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Abstract — The effects of two dietary proteins aramino acids, calcium and phosphorus con-
centrations in plasma, stomach and intestine were investigated in rats trained to consume, in a single
two-hour daily meal, diets containinglactalbumin ¢i-la) or whey protein concentrate (WPC) for

two weeks. The results indicated that the concentrations of calcium and phosphorus in the gastroin-
testinal tract and that of-amino acids in portal vein were not significantly influenced by the nature

of diets. The amount @f-amino acids in the gastrointestinal tract of rats fed on WPC diet was sig-
nificantly (p < 0.001) higher than that afla group. The levels of insoluble calcium and insoluble phos-
phorus in the small intestine were significanpy(0.001) higher imi-la group than in WPC group.

These results indicated that the kinetica-@mino acids, calcium and phosphorus were differently
influenced by the nature of diet ingested, the sampling time and the sites of sample collections.

a-lactalbumin / whey protein /a-amino acid / calcium phosphorus / digestion

Résumé— Effets de l'a-lactalbumine et d’'un concentré de lactosérum sur les teneurs en acides
a-aminés, en calcium et en phosphore dans le plasma et le tube digestif chez les tats effets

de protéines alimentaires sur les teneurs en aaigesinés, en calcium et en phosphore dans le
plasma et le tube digestif ont été étudiés chez des rats alimentés pendant deux semaines selon des
régimes contenant deflactalbumine @-la) ou un concentré de lactosérum (WPC). Les concentrations

de calcium et de phosphore solubles dans le tube digestif et celles des amitags dans la veine

porte, étaient comparables pour les deux groupes étudiés. En revanche, la quantitéodaaniees

nés dans le tube digestif des rats du groupe WPC était significativeree®001) supérieure. Les
niveaux de calcium et de phosphore insoluble dans le tube digestif des rats dagmottpéent signi-
ficativement p < 0,001) plus élevés. Ces résultats montrent que les profils des@eiderés, du

calcium et du phosphore solubles dans le tube digestif étaient differemment influencés par la nature
protéique du régime ingéré, le temps et les sites d'échantillonnage.

a-lactalbumine / protéines de lactosérum / acide-aminé / calcium / phosphore
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1. INTRODUCTION known to substitute for this metal ion [7].
Besides this unique calcium binding site,

It is generally recognized that the use oa-la contains at least one or two additional
milk and milk products to feed growing ani- cation sites, each of which has restricted
mals enhance calcium utilisation and boncations specificities. The strong calcium
mineralization. The high biological avail- binding site is constituted of the carboxy-
ability of calcium of milk and milk prod- late side chains of aspartic acid 82, 87 and
ucts has been related to their high calciurthe carbonyl oxygens of residues 79 and 84.
density and to other milk constituents whicl  \/5ri0us sources such as casein, whey and
are thought to increase the bioavailabilityyneseed are digested at different rates and
of calcium [36]. Lactose is recognized t0g|ease different proportions of peptides
enhance the passive diffusional calciungng free amino acids [18]. After ingestion of
absorption, probably by modifying the .4, milk or pasteurized milk by the preru-
mucosal intestinal cells permeability [46]. yinant calvesy-la is slowly but completely
Phosphopeptides formed during casein pejnyqgrolyzed in peptides by gastric enzymes
tic and tryptic digestion can also increaseyitin 3 hours and at pH under 3.5, whereas
calcium absorption by preventing the for-g |3 s poorly or not at all attacked, even
mation of insoluble calcium phosphate Comier 4 10 12  [25, 37, 45]. The resistance of
plexes in the small intestine [35, 36]. Wheyg |4 g digestives enzymes or microbial pro-

proteins and fractionsy-la andB-lac-  tga5e5 has been related to the simultaneous
toglobulin B-la) have also the property 10 yresence of two disulfide bridges and one
bind calcium and to enhance calciuMee thiol group that give a rigid structure
absorption [21]. conformation to this protein by allowing

Whey proteins have been also shown tmany exchanges between free —SH and the
increase bone strength and collagen-specifS-S bonds known to enhance the stability
amino acids such as hydroxyproline inof the molecule [8]. Pepsin, with specificity
ovariectomized rats [42]. Takada and his colfor tryptophan, tyrosine, phenylalanine,
leagues [43] observed that some active conleucine and isoleucine [14], has no effect
ponents of whey proteins having moleculaon these groups in natifela because they
weight ranging from 10000 to 23000 dal-are not accessible [33]. The three-dimen-
tons, are able to suppress osteoclast-mecsional structure oB-la overlaps in more
ated bone resorption and osteoclastic cethan 95% and constitutes a hydrophobic
formation. These active components opocket inside of eight strand@dbarrels
whey protein also improve osteoblast celbordered on one side by anhelix. This
proliferation and differentiation [41]. The kind of B-barrel structure is thought to be a
overall calcium-binding capacity @flain  general structure device found in animal
model solutions between pH 3.5 and 7.0 anorganism to trap and transport the small
ionic strength of 0.04 to 0.16 M, is abouthydrophobic ligands such as fatty acids and
half of that reported foo-la [30]. a-la is  vitamin A [29]. The resistance of this kind of
recognized as a calcium binding protein oprotein to gastric digestion is an important
calmodulin-like protein. Like other proteins requirement for the function of this retinol
having a calcium binding sites such as patand fatty acids carrier-protein [31]. Fur-
valbumin, troponin C intestinal calcium- thermore, binding of fatty acids {&la
binding proteins and calmodulin [4@;la  enhances the resistance and the conforma-
possesses an unigaehelical bend with tional stability of the structure to tryptic
carboxyl groups and oxygen donor ligand«digestion. However, the function pfla as
forming an octahedral calcium coordinationa physiological retinol carrier protein is
site called EF hand [5, 6§i-la is thought found to be limited to the stomach and the
to bind several other calcium-like cationsupper small intestine [19].
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Thus, the purpose of the present work iTable I. Composition of experimental diets (%
to compare the effects of in vivo digestionby weights).
of WPC andu-la on the concentrations of

. - . . Ingredients Whey proteina-lactalbumin
a-amino acids, calcium and phosphorus ir concentrate
portal vein, stomach and the small intestin
of rats fed with diets composed of these prcprotein 27.0 223
teins. Corn oift 2.3 5.0
Cellulose 5.0 5.0
Minerals mixturé 3.1 34
2. MATERIALS AND METHODS Vitamin mixture 1.0 1.0
. . Choline bitartrate 0.2 0.2
2.1. Animals and diets Lactos® _ 23
) Corn starch 61.4 60.8
Sixty Sprague-Dawley male rats (Charlesg g
Rivers, St-Constant, P.Q.) weighting(kcalkgdiet) 3963.0 3800.0

140-160 g have been individually housec
in suspended wire stainless-steel cages. Th* Mazola corn oil, Best Foods, Canada Starch
were trained over one week to 12:12 hour{Ontario). » . .
light/dark cycle with a standard rat chow élphalceldnonnutrltlve bulk, ICN, Biochemical
diet. Animals were cared for in accordanceg eveland, OH, USA). i i
AIN minerals mixture 76, INC Biochemical
with the principles and guidelines of the(Cleveland, OH, USA): mgg diet of Ca, 5155;
Committee of Animals Care of Laval Uni- P, 3983; Na, 1020; K, 3600; Cl, 1570; Mg, 507;
versity. These guidelines have been formu?:/'rnvz53;w':iﬁé§:|-%?éﬁ% rﬁiﬁé’rgihse’ligjevmd
:ﬁ]ted according to the principles and g'mdeCaHPq, NaQl Feo citrate (16_170/55 K250
es of the Canadian Council on Ammal,vI 0, MnCQ,, ZnCo, KIO, Na,SeO;
. S . ; , , 3 Na,SeQ,;-5H,0

Care. The animals were then divided int¢gng Crk(SQ)-12H,0.
two groups of thirty rats; each group was*AIN vitamins mixture 76A, INC Biochemical
assigned to one of the experimental diet(Cleveland, OH, USA): mgg™' diet of Thiamin-
for two weeks (Tab. I). The protein contentsHCl, 6.0; Riboflavine, 6.0; Pyridoxine-HCI, 7.0;
of each diet have been adjusted to 20%. TH\icotinic acid, 30.0; D-calcium Pantothenate,
diets contained 0.5% Ca. 0.4% P. 5% fat16.0, Folic acid, 2.0; Cyanocobalamin (Vit.

. v 1 B-12), 0.01; Retinyl Palmitate (Vit. A), 16.0;
2.43% lactose and 3.5% minerals mixturepL-a-Tocopheryl Acetate, 200.0; Cholecalciferol
Whey protein concentrate (75%) weregVit. D3), 0.025, Menaquinone (Vit. K), 0.05.
obtained from Saputo (Ste-Hyacinthe, Que6 Choline bitartrate, Sigma (St-Louis, MO, USA).
bec, PQ) andx-lactalbumin (90%, 5.8% 7'E:a0t°§te’ Am‘(’:h’\?rg.'a (hMor)treIanCanladg).OH
moisture, 2% lactose and 2.2% residual minus%n arch, lochemical (Cleveland, OH,
erals on dry basis) was obtained fron '
Besnier Bridel (Laval, France). The com-
position of the crude protein sourceosfa  Samples were taken in portal vein, stomach
was: 76%0-la; 4%p-la and included less and intestine at O (fasted rats), 1, 2, 3, 4, and
than 5% serum albumin bovine. The wheys hours after the onset of feeding. Five rats
protein concentrate was composed of 75%f each experimental diet group were anes-
proteins, 9% lactose, 10% fat and 6% moisthetized with isofurane (1.8%). The abdom-
ture. Animals were trained to consume ainal cavity was then opened and the liver
the same time every day, their total dailyexposed. The portal vein was clamped about
intake within a single 2-hour period, but hadd.5 cm from liver and about 2 mL of blood
free access to water. After two weeks orwere drawn with a syringe for portal deter-
experimental diets, rats were fasted fomination of calcium and phosphorus. To
24 h and refed on day 17th prior samplingprevent bleeding, portal vein was clamped
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1 cm from the collections site. Blood sam-between groups and within the groups. Data
ples were immediately centrifuged andwere considered significantly different at
frozen at —20 °C until assayed. For the colthe level ofp < 0.05.

lections of samples in small intestine and

in stomach, the gastrointestinal tract was

ligated at the beginning of the stomach and 3. RESULTS

at three positions in the small intestine as

described by Lee et al. [23]. The stomach, 3.1. Thea-amino acids

the upper and lower intestinal contents were

flushed out with ice-cold saline, homoge-  rigyre 1 shows the effects of the two milk
nized and centrifuged to obtain soluble a”(f.l)rotein sources oa-amino acids levels in

insoluble fractions. All samples were 5151 vein (Fig. 1A), stomach (Fig. 1B)
lyophilized and stored at —20 °C until assaye pper (Fig. 1C) and lower small intestine
(Fig. 1D). Although levels of portal-amino
acids were quite similar for the two groups
(Fig. 1A) those of rats fed antla dietat 1 h
. . ._and 2 h intervals were respectively 5 and 8%
The nitrogen content of dietary protéinpigher Whatever the time of sample collec-
sources has been evaluated with a Kjelfosgns the amount af-amino acids found in
automatic 16210 apparatus (A/SN. FOS$q stomach and upper intestine of rats fed on
Elec_:trlcal, Denmark). The energy conteniypc diet was significantlyp(< 0.001)
of diets has been assessed by an automafiger than that of rats fed arla group.
adiabatic calorimeter (Parr 1241 Adiabaticrhese differences remained large until the
Calorimeter, Moline, lllinois, USA). The gnq of the experiment. Endogenous (fasted
a-amino acids concentrations have bee@tate)q-amino acids in stomach and the
evaluated by a modified version of the OPA§;

2.2. Analysis

er small intestine of rats fed with WPC
procedure described by Church et al. [9 P

- _ "diet were also significantlyp(< 0.001)
and the results expressed as five amino aci@i§yher than those fed witirla diet. In con-

equivalent (glutamic acid, glycine, leucine, 5t gifferences in-amino acids levels in
lysine and serine). The diets and the 9aspe ower small intestine were less pro-
trointestinal contents were wet-ashed with, 5 nced between the two groups, except at
concentrated nitric acid (12 mL) and per+agieq state and at 4-h time point where
chioric acid (3 mL). Plasma and ashed samppc group exhibited higher and signifi-
ples were diluted with 0.1N hydrochloric o5t b < 0.05) mean values. These results

acid solution before analyzed for Caldumsuggested that compared to WPC diet, the
by atomic absorption spectrophotometryyigestion and absorption afla diet were
(Perkin-Elmer 603, Connecticut, USA) in 1,5 rapid.

lanthanum solution to a final concentration
of 1%. Total phosphorus contents of samples

have been determined by the colorimetric 3.2. Soluble and insoluble calcium
method of Fisk and Subbarow [15].

All values were presented as means = Figures 2 and 3 illustrate the effects of
SEM. Effects of dietary treatments, sam-digestion ofo-la and WPC on soluble and
pling times and sites were performed byinsoluble calcium levels in portal vein
analysis of variance with SAS [16] Student’s(Fig. 2A), stomach (Figs. 2B and 3A), upper
t-test and Duncan’s multiple range test wergFigs. 2C and 3B) and lower small intestine
used for comparisons. The least squarg§igs. 2D and 3C). Soluble calcium levels in
means (LSMEANS) analysis was performedhe gastrointestinal tract and portal vein were
to evaluate the interactions differencesot significantly different between the two
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Figure 1. The effect of dietary protein digestion aramino acids levels. Values are means + SEM.
The number of rats in each time point was fivp.<0.05; ** p < 0.01; *** p < 0.001.

dietary groups. However, when considerand 5-h (Fig. 3B). Contribution of endoge-
ing soluble calcium at each time interval,nous insoluble calcium secretions (0-h) to
the mean value at 3-h time point was sigtotal insoluble calcium in the stomach and
nificantly (p < 0.05) higher in the upper the upper small intestine were also signifi-
small intestine of rats featla diet (Fig. 2C). cantly p <0.001) higher in rats fed artla
Although soluble calcium levels in portal diet (Figs. 3A and 3B). Also, compared to
vein (Fig. 2A) were similar for the two WPC group, rats fed with-la diet showed
experimental groups, those of rats fed origher and significantp( < 0.005) insolu-
a-la diet at 1-h and 2-h intervals wereble calcium at 1-h, 2-h and 5-h time intervals
respectively 7 and 2% higher. in the lower small intestine (Fig. 3C).

Insoluble calcium levels were signifi-
cantly (0 < 0.001) influenced by dietary .
proteins, time and sites of sample collec- 3-3- Soluble and insoluble phosphorus
tions. Compared to WPC group, the pro-
portions of insoluble calcium in the upper Figures 4 and 5 show the effects of the
small intestine of rats fed witi-la diet were two dietary milk proteins on soluble and
significantly { < 0.001) higher at 0-h, 4-h insoluble phosphorus levels in portal vein
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Figure 2. The effect of dietary protein digestion on soluble calcium levels. Values are means +
SEM. The number of rats in each time point was fiye<*0.05; ** p < 0.01; *** p< 0.001.

(Fig. 4A), stomach (Figs. 4B and 5A), upperthe gastrointestinal tract of rats fed with
(Figs. 4C and 5B) and lower small intestineVPC diet than those fed withla diet. The
(Figs. 4D and 5C). Levels of soluble andproportions of insoluble phosphorus in the
insoluble phosphorus in the two experi-stomach were similar for the two dietary
mental groups were significantly € 0.001)  groups (Fig. 5A). In contrast, compared to
affected by the nature of diet ingested, sam/PC group, insoluble phosphorus levels in
pling time and sites of sample collections{N€ upper and the lower small intestine of
Soluble phosphorus levels were compar rats fed oro-la diet were S|gn|f|cantly h|gher
ble in portal vein for the two groups, excep (Eilogé)aﬁtdzég’) 4-h and 5-h time-points
at 0-h and 2-h time interval where WpC" 9% '

group showed a highep (< 0.05) mean

value. Compared to-la group, levels of sol-

uble phosphorus in the stomach and upper 4- DISCUSSION

small intestine of rats fed with WPC diet were

significantly higher |§ < 0.001) (Figs. 4B Rats fed on WPC have shown higher and
and 4C). Soluble endogenous (fasted statg)gnificanta-amino acids levels in their gas-
phosphorus levels were markedly higher irirointestinal tract. In an extensive study on
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Figure 3. The effect of dietary
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the protein digestion in human intestine asmall intestine, and a higher although not
reflected in luminal, stomacal and plasmasignificant, level of portati-amino acids
amino acid concentrations after meals, Adibafter 1 and 2 h time intervals. Higher gas-
and Mercer [1] have found that the lack of &rointestinala-amino acids levels showed
significant rise in the intraluminal concen-by WPC group would be explained by a
trations of free amino acids after ingestion ofonger retention time of dietary proteins in
protein is due to a rapid peptides absorpstomach, a slower rates to which the pro-
tion. This might be the case for rats fed withteins were hydrolyzed and absorbed in the
o-la meal which have shown the lowestupper portion of the small intestine and to an
o-amino acids levels in the stomach and irhigher endogenous intestinal secretions
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Figure 4. The effect of dietary protein digestion on soluble phosphorus levels. Values are means +
SEM. The number of rats in each time point was fiye<*0.05; **p < 0.01; *** p< 0.001.

(O h). This observation is in agreement witthydrophobic side-chains, such as pheny-
those of Fushiki et al. [17] who have reportedalanine (Phe) and leucine [50]. The calcu-
a rapid gastric emptying and digestion oflations on the three-dimensional structure
a-la. Differences in gastric emptying, diges-of a-la by Warme and co-workers [47],
tion and absorption of the two milk proteinsdemonstrate a large hydrophobic area on
are thought to be related to their structureghe surface of the nativela molecule from
Several studies have related slow digestiowhich Phg, protrudes into solution. This
of WPC diet to the resistance®fa to pep- hydrophobic area of native-la molecule

tic and pancreatic digestion [33, 39]. It hass more susceptible to proteolysis by pepsin.
been shown that the intramolecular disulHowever, it has been also reported tindd
fide bonds were known to stabilize theundergoes a conformational change at pH
native structure op-la by lowering the lower than 4.0 to a denatured state of the
entropy of unfolded form of the chain [4] molecule so that the rapid hydrolysis of this
and that cleavage of the S-S bonds results protein by pepsin does not necessarily
a significant increase of the susceptibilitydepend on some particular hydrophobic area
to peptic and pancreatic proteolysis. structure of native protein molecule [13].

Pepsin is known to cleave peptide Conformation changes afla caused by
bonds that involve amino acids with largeisolation procedures could also have
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increased the susceptibility of this proteinsuggestion that the biological roleffa is

to enzymatic hydrolysis by exposingto facilitate the absorption of vitamin A and
hydrophobic groups which are usuallyfatty acids [25, 31]. Results reported in the
buried inside the globular structure. Lieskepresent investigation were in agreement with
and Konrad [24] have also reported that théhis concept as animals had been fed with
degree of denaturation afla could ease an equilibrated diet which of course con-
enzymatic degradation of-la by papain. tained lipids brought by WPC source and
The postulate thdt-la has an increased added corn oil.

resistance to proteolysis when it contains Although, this work showed significant
bound fatty acids is consistent with thedifferences ina-amino acids levels in
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stomach and small intestinal contents, theito other milk protein sources including
values in portal vein were not statisticallycaseins, whey proteins afida [28].

different. In a study with rats, Galibois g4, calcium, a concentration gradient
etal. [18] have found no significant differ- petween content of the lower part of the
ences in total amino acids appearing in Poritestine and the blood content was
tal blood between casein meals (12% angpseryed, indicating that passive paracellu-
24%) and rapseed proteins meal (12%) 4y transport was mostly active in the jejunal
The lack of significant differences in por- 504 the ileum. Previous works have indi-
tal a-amino acids levels could be related tQqg1eq that dietary calcium is absorbed mainly
many factors, including: the rate of gastriG, the |ower portion of the small intestine
emptying which is recognized to have ater 3 meal containing normal calcium con-
direct control upon the amount of materiakentration by moving passively across the
released and absorbed in the small Intestingsstrointestinal barrier [11, 26]. Indeed, as
[44]; the efficiency of proteolytic enzymes; renorted previously, the increase of soluble
the well-known competition and the mutualca|cium concentration in the gut after meals
inhibition of sugars and amino acids foryyo|d enhance calcium absorption in the
absorption sites [10, 34]; the rates and pajser intestine where passive transport takes
terns of absorption of individual amino acidsy|5ce [22]. Bile salts would also be involved
[12, 18] and the degree of blood clearanc higher soluble calcium and phosphorus

being the function of effective capture andygncentration in the lower small intestine
utilization by the liver, gastrointestinal and[Z]. In contrast, the gradual formation of

peripheral tissues. insoluble calcium-phosphates complexes in
Also of interest are differences in thelower small intestine were mainly explained
kinetics of soluble and insoluble calciumby the increase of pH in the lower gut as the
and phosphorus levels between WPC andigestion progresses. Highly available
a-la. Calcium and phosphorus were not disédietary phosphorus reduces the formation
tributed and absorbed in the same patterraf insoluble metal-phosphate complexes in
throughout the gut. The lower soluble calthe intestine, particularly with calcium and
cium levels in the upper small intestinemagnesium [38]. Therefore, high soluble
would be related to the active calciumanda-amino acids levels released by a slow
absorption and to a rapid transit of digestsligestion and absorption of WPC in the gas-
[22]. Active transcellular calcium transport, trointestinal tract of rats might have inhibited
independent from calcium concentrationthe formation of insoluble calcium-phos-
and mediated by calcitriol is thought to bephorus complexes.
predominant in the upper small intestinal
jejunum and duodenum [3]. Small peptides
released from whey proteins were known 5. CONCLUSION
to be preferentially and rapidly absorbed in
the upper small intestine [27]. Furthermore, In conclusion, findings of the present study
these peptides can bind and solubilize cakuggest that hydrolysis and absorption of
cium and phosphorus [20, 32, 48, 49] andi-la might be faster than that of WPC. This
then, enhance absorption of these mineralstudy also showed that insoluble calcium,
For a-la which is rapidly digested in the soluble and insoluble phosphorus levels are
stomach and upper gut, such a mechanisgependent of the nature of diet ingested, the
could explain the slightly higher levels of sites and time of sample collections. Over-
portal Ca measured from 0 to 2 h after thall, results suggest that peptides released by
onset of feeding. Previous findings haveapid hydrolysis oéi-la would greatly influ-
shown that Ca absorption is more efficientence the active transport process of calcium
from 0O to 3 h witho-la based diet compared and phosphorus absorption, whereas those
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of WPC would later affect the passive trans{14]
port system.

[15]
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