001 < 0-001
Omeprazole x particle size NS NS NS 0-04 NS

NS, not significant.

&P.¢ Mean values with unlike superscript letters were significantly different by two-way ANOVA with
interaction (P < 0-05).

* For details of diets and procedures, see pp. 126-128.

Table 7. Expt 6. Effects of omeprazole on calcium retention and eggshell quality in
laying hens*
(Mean values for eight hens per treatment and thirty-one eggs per treatment)

Ca Eggshell quality
Omeprazole }

(umol/kg Particle Intake Excretion Retention Shell wt Shell index

body wt) sizes (mm) (mmol/hen)  (mmol/hen) (%) ® (g/dm®)

0 <05 393° 193® 5120 568* 796*

0 > 12 572* 265* 542 5-85* 8234

100 >12 422° 241* 43® 4-46° 627°

SEM 58 53 72 0-54 0-60

Statistical significance < 0-001 0-055 0-03 < 0-001 < 0-001

of difference: P

%® Mean values with unlike superscript letters were significantly different by one-way ANOVA.
* For details of diet and procedures, see pp. 126-128.

coarse and fine Ca respectively, P < 0-001) or retention calculated as percentage of Ca
ingestion was lower in groups of chicks injected with placebo or omeprazole and fed on
coarse particles of Ca compared with those fed on fine Ca. Conversely, omeprazole had no
influence on Ca retention in chicks (Table 6). Weight gain and tibia ultimate stress
decreased in chicks fed on particulate Ca. Bone strength was diminished by the feeding of
coarse particles of Ca and tended to be lower in chicks injected with H* K* ATPase
inhibitor (P = 0-06).

Laying hens treated for 5 d with 100 gmol omeprazole/kg and fed on coarse particles of
Ca showed a lower feed intake (Table 7). The intestinal retention of Ca was decreased as
a consequence of inhibition of acid secretion by omeprazole but was not affected by the size
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of the Ca particles. The shell quality was markedly lowered in hens treated with omeprazole
(Table 7).

DISCUSSION
The present study demonstrates that Ca solubilization in the upper gastrointestinal tract of
chicks is directly related to proventricular acid secretion and largely decreased when acid
secretion is inhibited by omeprazole. However, a drop in gizzard and duodenal soluble Ca
slightly lowered intestinal Ca retention in laying hens fed on a 35 g Ca/kg diet and did not
modify Ca retention in chicks receiving a lower Ca diet (10 g/kg).

The increase in proventricular and gizzard pH values and the duration of the acid
inhibition were in proportion to the dose of the H*,K* ATPase inhibitor but the amount
of omeprazole producing total inhibition for 24 h in chicks was markedly higher than the
effective dose in human (Walt et al. 1983), rat or dog (Larsson et al. 1983). This discrepancy
could be a consequence of the 26-fold higher concentration of protons observed in chicks
{Long, 1967) compared to humans, or of a lower affinity of omeprazole for the avian
H* K* ATPase due to the lack of intracellular canaliculi in the oxynticopeptic cells. The
antisecretory effect of omeprazole confirmed in vivo the involvement of the H*,K* ATPase
in the process of acid secretion in birds as shown in mammals. The existence of
H*,K* ATPase activity in proventricular extract in vitro (Guinotte et al. 1993) supports this
hypothesis. Proventricular acid secretion is collected in the gizzard, as reflected by the high
correlation between their pH values (Table 5), and induces Ca solubilization. Inhibition of
proventricular acid secretion by omeprazole resulted in large increases in gizzard pH values
and concomitant lowering in soluble Ca. However, the correlation between gizzard pH and
gizzard or duodenal soluble Ca fluctuated with time, levels and particle sizes of Ca in the
diet and with the physiological stage of the birds, suggesting altered duration of contact
between acid solution and CaCO,.

In chicks treated with omeprazole the concentration of soluble Ca decreased in gizzard
by 95, 37 and 26 % and the pH increased to 57, 5-1 and 4-8 respectively when sampled 1,
3 and 6 h after the treatment (Table 2). In the first experiment gizzard solubi. Ca was
impaired by 65% and the pH enhanced to 4:5, 1'5h after the treatment (Table 1).
Therefore, changes in gizzard pH explained only partly those in soluble Ca concentration.
Gastrointestinal transit time and the amount of Ca in digestive contents are likely to
explain differences in Ca solubilization efficiency. In chicks, a great amount of Ca is rapidly
solubilized in the gizzard as suggested by the high correlation between gizzard pH and
duodenal soluble Ca 1-5 h after treatment and by the lower values observed thereafter, at
the 3 and 6 h sampling periods (Table 5). Moreover, the fall in duodenal ionic Ca decreased
from 95 to 43%, 1 and 3 h after gastric acid inhibition respectively. On the contrary, in
pullets and hens treated with omeprazole gizzard (80 and 76 %) and duodenal (79 and
83 %) soluble Ca concentrations largely dropped 4 h after the treatment. As a consequence,
correlations between gizzard pH and soluble or ionic Ca in the duodenum were maintained
at a higher level in pullets and hens than in chicks. In chicks the high transit rate observed
in the digestive tract (van der Klis et al. 1991) contributed to the reduction in gizzard
soluble Ca 3-6 h after the mean (Table 4) relative to concentrations observed earlier (Table
1). In laying hens the transit of intestinal contents is slower (Akahori et a/. 1971) and
gizzard hyperactivity is associated with reduced intestinal motility (Roche et al. 1983).
Consequently, gizzard soluble Ca supplied for a longer period the duodenal content with
soluble Ca as shown by the close relationship between gizzard and duodenal soluble and
ionic Ca (Table 5).

The absence of correlation between duodenal ionic Ca and gizzard or duodenal pH and
its lower correlation with gizzard soluble Ca in chicks than that of laying hens, on the one
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hand, and the lack of modification in intestinal Ca retention in chicks following inhibition
of acid secretion, on the other hand, suggest a subsequent Ca solubilization in the distal
intestinal tract of chicks. Of CaCO,, 37 % is solubilized in vitro at pH 6 after 2 h of reaction
(Bo-Linn et al. 1984). In vivo, CaCO, could be dissolved during its passage through the
jejunum which is slightly acidic and its absorption might be facilitated by the occurrence
of intestinal reflux content in chicks (Sklan et al. 1978).

High Ca level in the diet increased gizzard pH due to the buffering action of carbonates.
Nevertheless, it enhanced the amount of soluble Ca in the gizzard and duodenum of pullets
to a higher extent than in laying hens (Table 4). The higher proton concentration observed
in the gizzard supernatant fraction in immature pullets compared with hens (Nys &
Cabrera-Saadoun, 1986) and the slightly higher H*,K* ATPase activity observed in pullets
{Guinotte er al. 1993) might explain this observation. Moreover, disappearance of soluble
Ca is slower in pullets because of a lower intestinal Ca absorption. The levels of insoluble
Ca in the gizzard tended to increase with the Ca consumption and were similar in immature
pullets and laying hens. There is, therefore, no evidence that sexual maturity is associated
with any stimulation of acid secretion as confirmed by the absence of increase in
H* K* ATPase activity in hens compared with pullets (Guinotte et al. 1993).

The substitution of fine Ca by a coarse source largely increased the amount of insoluble
Ca in the gizzard content in chicks (Table 3). The soluble:insoluble Ca in the gizzard was
11-fold higher in chicks fed on a fine Ca compared with those fed on a particulate Ca. The
insoluble Ca level in the gizzard content increased with the lateness of the sampling period
and was 3-5-fold higher 6 h after the meal than that in the diet, suggesting a selective
accumulation of Ca. Such a retention in the gizzard of particle Ca larger than 0-8 mm has
been demonstrated in birds by Rao & Roland (1990). The duration of the stay of coarse
particles in the gizzard doubled compared with fine particles (Gonalons & Moretto, 1989).
Moreover, frequency and amplitude of gizzard contractions (Roche et al. 1983) increase
when chicks are fed on a coarse particle food or granulated diet and the feed transit slows
down. These changes elicit opposite consequences in young and adult birds. In chicks,
coarse-particle Ca decreased intestinal Ca retention and bone mineralization (Table 6) in
agreement with previous observations (Guinotte et al. 1991). These results suggest
insufficient solubilization process of the large particles in chicks, possibly because of a faster
digestive transit (van der Kliss et al. 1991) and a lower proventricular liquid secretion
compared with hens (Mongin, 19765). In laying hens the proventricular liquid secretion
doubled following the dilation of the crop associated with the increase in feed intake at the
end of the day (Mongin, 19765). The insoluble Ca fraction in the gizzard plays the role of
a Ca reservoir during eggshell calcification when there is an increase in gastric acid secretion
(Mongin, 1976b; Nys & Cabrera-Saadoun, 1986). Then, coarse Ca particles are slowly
dissolved compared with fine particles (Guinotte er al. 1991) and maintain a high level
of the insoluble fraction 12 h after feed withdrawal (Table 4). Consequently, gizzard soluble
Ca, duodenal ionic Ca (Table 4) and blood ionic Ca values were greater 12 h after the feed
intake in laying hens fed on coarse particles than those receiving fine Ca. The retention of
coarse Ca particles in the crop and gizzard (Rao & Roland, 1990) and their relative
insolubility (Guinotte ez al. 1991) allow, therefore, a constant metering of Ca during the
period of shell calcification, throughout the night, when there is no food intake. It explains
the beneficial effects of coarse-particle Ca on eggshell quality and bone mineralization
observed in laying hens (Guinotte, 1992).

Negative effects of acid secretion inhibition by omeprazole on intestinal Ca retention
were limited to a low extent in hens fed on a diet with a high level of Ca (Table 7). The
lower Ca retention was associated with a depressed eggshell quality in agreement with the
reduction induced by another gastric acid inhibitor, cimetidine (Wyatt et al. 1990). On the
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other hand, the inhibiting effect of omeprazole on osteoclast H", K™ ATPase activity
(Tiiiiklanen & Vainanen, 1986) reduced bone resorption and might decrease the supply of
Ca for shell formation.

The inhibition of acid secretion largely lowered Ca solubilization in the upper intestine
but did not affect intestinal Ca retention in chicks or elicit lower effects in laying hens
(—9%) than expected from the drop in duodenal ionic Ca (—90%). This observation
questions the importance of gastric acid secretion for intestinal Ca absorption and suggests
the existence of compensating factors such as intestinal solubilization as discussed
previously. Distal Ca absorption by the colon has been reported in rats (Petith & Schedl,
1976) and humans (Grimstead ez al. 1984). In humans, increased acid secretion is associated
with larger calcium solubility in vivo (Pak & Avioly, 1988). In gastrectomized subjects, Ca
absorption from CaCO, (Recker, 1985) and bone mineralization are reduced after a long
period of asecretion (Nilas et al. 1985). Conversely, Bo-Linn et al. (1984) did not observe
deleterious effects in the short term, of large increased gastric pH values on Ca absorption
in humans, as observed presently in birds.
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