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To determine the bioavailability of industrially heat-treated milk proteins, male Wistar rats were given
[15N]-labeled meals containing either nonheatedsmicellar casein (CAS), milk soluble protein isolate
(MSPI), and microfiltered milk (MF)sor heated productss“high temperature short time” pasteurized
(HTST), “higher temperature, shorter time” pasteurized (HHST), ultrahigh temperature-treated (UHT),
and spray-dried (SPRAY) milks. The postprandial distribution of dietary nitrogen was measured in
the splanchnic area and urea. Digestibility was around 96% except for SPRAY (94%) and MSPI
(98%). Ingested nitrogen recovered in the splanchnic bed was 19.3% for SPRAY, 16.7% for MF, and
around 14-15% for other products. Deamination of dietary nitrogen reached 21.2, 20.6, and 18.2%
of ingested nitrogen for MSPI, SPRAY, and CAS, respectively, and around 14-16% for other products.
In our model, only spray drying led to a significant increase of splanchnic extraction. Moreover, the
biological value of purified protein fractions appeared to be lower than that seen in products containing
total milk protein.
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INTRODUCTION

Milk and milk products have constituted basic and important
components of the human diet for centuries. Thermal processes,
especially short-time treatments, are normally widely applied
to these products to ensure their microbiological safety and to
extend the shelf life of dairy products. Heat processing induces
chemical and physical modifications that have a range of effects
on their nutritional value and functional characteristics. The
impact of heat treatments on the nutritional value of foods has
been the subject of much debate in recent years. Experimental
studies have mainly focused on the nutritional quality of milk
proteins, soy-based infant formula, enteral formulas (1,2),
legume proteins, and byproducts (3-5), assessed through
chemical markers of heat damage (6) or rat growth bioassays
(protein efficiency ratio or PER). These studies and others (7)
have shown that heat processing induced chemical and physical
changes, with various effects on the nutritional value and
functional characteristics of food proteins. As for studies on
milk protein quality, heat and residence time profiles have often
proved excessive or unusual in the context of common industrial

heat treatments. It has also been suggested that some chemical
compounds, which formed during heat treatment, may have
potential deleterious effects in animal models (8, 9). Overall,
despite the evidence of structural and functional modifications
after heat treatments, little attention was paid to the biological
value of heated milk protein.

During milk heating, protein modification and the formation
of complexes betweenκ-casein andâ-lactoglobulin (10) and
between casein and lactose may adversely affect protein
digestibility and postprandial nitrogen repletion due to the
unavailability of some indispensable amino acids (IAAs).
Lysinoalanine (LAL) formation and nonenzymatic browning are
considered major factors limiting the nutritional value of
conventionally heated dairy products. In the Maillard reaction,
the formation of Amadori products due to the reaction of a
reducing sugar (lactose) and theε-NH2 group of lysinesand
possibly methioninesis likely to impair the bioavailability of
these AAs by up to 30 or 40% and thus markedly reduces the
biological value of the related protein. Moreover, although the
presence of hydroxymethylfurfural and other Maillard products
in ultra heat-treated (UHT) milk (with or without an excessive
storage duration) has been fully explored (11,12), these studies
rarely explored the physiological consequences of such com-
pounds on dietary nitrogen disposal (13). As for the LAL
content, a recent study performed on infant formulas (14)
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showed that since the 1980s, the chemical quality of commercial
infant milks has much improved, because of more appropriate
heat treatment procedures. Because lysine can undergo two
independent processessi.e., reaction with dehydroalanine resi-
dues resulting in LAL formation as well as the Maillard
reactionsthe content of available lysine has often been used as
a marker of heat damage affecting dairy protein (15) and
subsequently a marker of impaired protein quality.

However, a direct link between chemical modifications to
essential AAs due to heat treatment and the in vivo bioavail-
ability of protein has rarely been established. Moreover, to our
knowledge, the true digestibility and postprandial retention of
dairy protein nitrogen subjected to standard industrial heat
treatments have never been studied in either animals or humans.
We previously developed isotope methods to follow dietary
nitrogen into the different body compartments of both rodent
(16, 17) and humans (18,19).

The aim of the present study was thus to explore in rats the
fate of dietary nitrogen after the ingestion of dairy proteins
subjected to standard industrial heat treatments. For this purpose,
seven groups of 8-11 rats each acutely ingested a lactose-free
mixed meal containing one of the following [15N]-labeled milk
products: three nonheat-treated products [micellar casein (CAS),
milk soluble protein isolate (MSPI), and microfiltered milk
(MF)] and four heat-treated milks [“high temperature short time”
pasteurized (HTST), “higher temperature, shorter time” pasteur-
ized (HHST), UHT, or spray-drying (SPRAY)]. Six hours after
the ingestion of the experimental meal, the animals were
sacrificed and dietary nitrogen was followed in some splanchnic
tissues (liver, intestinal mucosa) and in both the plasma proteins
and the body and urinary urea.

MATERIAL AND METHODS

[15N]-Labeled Milk Products. Milk was [15N]-labeled in the Unit
of Milk Production (U.P.L., Unité de Production du Lait, INRA, Saint-
Gilles, France) by giving 100 g/day of ([15N]H4)2SO4 (12 atom %
isotope enrichment, Euriso-top, Saint-Aubin, France) for 7 days to three
lactating cows via a rumen fistula. The final isotopic enrichment of
collected milk ranged from 0.6365 to 0.6682 atom % (AP). The milk
was pooled and then defatted, and this skimmed [15N]-labeled milk
was subjected to a processing procedure shown schematically inFigure
1. Briefly, the skimmed milk was first microfiltered on a 1.4µm
membrane (GP7 Sterilox equipment), producing first a bacterial
retentate and second microfiltered (MF) milk. Four different heat
treatments were applied to this MF milk: HTST (72°C, 20 s), HHST
(96 °C, 5 s), UHT (140°C, 5 s), and spray drying (Minor Spray pilot,
Massy, France; inlet air temperature, 250°C; outlet product temperature,
87 °C). All heat treatments were carried out using an Acti-joule
equipment. The remnant bacterial retentate was diafiltered with osmosed
water, and the permeate was concentrated and microfiltered on a 0.1
µm membrane (S7 pilot), thus allowing the separation of CAS in the
retentate and milk soluble proteins in the permeate, the latter being
concentrated further by ultrafiltration on a 5 kDa membrane (TIA
apparatus). In this way, we obtained seven test products from the same
initial milk sample. Moreover, heat-treated milks were all derived from
the same MF. Because of the dramatic decrease in lactase activity after
3 weeks of age in rodents, all milks were lactose free, to avoid
disruptions in to the digestive processes. Lactose was removed by
ultrafiltration (polyethersulfone membrane cutoff at 10 kDa, Filtron
apparatus, Amicon). All products were freeze-dried and stored at 4°C
to ensure correct conservation until their use for experiments.

Animals. Experiments were carried out in accordance with the
guidelines of the French Committee for Animal Care and the European
Convention for the Protection of Vertebrate Animals Used for
Experimentation. Male Wistar rats (n ) 70) (Harlan, Horst, The
Netherlands), weighing 180-200 g at the beginning of the experiment,
were housed in individual stainless steel screen-bottomed cages, in a

room with controlled temperature and humidity (23( 1 °C; 50( 2%
humidity) and a reverse 12 h light/dark cycle (light from 8:30 pm to
8:30 am). All animals were adapted for 14 days to an AIN-93M
modified diet (20), containing 140 g of total milk protein per kg of
food instead of casein plus cysteine (Table 1). Rats had access to the
powdered diet according to a special feeding schedule of three meals
per day. Between 8:30 and 8:45 am, rats were given a 6 g meal, and
then for 2× 60 min periods (12:00 midday-1:00 pm and 4:30 pm-
5:30 pm), they had free access to food. Throughout the duration of the
experiment, the rats had free access to water. This pattern was chosen
in order to adapt the rats to prompt consumption of the experimental
diet within a short period (15 min in the morning) while ensuring an
adequate daily food intake (average 16 g/day/animal of dry food, i.e.,
258 kJ/day/animal).

Experimental Procedures and Sample Collection.On the morning
of the 15th day, rats acutely ingested an experimental meal containing
one of the seven [15N ]-labeled milk products: either a nonheat-treated
product (CAS, MSPI, and MF) or a heat-treated product [HTST (72
°C, 20 s) or HHST (96°C, 5 s), UHT (140°C, 5 s), or spray drying
(SPRAY)]. Experimental meals were isocaloric and prepared in order
to mimic the composition of the AIN-93M modified diet containing

Figure 1. Processing and preparation of different heat-treated milks using
[15N]-labeled whole raw milk.

Table 1. Composition of the 14% Protein AIN-93M-Modified Diet
(Adaptation Period)

g/kg % of energy

total milk protein (TMP)a 140 14.7
sucroseb 100 10.5
starchc 622.7 65.4
AIN-93M mineral mixd 10
AIN-93M vitamin mixd 35
soybean oile 40 9.4
cellulosef 50
cholined 2.3
caloric content 15.9 kJ/g

a Nutrinov (Rennes, France). b Eurosucre (Paris, France). c Cerestar (Haubourdin,
France). d ICN Biomedicals (Costa Mesa, CA). e Bailly SA (Aulnay sous Bois,
France). f Medias Filtrants Durieux (ZI Torcy, France).
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14% milk protein (Table 2). Each meal contained the same levels of
protein, carbohydrate, and fat.

At the beginning of the experimental procedure, absorbent paper
was placed under the cages in order to collect urine during the 6 h
following the experimental meal. The rats had access to the experimental
meal for 30 min (8:30-9:00 am). The meal was then removed, and
the animals had free access to water for 6 h. The rats were slaughtered
6 h after ingestion of the [15N]-labeled meals. They were anesthetized
with sodium pentobarbital (200 mg/kg body weight) and injected with
5000 IU heparin per animal (Laboratoires Choay, Gentilly, France).
After incision of the abdomen, blood was withdrawn from the
abdominal cavity after rupture of both the caudal vena cava and the
aorta. The gastric, intestinal, and cecal contents were sampled and stored
at -20 °C. The small intestine wall was divided into three equal parts
(proximal, medial, and distal) and weighed and stored at-20 °C until
analysis, together with the liver. Blood was ice-stored in individual
glass tubes and centrifuged (20 min, 3000g, 4 °C). The plasma was
stored at-20 °C for subsequent analysis. The bladder was removed,
incised, and emptied of urine. The absorbent paper and bladder were
rinsed with distilled water, and the eluates from each rat were pooled
and stored at-20 °C until analysis, as previously described (16). The
gut contents were weighed after freeze drying. The liver, gut contents,
and small intestine wall sections were freeze-dried and crushed for
subsequent isotopic analysis.

Analytical Methods. Biochemistry of Milk Products.The lactulose
content of the powder was determined according to the International
Dairy Federation method (21). Alkaline phosphatase activity was
determined according to the International Dairy Federation method (22).
The acid hydrolysis of protein was performed under a vacuum in the
presence of 6 N HCl for 24, 48, and 92 h at 110°C using an AA
analyzer (Pharmacia alpha plus 2) according to the method described
by Spackman, Stein, and Moore (23).

Analyses were performed by reverse phase high-performance liquid
chromatography (RP-HPLC) using a Vydac C4 column (150 mm×
4.6 mm i.d.). Separation was achieved at a flow rate of 1 mL/min and
at 40°C using a linear gradient with acetonitrile. Solvent A contained
0.106% (v/v) trifluoroacetic acid (TFA) in MilliQ water, and solvent
B contained 0.1% (v/v) TFA in acetonitrile-milliQ water (80/20 v/v).
For the analyses of whole proteins, lactose-free milk powders were
reconstituted from freeze-dried milk powders by adding deionized water
to a final concentration of 3% (w/v), corresponding to 28 g/kg. These
samples were then reduced by a 5-fold dilution with 0.1 M Tris-HCl,
pH 8, buffer containing 8 M urea and 12.5 mM dithiotreitritol. After
standing at 37°C for 1 h, samples were further diluted with 0.2% TFA
to give approximately 1 g/L protein solution at pH 2.2. Separation was
performed with a linear gradient from 37 to 62% with eluent B for 58
min, followed by detection at 214 nm.

Milk soluble proteins were obtained after the precipitation of lactose-
free milk powders (3%) with 1 N HCl at pH 4.6. Caseins and denatured
milk soluble proteins were removed by centrifugation at 2500g for
15 min. Supernatants diluted 12.5-fold in eluent A were analyzed by
RP-HPLC under the elution conditions described above, with a linear
gradient from 46 to 61% applied for 15 min. For MSPI, powder was
solubilized at 6% in deionized water and diluted 100-fold in eluant A
for RP-HPLC.

Determination of Lactosylation Rates forâ-Lactoglobulin (â-Lg)
Originating from SPRAY Milk.Whey proteins from SPRAY milk

powder were obtained as described above. Analysis of the specific
lactosylation ofâ-Lg was performed using on-line RP-HPLC coupled
with an electrospray ionization mass spectrometry (ESI-MS) device.
RP-HPLC conditions were identical to those previously described. Mass
was determined using an API-III Plus mass spectrometer (Sciex,
Thornhill, Ontario, Canada) equipped with an atmospheric pressure
ionization source. Sample analyses were carried out as previously
described in the literature (24). Molecular masses were determined from
the measuredm/zvalues, and the mass assignments ofâ-Lg forms were
confirmed by AA sequence determination using tandem mass spec-
trometry (MS-MS) analysis, as previously described (24).

Biological Samples.Plasma urea concentrations were determined
by an enzymatic assay using urease and the reaction of ammonia with
hypochlorite and phenol to form blue indophenol (Urea Nitrogen
endpoint kit, Sigma-Aldrich Chimie, Saint-Quentin Fallavier, France).
Urinary urea assays were performed using the urease reaction (Urea
kit, bioMerieux, Marcy l’Etoile, France) on a Mascott+ 3× spectro-
photometer (Lisabio, Pouilly en-Auxois, France).

Plasma proteins were precipitated using 50µL of a 1 g/mL
sulfosalicylic acid solution per mL of plasma. Samples were therefore
stored at 4°C for 1 h and centrifuged (4°C, 20 min, 3000g); the
supernatant was retained for the isolation of plasma urea. The pellets
were frozen at-20 °C and then freeze-dried.

Urinary and plasma urea were isolated on a Na/K form of a cation
exchange resin (Biorad Dowex AG50-X8, mesh 100-200, Interchim,
Montluçon, France) as previously described (25). The resin-containing,
urea-derived NH4+ was stored at 4°C until isotopic determination, prior
to which the resins were eluted with a 2.5 mmol/L KH2SO4 solution.

Nitrogen Contents and Isotopic Determinations.Nitrogen percentages
and [15N] enrichments were measured using isotopic ratio mass
spectrometry (Optima, Fisons Instruments, Manchester, United King-
dom) coupled with an elemental analyzer (NA 1500 series 2, Fisons
Instruments) with atropina (Carlo Erba Instruments, Fisons, Arcueil,
France) as the standard, as previously described (26). Briefly, aliquots
(solid: freeze-dried digesta, intestinal mucosa, or liver samples; liquid:
urine and plasma) were burned in the elemental analyzer. CO2 and water
were trapped, and the isotope ratio in N2 was measured using a
calibrated nitrogen gas as the15N/14N reference. The AP and the atom
percent excess (APE) were then calculated.

Calculations.The exogenous nitrogen (Nexo-mmol) present in samples
was calculated as follows:

where Ntot-mmol is the amount of total nitrogen (N) in the sample; APEs

is the [15N]-enrichment excess of the sample) AP of the sample-
basal enrichment of the sample; and APEm is the [15N]-enrichment
excess of the meal) AP of the meal- basal enrichment of the sample.

The exogenous nitrogen recovered in the urea body pool was
calculated assuming that urea was uniformly distributed throughout the
total body water and according to the following formula:

where Curea is the concentration of urea in the plasma; BW is body
weight; APEurea-s is the [15N]-enrichment excess of urea in the sample;
and APEm is the [15N]-enrichment excess of the meal.

In the rat, the mean percentages of body water and of water in plasma
are assumed to be, respectively, 67 and 92% (27). The total amount of
exogenous nitrogen transferred to urea is the sum of the exogenous
nitrogen excreted in urinary urea and the exogenous nitrogen recovered
in the body urea pool. The exogenous nitrogen recovered in plasma
proteins was calculated assuming that plasma represents 3.5% of BW
(28).

Results, when expressed as the percentage of ingested nitrogen
(N%ing) recovered in tissues, plasma, or urine samples, were calculated
as follows:

Table 2. Composition of the Experimental Diets (g/100 g)

CAS MSPI MF HSTS HHTS UHT SPRAY

milk product 15.9 15 16 16 16 15.4 15.9
sucrosea 9.3 9 9.3 9.3 9.3 9.3 9.3
starchb 61.5 62 61 61 61 61.6 61.5
mineral mixc 3.1 3.1 3.1 3.1 3.1 3.1 3.1
vitamin mixc 1.0 1.0 1.0 1.0 1.0 1.0 1.0
soybean oild 4.0 4.0 4.0 4.0 4.0 4.0 4.0
cellulosee 5.0 5.0 5.0 5.0 5.0 5.0 5.0
cholinec 0.2 0.2 0.2 0.2 0.2 0.2 0.2

a Eurosucre. b Cerestar. c ICN Biomedicals. d Bailly SA. e Medias Filtrants
Durieux.

Nexo-mmol) Ntot-mmol × (APEs/APEm)

Nexo-urea) Curea× 2 × 0.67/0.92× BW × (APEurea-s/APEm)

N%ing ) Nexo-tot/Nm × 100
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where Nexo-tot is the total amount of dietary nitrogen recovered in tissues,
plasma, or urine; and Nm is the total amount of ingested N from the
meal.

Orocecal protein digestibility (DIG) was calculated as the difference
between the nitrogen ingested and the nitrogen recovered in the
gastrointestinal tract after 6 h, divided by ingested nitrogen.

Net postprandial protein utilization (NPPU) was calculated as the
percentage of ingested nitrogen that was retained in the body: NPPU
) DIG - N%ing-urea. Postprandial biological value (PBV) was calculated
as the percentage of absorbed nitrogen retained in the body: PBV)
100 - N%ing-urea.

Statistical Analysis. Values are presented as means( standard
errors. Means and standard errors were calculated using the MEANS
procedure of the SAS/STAT software (version 6.11, Cary, NC).
Statistical comparisons of the different meal groups were performed
using the SAS/STAT software (version 6.11, Cary, NC). A one-way
analysis of variance was performed using the GLM procedure of SAS,
and Bonferoni’s posthoc tests were used for pairwise comparisons. The
contrast statement was used to compare on one hand heated vs
nonheated products and on the other hand purified milk proteins (CAS
and MSPI) vs total native milk proteins. An a posteriori analysis of
our results led us to consider SPRAY apart from other heated products.
The rationale for this approach was the specific recovery of lactosylation
in soluble protein from SPRAY. Differences were considered to be
significant when thep value was<0.05.

RESULTS

Microbiological and Biochemical Characteristics of Milk
Products. Microbiological Characteristics.All products were
tested for microbiological flora. All products except SPRAY
and CAS exhibited a total flora level and a coliform level<10
colony-forming units (cfu)/g. The total flora was 5× 102 cfu/g
for CAS and 2.1× 104 cfu/g for SPRAY.

AA Composition (Table 3). With respect to the proportions
of individual AAs in different milk proteins, the main differences
were observed between MSPI and CAS products. Asp, Ala, Ile,
Leu, and Lys levels were higher in MSPI than in CAS. On the
other hand, Ser, Glu, Pro, Tyr, Phe, His, and Arg levels were
higher in CAS. Consequently, the proportion of branched chain
amino acids (BCAA) and IAAs was higher in the MSPI group
than in the CAS group. AA proportions in MF, HSTS, CAS,
HHTS, and UHT products were similar, except for the Pro
content that seemed to decrease with heating. Finally, MSPI

proteins exhibited the highest levels of IAAs and BCAAs,
followed by the SPRAY proteins.

HPLC Profiles of Milk Products and Mass Spectrum ofâ-Lg
from Spray-Dried Milk (SPRAY) (Figure 2). The RP-HPLC
profiles of the different lactose-free powders highlighted the
composition in whole proteins. As compared with MF, the
profile of the nonsoluble protein fraction (Figure 2a) did not
change as a result of heat treatment, unlike that of soluble
proteins. As heat treatment intensified, individual separations
of soluble proteins became more difficult, as their peaks grew
broader (Figure 2b). To better characterize soluble proteins,
caseins were precipitated at pH 4.6 and the supernatants were
analyzed by RP-HPLC. The RP-HPLC profile of soluble
proteins arising from MF was strictly similar to that of MSPI,
which corresponded to the milk soluble proteins. The profiles
following HTST and HHST treatments exhibited a slight
decrease in theR-La and â-Lg peaks. Proteins had almost

Table 3. AA Composition of the Milk Products (%)

CAS MSPI MF HTST HHTS UHT SPRAY

Asp 6.59 10.71 7.44 7.52 7.58 7.59 7.71
Thr 3.71 4.78 4.12 4.24 4.27 4.38 4.44
Ser 4.33 3.64 5.05 5.03 5.12 5.11 5.10
Glu 22.14 17.05 19.56 19.66 19.75 20.08 19.69
Pro 10.30 6.86 11.25 11.18 8.76 8.29 7.10
Gly 1.44 1.66 1.59 1.61 1.57 1.63 1.66
Ala 2.37 4.16 2.97 2.92 2.99 3.06 3.08
Cys − 2.91 0.87 0.75 0.83 0.80 0.94
Val 6.28 5.41 6.06 5.79 6.02 5.99 6.49
Met 2.78 2.18 2.32 2.18 2.26 2.12 2.54
Ile 4.94 5.51 4.83 4.77 5.16 5.21 4.92
Leu 9.06 11.85 8.84 9.16 9.45 9.70 9.57
Tyr 5.77 3.85 5.29 5.45 5.69 5.71 5.66
Phe 5.36 4.16 4.85 5.08 5.31 5.15 5.16
His 4.63 2.29 3.02 2.94 3.08 3.12 3.17
Lys 6.28 9.98 8.03 7.90 8.19 8.10 8.48
Arg 4.02 3.01 3.90 3.83 3.97 3.94 4.30
IAA 43.05 46.15 42.08 42.07 43.73 43.78 44.76
DAAa 56.95 53.85 57.92 57.93 56.27 56.22 55.24
BCAA 20.29 22.77 19.73 19.73 20.63 20.90 20.97

a DAA, dispensable amino acids.

Figure 2. HPLC profiles of different milk products. (a) Whole protein
profiles (pH 2.2) and (b) soluble fraction (pH 4.6).
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disappeared from the soluble fraction at pH 4.6 following UHT
treatment, while major impairment of the HPLC profile was
observed following SPRAY treatment.Figure 3 shows the
reconstructed mass spectrum ofâ-Lg from SPRAY. Peaks
represent different real masses corresponding to the original
â-Lg genetic variants (â-Lg A and B) and its modifiedsi.e.,
lactosylatedsforms (addition of one, two, or three molecules
of lactose). Around 80% ofâ-Lg A and B was modified by the
covalent binding of one or more lactose residues.

Animals. During the adaptation period, the growth curves
of all rats were regular and similar (data not shown). On the
experimental day, no differences were observed between groups
in terms of body, liver, and kidney weights, which were,
respectively, 243.1( 12.7, 7.8( 0.7, and 1.6( 0.1 g (data
not shown). After the 15 min experimental meal, rats that were
offered the MSPI-, CAS-, or HTST-based meals ingested
significantly more dietary nitrogen (around 6.9 mmol) than rats
offered SPRAY-based meal (4.7 mmol) (Table 4).

Digestive Data and Postprandial Distribution of Dietary
N. Dietary Nitrogen RecoVered in the Gastrointestinal Tract 6
h after the Meal (Table 4). The percentage of ingested nitrogen
remaining in the stomach 6 h after ingesting the experimental
meals was low and ranged, respectively, from 0.12 (MF and
UHT) to 0.19% (SPRAY). In the intestinal lumen, dietary
nitrogen levels ranged from 0.39 (MSPI) to 0.66% (CAS) of
ingested nitrogen. Because of high interindividual variability,
there were no significant differences between meal groups
concerning these parameters. Dietary nitrogen levels in the cecal
compartment were about 4-5 times higher than in the two other
digestive compartments taken together, except for the MSPI
group (2-fold). The amounts of ingested nitrogen recovered in
the cecum were lowest in the MSPI group (82µmol) and highest
in the CAS and SPRAY groups (228 and 221µmol, respec-
tively). Cecal dietary nitrogen recovered in the MSPI group was
statistically and significantly different from that observed in the
CAS, HTST, UHT, and SPRAY groups. Finally, statistics

Figure 3. Reconstructed spectrum of â-Lg from spray-dried whey protein. Original â-Lg A and â-Lg B (0 lactose), 18366 and 18281, respectively. â-Lg
A and â-Lg B with one lactose, 18690 and 18605, respectively. â-Lg A and â-Lg B with two lactose molecules, 19015 and 18930, respectively. â-Lg
A and â-Lg B with three lactose molecules, 19339 and 19254, respectively.

Table 4. Ingested Nitrogen and Residual Dietary Nitrogen in the Gastrointestinal Tract 6 h after the Mealsa

dietary nitrogen in the gastrointestinal tract 6 h after the meal

stomach small intestine cecum totalingested nitrogenb

(mmol) µmol % ingested N µmol % ingested N µmolb % ingested Nb µmolb % ingested Nb

CAS 6.97 ± 0.93 a 12 ± 8 0.17 ± 0.12 49 ± 40 0.66 ± 0.46 228 ± 94 b 3.35 ± 1.27 b 290 ± 103 b 4.16 ± 1.22 a
MSPI 6.93 ± 1.91 a 11 ± 10 0.16 ± 0.11 27 ± 9 0.39 ± 0.07 82 ± 41 a 1.20 ± 0.56 a 121 ± 47 a 1.74 ± 0.56 b
MF 5.56 ± 1.52 6 ± 1 0.12 ± 0.02 28 ± 11 0.58 ± 0.22 157 ± 55 3.13 ± 0.53 b 191 ± 59 3.77 ± 0.42 a,c
HTST 6.85 ± 0.99 a 10 ± 8 0.15 ± 0.12 31 ± 14 0.45 ± 0.18 197 ± 61 b 2.91 ± 0.84 b 238 ± 72 b 3.49 ± 0.99 a,c
HHST 5.24 ± 1.49 9 ± 12 0.17 ± 0.20 30 ± 17 0.59 ± 0.35 159 ± 57 3.26 ± 0.87 b 198 ± 62 3.99 ± 0.88 a,c
UHT 5.96 ± 1.19 7 ± 4 0.12 ± 0.07 36 ± 20 0.61 ± 0.33 199 ± 55 b 3.29 ± 0.52 b 242 ± 60 b 4.00 ± 0.63 a,c
SPRAY 4.68 ± 1.01 b 9 ± 6 0.19 ± 0.10 30 ± 12 0.64 ± 0.19 221 ± 64 b 4.70 ± 0.66 c 260 ± 78 b 5.53 ± 0.85 a,d

a Values are means ± SE. Values with different letters are statistically different, and values with the same letter are not statistically different; a value with no letter does
not differ from any other value; that is, for dietary nitrogen in the cecum 6 h after the meal (expressed as % of ingested nitrogen), MSPI differs from all other groups and
SPRAY differs from all other groups except CAS. b Significant effect of test meal (p < 0.05).
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regarding dietary nitrogen recovered from the entire gastrointes-
tinal tract 6 h after the meal produced results similar to those
obtained in the cecal compartment.

Postprandial Distribution of Dietary N. Table 5 shows the
percentage of dietary nitrogen retained in the splanchnic organs
and transferred to body and urinary urea (deamination pool).
The meal had a global effect on nitrogen retention in the
proximal portion of the intestinal mucosa, with a statistically
significant difference between CAS and SPRAY groups (Bon-
feroni’s posthoc test). In the medial mucosa, a significantly
higher retention of dietary nitrogen was observed in the SPRAY
group than in any other groups. There was no statistical effect
of the meal on the amount of dietary nitrogen retained in the
distal intestinal mucosa. As for the total intestinal mucosa, the
percentage of dietary nitrogen recovered in the SPRAY group
was significantly higher than in the CAS, MSPI, HSTS, and
UHT groups.

The hepatic dietary nitrogen content was 1.3-1.5 times higher
in the SPRAY group than in any of the other groups except for
MF, and this difference was statistically significant. The amount
of hepatic dietary nitrogen recovered in the MF group tended
to be higher than in other groups but without attaining statistical
significance. Similarly, levels of dietary nitrogen incorporated
into plasma proteins were significantly higher in the SPRAY
group than in any other groups (1.4-1.5-fold). Moreover, this
parameter was significantly higher in MF rats than in CAS,
MSPI, and HSTS animals. Finally, the retention of dietary

nitrogen in splanchnic proteins reached the highest levels in
the SPRAY group (19% of ingested nitrogen) and differed
significantly (p< 0.0001) from that observed in other groups
(14-17%).

Deamination.Dietary nitrogen recovered in the body urea
pool 6 h after the meal was significantly higher in the SPRAY
group than in the HSTS group. Irreversible transfer of dietary
nitrogen to the urinary urea pool was higher in the MSPI group
than in the MF and UHT groups. Finally, total deamination
reached its highest levels in SPRAY and MSPI animals (about
21% of ingested nitrogen), followed by the CAS group (18%)
and then by other milk products, where deamination ranged from
14 to 16%.

Contrast analysis underlined a difference between purified
proteins (MSPI and CAS) and milk products with the exception
of SPRAY (p < 0.05). The contrast between heated (HSTS,
HHTS, UHT, and SPRAY) and nonheated products was not
significant.

Biochemical Heat Markers and Nutritional Quality In-
dexes (Table 6).Heat Markers.Biochemical heat markers
include the peak area of HPLC profile at pH 4.6, lactulose, and
phosphatase alkaline (PAL) contents. Analyses of heat markers
performed on skimmed heat-treated milks demonstrated some
differences between HSTS, HHTS, and UHT milks on one hand
and SPRAY milk on the other hand.

Table 6 shows that, as compared to MF, the peak areas of
RP-HPLC profiles at pH 4.6 decreased by 19% with HHST

Table 5. Transfer of Dietary Nitrogen to the Urea Pool and Splanchnic Sequestration 6 h after the Ingestion of the Experimental Meals (Expressed
as % of Ingested Nitrogen)a

CAS MSPI MF HSTS HHTS UHT SPRAY

deamination
body urea poolb 4.10 ± 1.57 a 4.49 ± 1.13 4.08 ± 1.56 a 3.29 ± 1.02 a 4.57 ± 1.48 3.73 ± 0.56 a 6.02 ± 0.70 b
urinary urea poolb 14.08 ± 2.08 16.72 ± 4.62 a 10.24 ± 1.36 b 11.38 ± 4.11 b 11.89 ± 1.90 b 10.68 ± 3.70 b 14.61 ± 3.76
total deaminationb 18.19 ± 3.15 21.20 ± 5.38 a 14.32 ± 2.33 b 14.67 ± 4.03 b 16.45 ± 2.04 14.41 ± 3.58 b 20.63 ± 3.78 a

splanchnic area
intestinal mucosa
proximalb 1.76 ± 0.47 a 1.90 ± 0.38 2.33 ± 0.63 1.79 ± 0.32 2.15 ± 0.48 1.90 ± 0.51 2.46 ± 0.67 b
medialb 1.67 ± 0.24 a 1.70 ± 0.23 a 1.57 ± 0.50 a 1.37 ± 0.32 a 1.68 ± 0.32 a 1.34 ± 0.29 a 2.14 ± 0.29 b
distal 0.74 ± 0.15 0.79 ± 0.22 0.74 ± 0.37 0.67 ± 0.31 0.74 ± 0.36 0.64 ± 0.16 0.87 ± 0.14
total intestinal

mucosab
4.17 ± 0.71 a 4.40 ± 0.59 a 4.64 ± 0.78 3.79 ± 0.68 a 4.70 ± 0.69 3.89 ± 0.69 a 5.64 ± 0.74 b

liverb 6.42 ± 1.06 a 7.21 ± 0.98 a 7.56 ± 1.09 6.18 ± 0.94 a 6.23 ± 1.27 a 6.72 ± 0.86 a 8.77 ± 0.65 b
plasma proteinsb 3.70 ± 0.62 a,d 3.64 ± 0.42 a,d 4.51 ± 0.57 a,c 3.71 ± 0.23 a,d 3.96 ± 0.38 a 4.11 ± 0.42 a 5.43 ± 0.49 b
total splanchnic

areab
14.33 ± 2.16 a 15.24 ± 1.55 a 16.71 ± 2.15 a 14.10 ± 1.21 a 15.14 ± 1.79 a 14.96 ± 1.60 a 19.28 ± 2.03 b

a Values are means ± SE. Values with different letters are statistically different, and a value with no letter does not differ from any other value; that is, for plasma
proteins, the SPRAY group differs from CAS, MSPI, MF, HSTS, HHTS, and UHT groups and the MF group differ from CAS and HSTS groups, but the MF group does not
differ from HHTS. b Significant effect of test meal (p < 0.02).

Table 6. Chemical Markers of Heat Treatment and Indexes of Protein Quality Measured in Vivoa

chemical heat marker contents in vivo indexes of protein quality

milk
product

soluble protein
peak areab

PAL
(mU/100 g)

lactulose
(mg/100 g)

digestibilityc

(%)
BVc

(%)
NPPUc

(%)

CAS 413321 none 95.63 ± 1.2 a 81.81 ± 3.15 77.44 ± 3.97
MSPI 240604 none 98.30 ± 0.52 b 78.80 ± 5.38 a 77.01 ± 5.22
MF 100 289199 176 96.23 ± 0.42 a,c 86.01 ± 2.49 b 82.24 ± 2.58 a
HSTS 98 4525 167 96.28 ± 0.73 a,c 85.33 ± 4.03 b 81.61 ± 3.67 a
HHTS 82 15 166 95.85 ± 0.81 a,c 83.67 ± 2.14 79.53 ± 2.14
UHT 22 none 361 96.00 ± 0.63 a,c 85.59 ± 3.58 b 81.35 ± 3.90 a
SPRAY 105 137221 140 94.60 ± 0.79 a 79.37 ± 3.78 a 73.96 ± 3.91 b

a Values with different letters within a same column are statistically different, and a value with no letter is not different from any other value; that is, for BV values, CAS
and HHTS are not different from any other value, and MF, HSTS and UHT are significantly higher than SPRAY and MSPI. b In percentage of the reference product (MF).
c Significant effect of the test meal (p < 0.005).
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and 78% with UHT. The soluble protein fraction of SPRAY
was modified but not lost. The lactulose content was 2-fold
higher in UHT milk than in SPRAY milk (361 vs 140 mg/100
g). The PAL content was highest in MF milk (289199 mU/100
g), followed by SPRAY milk (137221 mU/100 g) and dropped
dramatically in pasteurized milks, whereas the PAL test was
negative in UHT milk. As PAL is concentrated during processes
to isolate CAS and milk soluble proteins (MSPI), the results
regarding these two products were not comparable with one
another and of course with those for products derived from MF.

In vivo indexes of protein quality exhibited some statistical
differences between products. Because of the differences
observed in the recovery of total dietary nitrogen in the cecum,
orocecal digestibility was noticeably influenced by the meal (p
< 0.0001). The MSPI group exhibited a particularly high level
of nitrogen digestibility (98.3( 0.5%) and the SPRAY group
the lowest level (94.6( 0.8%), whereas digestibility ranged
from 95.6 (CAS) to 96.2% (HSTS and MF) in the other groups.
Thus, the orocecal digestibility of MSPI and SPRAY nitrogen
differed to a statistically significant extent from all other orocecal
digestibilities (except that of CAS nitrogen for the latter) and
from each other.

NPPU represents the fraction of ingested nitrogen retained
in the body. The SPRAY group exhibited the lowest NPPU
(74.0%) followed by MSPI and CAS (77.0 and 77.4%,
respectively), while other milk product groups showed NPPU
values ranging from 79.5 (HHTS) to 82.2% (MF). The biological
values (BVs) of MSPI and SPRAY were the lowest (79%), and
the BV of MF was the highest (86%).

As for deamination, statistical contrast analysis of NPPU and
BV underlined a difference between purified proteins (MSPI
and CAS) and milk products except for SPRAY. The contrast
between heated (HSTS, HHTS, UHT, and SPRAY) and non-
heated products was not significant.

DISCUSSION

This study focused on the impact of thermal treatment on
the bioavailibility of dairy proteins. The originality of this work
consisted in the fact that we assessed in vivo the protein quality
of dairy products with well-controlled and defined biochemical
characteristics and technological processes. First, microfiltration
processing allowed us to obtain native caseins in a micellar form
as in milk, instead of the caseinates that are most commonly
tested. To our knowledge, there have been no other reports
examining nitrogen bioavailibility originating from casein in a
native form. Second, all heat-treated milk products were
obtained from the same reference milk. In addition, the proteins
in these products were similar to those originating from
commercially available heat-treated milks. When tested on a
rat model, we found that only one heat treatment, SPRAY
drying, resulted in a significant modification of postprandial
nitrogen metabolism. Moreover, purified protein fractions and
particularly the milk soluble proteins exhibited lower postpran-
dial retentions and BVs than total milk proteins obtained from
milk products.

We have explored different biochemical markers to assess
the degree of denaturation or modification of milk proteins.
These markers concerned HPLC profiles, AAs, lactulose, and
PAL. We observed a gradual disappearance of milk soluble
proteins in HTST, HHST, and UHT, due to their denaturation
during heat treatment. Structural and functional modifications
of milk proteins following heating have been extensively
documented during the past 40 years (6, 29-32), although only
a few data regarding HTST and HHTS processes are currently

available. It is known that native milk soluble proteins are
soluble at their isoelectric point (pH∼5.3-4.6) while denatured
milk soluble proteins are insoluble. Regarding the spray-dried
product, milk soluble proteins were not denatured but chemically
modified; otherwise, they would have precipitated at pH 4.6.
This had already been observed and extensively studied in whey
powder, especially whenâ-Lg was specifically modified by the
covalent binding of a lactose residue during the early stages of
the Maillard reaction (24). Consequently, unlike HTST, HHST,
and UHT products, we considered that milk soluble proteins in
the SPRAY had not been denatured but modified by the
formation of a complex betweenâ-Lg and at least one molecule
of lactose. Bouhallab et al. (33) reported that the solubility of
lactose-â-Lg conjugates at pH 4.6 was increased when
compared with unmodifiedâ-Lg and was proportional to the
number of lactosylated sites, thus explaining why the largest
peak area was observed for SPRAY. As discussed below, our
study linked a modification of postprandial metabolism with
protein lactosylation but not with protein denaturation due to
heating.

The true orocecal digestibility of milk products was about
95-96%, which was similar to the values already reported in
the literature for milk protein. In humans, the true ileal and fecal
digestibilities of total milk protein have been reported to be 95
and 96%, respectively (18,25). During our rat study, heat
treatment did not impair the digestibility of dairy proteins with
the exception of spray drying, which slightly (1.5%) but
significantly reduced the coefficient of absorption. Losses of
digestibility following heat treatment have been observed during
other studies under harsh temperature conditions. For example,
Gilani et al. (13) reported in rats a decrease in true fecal
digestibility of 15-27% when either lactalbumin or skimmed
milk powder was heated at 121°C for 1 h. A heat/alkaline
treatment (6 h at 65°C) reduced the real ileal digestibilities of
casein andâ-lactoglobulin from 93 to 85% and from 97 to 87%,
respectively, in pigs (34). Few studies have addressed standard
industrial treatments such as UHT and pasteurization. No
impairing effect of these treatments on digestibility has been
reported in rats (11) or pigs (35). The sterilization of liquid infant
formula was reported to diminish the protein digestibility in
vitro (36) as well as in rats (37) when compared to spray drying
or UHT. Another interesting result of our study was the high
orocecal digestibility of MSPI. As reported before, de Vrese et
al. (34) found thatâ-Lg ileal digestibility in pigs (97%) was
4% higher than that of casein but without the difference reaching
a level of significance. The true ileal digestibility of individual
AAs in milk soluble protein and sodium or calcium caseinates
has been investigated in pig and rat models, without noticeable
differences (38). We cannot exclude that the higher digestibility
of MSPI reported during our study is a methodological artifact.
Indeed, we hypothesized that the amount of dietary nitrogen 6
h after the meal would be negligible in the colon. Because milk
soluble proteins are more rapidly delivered in the intestine than
casein (39-41), more dietary nitrogen may have been present
in the colon in the MSPI group than in other groups 6 h after
the meal and our result regarding MSPI digestibility may be
overestimated.

Surprisingly, the present study did not demonstrate any
correlation between the temperature applied to proteins and their
nitrogen availability, despite the fact that some studies have
shown significant biochemical alterations to conventionally heat-
treated milks (11,42) and despite the denaturation of the milk
soluble protein fractions that we evidenced. However, to our
knowledge, studies with [15N]-labeled meals based on dairy

1514 J. Agric. Food Chem., Vol. 54, No. 4, 2006 Lacroix et al.



industrial products have never been performed to date. The
transfer of dietary nitrogen to body and urinary urea was similar
with MF, HTST, and UHT milkssaround 14% of ingested
nitrogensand slightly higher with HHST milk (16% of ingested
nitrogen). In line with this, we previously reported a postprandial
deamination of milk protein ranging from 16 to 25% depending
on meal composition and the habitual protein intake (25, 43,
44). In rats adapted to a normal protein diet, we found a
postprandial deamination of 8% (17). This value was lower than
that reported in the present study, but it was obtained 5 h after
the meal and the rats were adapted to a small morning meal of
3 g, instead of 6 g in this study. In our rat model, only
atomization led to a significant increase of oxidative losses,
indicating that parameters other than a high temperature applied
to milk protein may affect their nutritional quality. In the case
of SPRAY, a combination of temperature and water stream may
have resulted in a modification to those proteinssand not a
denaturationsand markers other than those for heat treatment
should be investigated. In particular, the degree of milk protein
lactosylation appears to be important because it is known to be
responsible for lysine blockage. A low level of lysine availability
increases postprandial oxidative losses (45). However, because
the SPRAY product was not prepared in the same technical
conditions than industrial milk powders and because it was
bacterially contaminated during drying, it may not be repre-
sentative of commercially available products.

Although we were able to evidence a modification of
postprandial nitrogen metabolism with SPRAY, this was not
the case with UHT, despite a marked denaturation of the soluble
protein fraction. UHT treatment causes major denaturation of
whey proteins, mainly through the aggregation ofâ-Lg to RS2-
andκ-casein and the formation of primary aggregates ofâ-Lg
and R-lactalbumin (R-Lac) (46,47). One hypothesis is that
denaturation did not sufficiently affect the bioavailability of AAs
(especially lysine) to result in increased oxidation over a 6 h
period. Nor can we exclude a lack of sensitivity of our rat model
particularly because no kinetic data were collected. Some other
arguments can be opposed to the utilization of a rat model, in
relation with its size. Amounts of ingested N were limited, and
we had to cope with methodological difficulties to follow such
small amounts in the body compartments. The sampling of urine
is an especially critical step, as recovery of small amounts of
fluids during 6 h issubjected to many experimental variations.
We can also rise that the calculation of total body water is based
upon body weight and not upon the precise determination of
body composition. As the determination of body and urinary
urea is the critical point in our assessment of protein quality,
some uncertainties may have been introduced when using a rat
model, even if each product was tested in the same conditions.
Another interesting point in our results is that we reported a
higher total oxidation for purified protein fractions (CAS and
MSPI) than for other products (except SPRAY). MSPI was the
most deaminated, this being consistent with studies performed
in humans showing that dietary leucine was more markedly
catabolized after the ingestion of whey than after that of casein
(39). This higher deamination is due to the rapid delivery of
dietary AAs from soluble milk protein (48).

Splanchnic deposition was measured in order to assess the
proportion of dietary nitrogen available for the periphery. About
14-16.5% of dietary nitrogen was retained in the splanchnic
organs and in plasma proteins 6 h after the meal, a finding that
was very similar (14%) to that was already obtained in rats
adapted to a normal protein diet (17). No differences were
observed between the different groups except for SPRAY rats

in which splanchnic sequestration reached 19%, because of a
higher incorporation of dietary AAs in all splanchnic compart-
ments (including the intestinal mucosa) as well as exported and
constitutive liver proteins. Consequently, the nitrogen available
for the periphery was the lowest in SPRAY rats reaching only
56% of dietary nitrogen while it was 62% in MSPI and between
64 and 67% in other groups. Insofar as peripheral AA disposal
represents the amount of AAs available for the synthesis of
peripheral proteins, especially muscle and skin, this could
constitute a pertinent protein quality index. This index, in
agreement with the other indexes measured during our study,
i.e., digestibility, deamination, UPPN, and BV, revealed that
as compared to the reference product (MF), SPRAY proteins
had a significantly reduced protein quality. In addition, MSPI
also exhibited lower BVs than other products while its protein
digestibility-corrected AA score (PD-CAAS) reached 100%
(13). This supports the idea that PD-CAAS is not a good
reflection of protein quality measured in vivo (49). Indeed, the
excellent PD-CAAS of MSPI is due to its AA composition and
does not take into account the impact of protein kinetics on
their nutritional quality.

In conclusion, this study combined the biochemical and
structural characterization of heat-treated milk products and
measurement of the postprandial utilization of dietary nitrogen
in rats, using [15N] methods. We found no correlation between
the nutritional quality of milk proteins and the various heat
treatments ranging from low pasteurization to UHT, despite the
presence of a large quantity of heat treatment markers for UHT.
This indicates that other markers beside those for heat treatment,
such as lactosylation, are required to conclude as to loss of
nutritional quality.

ABBREVIATIONS USED

R-Lac, R-lactalbumin; AA, amino acids; BCAA, branched
chain amino acids; DAA, dispensable amino acids; IAA,
indispensable amino acids;â-Lg, â-lactoglobulin; CAS, micellar
casein(s); cfu, colony-forming unit; HHST, “higher temperature,
shorter time” pasteurization; HTST, “high temperature, short
time” pasteurization; LAL, lysinoalanine; MF, microfiltered
milk; MSPI, milk soluble protein isolate; PAL, phosphatase
alkaline; PD-CAAS, protein digestibility-corrected amino acid
score; PER, protein efficiency ratio; RP-HPLC, reverse phase
high-performance liquid chromatography; SPRAY, spray-dried
milk (or spray drying); UHT, ultra heat-treated milk/product
(or ultra heat treatment).
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