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Summary given formulas containing predominantly whey proteins did 

Neonatal pigs were evaluated as a model for protein metabo- 
lism of infants. Milks were given in which the protein (15 or 30 
glliter) was supplied by casein and whey in the proportions of 
80:20 or 40:60. Severe or moderate restriction of feed intake was 
also compared. Whey-predominant milks reduced the concentra- 
tion of urea N in blood plasma and the proportion of urea N in 
urinary total N. These effects are consistent with most previously 
reported data from infants, particularly those of low birth weight. 
The efficiency of N retention was improved at the higher concen- 
tration of dietary protein. Whey-predominant milks also reduced 
the amount of N retained in the stomach. The magnitude of some 
of these effects was influenced by the level of feed intake. Total 
N retention reflected protein intake but was not affected by 
protein source. N retention determined by a balance procedure 
exceeded that calculated from carcass analysis, but the effect of 
protein intake was similar from either procedure. 

Abbreviation 

DM, dry matter 

Similarities in the digestive system of man and the pig suggest 
that results of studies on digestion and nutrition in the pig may 
be applicable to man (9). Some similarities in neonatal glucose 
metabolism have also been demonstrated (1 3). Other studies in 
neonatal pigs have assumed that results may be relevant, for 
example, in studies on protein nutrition (28, 23). However, no 
systematic comparisons of protein utilization have been made 
between the two species during the neonatal period. Such com- 
parisons must inherently be rather superficial since ethical con- 
siderations limit the data on protein nutrition and digestion from 
infants to parameters of growth, nutrient retention, and analyses 
of blood. 

Between species, there is considerable variation in the propor- 
tions of casein and whey proteins in the protein of the milk. 
Whey proteins account for about 20, 50, and 80% of the total 
protein in bovine (26), porcine (27), and human milks (16), 
respectively. The desire to "humanize" dried milk formulas for 
infants which were previously based on unmodified bovine milk 
gave rise to studies in which formulas containing predominantly 
casein or whey protein were compared in infants. At the time of 
these studies, it was believed that whey proteins contributed only 
60% of the total protein in human milk (16). Although not all 
differences were statistically significant, low birth weight infants 

show improved N retention (2) and reduced concentrations of 
urea in plasma (24), suggesting a better utilization of the protein. 
Increasing the protein concentrations in the milk also reduced 
the efficiency of protein utilization (24). In term infants, plasma 
urea concentration was also reduced by a formula containing 
predominantly whey proteins (19), but a recent study detected 
no differences in the utilization of casein and whey proteins (17). 
As it was desired to test the validity of the neonatal pig as a 
model for infant nutrition, milks containing either casein or 
whey as the predominant protein have been compared at two 
levels of protein intake in neonatal pigs. In view ofthe substantial 
proportion of whey proteins in sow's milk, enriching a milk 
substitute with whey proteins could also have important impli- 
cations in the rearing of early weaned pigs. 

These studies have also been extended to compare gastric 
digestion and emptying following slaughter under standardized 
conditions. I n  vifro studies in our laboratory (unpublished) 
showed that the coagulation time following the addition of 
bovine chymosin was inversely related to the casein content of 
the milks. Therefore, an increase in the proportion of whey 
protein might increase the rate of gastric emptying. Previous 
work has shown that whole cow's milk quickly coagulated in the 
stomach of the 4-week-old pig, followed by rapid draining of the 
whey (6). Also, the amount of dry matter in the stomach was 
usually decreased when milk was replaced by noncoagulating 
proteins derived from soybeans or fish (21). Knowledge of factors 
affecting gastric emptying would be very important clinically in 
determining the most appropriate type of formula and the 
method of feeding, particularly in those low birth weight infants 
where intragastric feeding is necessary. This category is becoming 
more important with improvements in survival rates of prema- 
ture infants. 

As infant growth rates are much lower than those of suckled 
pigs, the feed intakes of the pigs in the first experiment were 
heavily restricted to give low growth rates, conditions under 
which the data may be more relevant to the human situation. In 
a second experiment, the feeding level was more generous, but 
rates of growth were still below those expected for suckling pigs 
of a similar age ( I ) .  

MATERIALS AND METHODS 

Four liquid diets were prepared based on cow's milk solids 
with casein: whey protein ratios of 80:20 or 40:60 and with crude 
protein (nitrogen (x6.38) contents of 15 or 30 g/liter (Table 1). 
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All diets contained spray-dried skim milk prepared by a mild 
heat procedure to avoid denaturing the whey proteins (Volac 
Ltd, Royston, Hertfordshire). The ultrafiltered skim milk, con- 
centrated ~ 2 ,  was prepared at the Institute. Spray-dried whey 
protein concentrate (Lactein 70) and lactose (Serolac BP) were 
obtained from the Milk Marketing Board, Thames Ditton, Sur- 
rey, and de-odorized soybean oil was from Croda Oils Ltd, 
London. Diets were prepared twice weekly by homogenizing all 
ingredients in water at a pressure of 176 kg/cm2 with glycerol 
monostearate as an emulsifier, and pasteurizing at 72°C for 17 
sec. All diets contained 70 and 35 g/liter of carbohydrate and 
lipid, respectively. Analysis for noncasein N (25) indicated an 
undernatured whey protein content of 148 and 777 g/kg N in 
the dried skim milk and whey protein concentrate, respectively. 
Mineral and vitamin supplements (Table 1) and, as a preserva- 
tive, formalin solution (0.5 ml/liter) were added daily before 
offering the diets to the pigs. 

Littermate 2-day-old pigs were allocated to the four diets, 
equalizing initial weight and numbers of either sex between diets. 
The pigs were fed at hourly intervals using an automatic feeder 
(4, 5) for 14 days. There were 12 pigs/diet in two separate 
experiments in which they were given 250 and 375 ml/kg live 

Table 1. Composition of the diets (per liter)* 

Diet A B C D  

Casein:whey protein ratio 80:20 40:60 
Protein level (g) 15 30 15 30 
Ultrafiltered skim milk concentrated X2 188 94 

(ml) 
Spray-dried skim milk (g) 45.0 45.0 22.5 22.5 
Spray-dried whey protein concentrate (g) 9.8 19.6 
Lactose (g) 49.5 47.7 59.0 56.1 
Soybean oil (g) 35.0 35.0 35.0 35.0 
Glvcerol monostearate (n )  1.0 1.0 1.0 1.0 

* All diets were supplemented with vitamins (per liter of diet): retinol, 
90 pg; cholecalciferol, 0.4 pg; a-tocopherol, 1.23 mg; menaphthone, 84 
fig; thiamin, 2.23 mg; riboflavin, 3.75 mg; pyridoxin, 3.7 mg; nicotinic 
acid, 30.5 mg; pantothenic acid, 1.63 mg; cyanocobalamin, 25 kg; biotin, 
75 kg; pteroylmonoglutamic acid, 825 kg; choline, 1.25 g. Mineral 
supplements added to diets A and B supplied (mg/liter of diet): Cu, 0.9; 
Fe, 2.0; Zn, 3.1; and to diets C and D: Ca, 267; K, 372; Na, 122; Mg, 
27.2; P, 214; Cu, 1.3; Fe, 3.0; Zn, 4.7. Calculated from analyses of 
ingredients, diets contained (mglliter): Ca, 600; P, 465; Na, 255; K, 765 
(diets A and C); Ca, 890; P, 645, Na, 285; K, 8 15 (diets B and D). Gross 
energy (kJ/liter): 2809 (diets A and C); 3085 (diets B and D). 

weight/day. N retention was estimated during two 4-day balance 
periods; the amount of feces was negligible and was not analyzed 
(3). 

At 16 days of age, the pigs were killed by an intracardiac 
injection of sodium pentobarbitone 1 h after a feed. Blood was 
withdrawn from the heart into heparinized tubes; plasma was 
separated by centrifugation and stored at -20°C. The stomach 
was removed, the digesta were emptied; pH was measured using 
a pH meter, and stored at -20°C. Carcasses from 6 pigs/diei. 
given the higher level of intake were stored at -20°C after 
removing the remainder of the alimentary tract, minced frozen., 
and samples were freeze-dried and ground prior to analysis. 

DM was determined in the milk-protein ingredients, digesta, 
and carcasses by drying at 105°C for 17 h and N by the Kjeldahl 
procedure with analysis of liberated ammonia using a Technicon 
Autoanalyzer (Technicon Instruments Co Ltd, Chertsey, Surrey). 
Ingredients were also analyzed for total lipid (14), phosphorus 
(7), and calcium, sodium, and potassium by atomic absorptiori 
spectroscopy. Noncasein N was estimated by the method of 
Rowland (25) and nonprotein N as the N in the filtrate following 
the addition of an equal volume of trichloroacetic acid (100 g/ 
liter). Urea N was analyzed in urine and blood plasma by an 
automated technique based on the method of Marsh et al. (1 8). 

RESULTS 

Performance was clearly improved by the higher level of intake 
and protein concentration in the diet but the proportions of 
casein or whey proteins had no effect (Table 2). At the lower 
level of intake, although there was no mortality, growth rates 
were extremely poor in four pigs even though most of the ration 
was consumed. This gave abnormally high ratios of feed:gain. 
Data on these four pigs were excluded from the analyses. 

N metabolism. Age had no significant effect (P > 0.05) on N 
retention in this comparatively short experiment. Therefore only 
data from one collection period are presented (Table 3). Although 
differences in the proportion of N retained were not generally 
significant, some increase was found in the milks containing 
predominantly whey protein and also in those of higher protein 
content. At the higher level of feeding, weight gain/g N retained 
was greater at the lower level of protein in the diet. The propor- 
tion of urea in the total N excreted in the urine was consistently 
lower in the whey-predominant milks; level of protein in the: 
milk had no effect. The whey-predominant milks also consis-. 
tently reduced the plasma urea N concentrations, but the differ-. 
ence was only statistically significant at the higher level of intake 
(Table 3). 

Table 2. Growth of pigsfvom 2-16 days of age given 250 or 375 ml/kg/day of milk substitutes with ratios of casein:whey protein o f  
80:20 or 40:60 and crude protein (N x 6.25) contents of 15 or 30 glliter (mean values for 12 pigsldiet) 

Casein: 
whey ratio at Statistical significance? 

protein level (glliter) 

80:20 40:60 
Feed intake Casein: Protein 

(ml/kg live wt/day) 15 30 15 30 SEM* whey level 

Energy intake (kJ/kg/day) 
Live wt gain (kg) 
F e e d p i n t  
Poor growth* 
Energy intake (kJ/kg/day) 
Live wt gain (kg) 
Feed:gain 
Mortality 

* For 250 ml/kg, 29 dJ for 375 ml/kg, 30 df: 
t* NS, not significant." P < 0.001. 
t ml milk consumed/kg gain. 
$ Number of pigs excluded from analyses. There was no mortality. 
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Table 3. Plu.smu 2rrc.u N in 16-day old pigs, and N rcjtcntion and urea excretion at 7 duys qfuge when given 250 or 375 rnllkglday 
cfmilli .slrh.sriflrrc.v ~ , i t h  rufios (?f'cu.sein:~~hc~v prolein uf 80.20 or 40.60 and crude protein (N X 6.25) contents o f15  or 30 glliter 

(rnrun values fbr 12 ~iwsldiet)  

Casein:whey ratio at 
protein level (glliter) Statistical significance* 

Feed intakc SEM Casein: Protein 
(ml/kg llve wt/day) 
-- - - -- - -- - ..- 

15 30 15 30 (33 4) whey level 
---- 

250 Energy Intake 702 
(kJ/kg/day) 

Plasma urea N 2 1 1  
(mg/lOO ml) 

N~trogen (N) 
Intake (mg/day) 902 
Urlne (mg/day) 173 
Retent~on (mg/ 729 

day) 
Retent~on (% of 8 1 5 

Intake) 
Growth (g/day) 5 8 
Growth (g)/N re- 83 6 

tamed (g) 
Ured N ~n urlne 96 

(mglday) 
Urea N (% total 55 2 

N) 
Energy Intake 1053 

(kJ/kg/day) 
Pldsma urea N 2 67 

(mg/ 100 ml) 
N~trogen (N) 

Intake (mg/day) 1839 
Ur~ne (mg/day) 253 
Retent~on (mg/ 1586 

day) 
Rctent~on ( %  of 86 2 

Intake) 
Growth (g/ddy) 7 5 
Growth (g)/N re- 46 3 

tamed (g) 
Urca N ~n urlne 1 1  1 

(mg/da\. ) 
Ured N (90 total 41 0 

N 
-- 

* NS not slgn~ficdnt "P  < 0 05 "P < 0 01 ' P  < 0 001 

N retention determined by the balance technique was com- 
pared with carcass analysis (Table 4). The amount of N retained 
in the carcass was calculated from analysis at slaughter, minus 
the initial amount at 2 days calculated from Elsley (12). The 
amount of N retained during the two 4-day balance periods was 
extrapolated over the whole experiment. N retention determined 
by balance exceeded that based on carcass analysis. Pigs givcn 
the higher protein intake had a greater N content in the carcass, 
acconlpanied by lower DM and lipid contents (Table 5). The 
higher protein intake increased total N retention ( P  < 0.00 1) but 
the proportions of casein and whey proteins had no effect (P > 
0.05). 

I)igc.s/ion in fhr .sfoinuc,h. There were no clear effects on the 
amount or composition of digesta in the stomach due to the 
level of feed intake (Table 6). Whey proteins had no effect on 
the amount of digesta. but there was a reduction when the higher 
protein milk was givcn at  the higher level of intake. Reductions 
in the pfl of the digesta of the whey-predominant milks and 
increases at the higher levcl of protein in the milk were consistent, 
though not statistically significant. Similar reductions with the 
whey-PI-edominant milks wcre also found in the DM content in, 
and total DM and N of. the digesta. Some of these differences 

Table 4. Tofu1 N refention (g) culcziluted by hulunce or carcass 
unal~~.si.s o/'pi,qs,/rotn 2-16 du!:s o f  u g ~  given 375 inl/k,g/duy rf 
tnilk sllh.sti~lrrcs n ~ f h  rutio.~ c fcu ,se in:~ .hc~ protein ($80.20 or 

40:hO and ( . ~ I ~ L / P  profcin (N x 6.25) contents ($15 or 30 g/liter 
(lncjan - ~ - ~ -  vullrc~.s,fi)r 6 pig.s/diet) 

- - --- - -. . . 

Casein:whey ratio at 
Statistical significance* protein level (glliter) 

- 
15 30 15 30 (15 dl)  whey level 

- --- 

Raldncc 25 6 46 6 26 2 49 1 1 30 NS 
Carcas 27 1 42 9 22 8 40 7 2 96 NS 
Bdldncc CdrCdSS 0 96 1 16 1 35 1 25 0 1 17 NS 

- - -  - 
NS 

-- 

* NS. not s~gn~ficdnt "1' < 0 00 l 

were statistically significant. The amount of N also reflected the 
protein content of the milks. At the higher level of intake, the 
proportion of nonprotein N in the total N was increased in the 
whey-predominant milk and reduced by milks having the higher 
protein concentrations. 
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Table 5. Carcass composition of 16-day-old pigs given 375 mllkglday of milk substitutes with ratios of casein:whey protein of 80t20 
or 40.60 and crude protein (N x 6.25) contents of 15 or 30 glliter (mean values for 6 pigsldiet) 

Casein:whey ratio at Statistical significance* 
protein level (g/liter) 

80:20 40:60 
SEM Casein: Protein 

15 30 15 30 (15 df)  whey level 

Dry matter (g/kg) 289 272 290 266 5.0 NS h 

Crude protein (g/kg DM) 517 605 535 558 14.9 NS 
Lipid (g/kg DM) 312 249 306 255 12.8 NS h 

Ash (g/kg DM) 112 115 114 113 3.9 NS NS 

* NS, not significant. "P < 0.0 1, "P < 0.001. 

Table 6. Amount, pH, and composition qf digesta in the stomach of 16-day-oldpzgs given 250 or 375 mllkglday of milk substitutes 
wifh ratios of casein:whey protein of 80.20 or 40.60 and crude protein (N x 6.25) contents of 15 or 30 glliter (mean values for I2 

aigs/treatmenti 

Casein: 
whey ratio at Statistical significance* 

protein level (g/liter) 

80:20 40:60 
Feed intake SEM Casein: Protein 

(ml/kg live wt/day) 
-- 

15 30 15 30 (33 d f )  whey level 

250 Stomach digesta 
w t  (8) 34.7 38.0 38.2 28.7 15.26 NS NS 
PH 3.01 3.48 2.91 2.90 0.269 NS NS 
Dry matter (g/kg) 157.4 168.2 123.5 105.2 12.02 NS 
Total DM (g) 5.89 6.24 5.66 3.99 1.270 NS NS 
Total N (mg) 146 202 96 200 42.6 NS NS 
Nonprotein N (g/kg total N) 93 125 154 63 43.5 NS NS 

Stomach digesta 
Wt (g) 47.6 38.9 46.9 33.0 5.47 NS 
PH 2.82 2.92 2.63 2.71 0.247 NS NS 
Dry matter (g/kg) 143.5 130.0 121.5 114.7 9.22 NS NS 
Total DM (g) 8.10 5.69 6.12 4.43 1.115 NS NS 
Total N (mg) 20 1 507 102 134 71.7 h a 

Nonprotein N (g/kg total N) 112 82 206 135 13.5 -- -~ - .. -- -- 

* NS, not significant. "P < 0.01, hP < 0.01, 'P  < 0.001. 

DISCUSSION 

The proportion of casein to whey protein in the milk did not 
affect the performance of the pigs, and neither have any effects 
on growth been found in infants except during early stages of a 
study (2). The performance of the pigs reflected the fact that a 
protein level in the diet of 15 glliter, although adequate for 
infants (8), is below the requirement for pigs of this age. The 
level of 30 g crude proteinlliter in these diets is close to  the 
requirement of the pig (20). These differences in protein require- 
ments are reflected in the milk composition of the two species 
(15). Four pigs, fed at the lower level of intake, were excluded 
from the analysis as a combination of poor growth but normal 
feed intake gave ratios of feed:gain exceeding by twice other 
values within a dietary group. However, the inclusion of these 
values did produce a statistically significant (P < 0.05) worsening 
of the ratio of feed:gain for whey-predominant milks. 

The efficiency of N retention showed some improvement with 
the whey protein-predominant milks, but as in the studies of 
infants (2) differences were not statistically significant. The pro- 
portion of N excreted as urea was increased, and here differences 
were statistically significant in both the infant and baby pig. The 
efficiency of digestion and retention of N is greater in the pig 
(20) compared with the human infant (30), presumably reflecting 
its greater potential for growth. 

Although the efficiency of N retention will normally be in- 
versely related to intake (4), the present results show an opposite, 
but small, effect. Methodological error could account for this 

discrepancy as it is well known that the balance procedure may 
overestimate N retention due to spillage of feed and incomplete 
collection of excreta (3 1). These errors would be increased with 
diets of higher protein content, and could also explain the greater 
N retentions determined by the balance procedure compared 
with carcass analysis in the present experiment (Table 4). How- 
ever, the balance technique as used in the present experiment 
appears to be satisfactory for comparative purposes. The lower 
protein content and increased fat content of pigs receiving the 
low protein diet is indicative of protein-deficient diets (20, 22). 

The concentrations of urea in the blood plasma were reduced 
by the whey-predominant milks in the present experiment (Table 
3). Similar trends were found in infant studies (19, 24), but 
Jarvenpaa et ul. ( 17) found no differences between casein and 
whey proteins. These concentrations of urea were much lower 
than those found in suckling pigs (10) or in the infant studies, 
and indicate the higher efficiency of protein utilization and also 
that protein intakes were still below the requirement for optimum 
growth in the pig even at the higher levels of intake. The increase 
in plasma urea N at the higher protein level in the milks given 
at  250 ml/kg/day suggests that energy intake may be limiting 
protein utilization. This would be supported by the absence of 
any effect of dietary protein level on plasma urea at  the higher 
level of intake. 

The absence of a statistically significant effect of protein source 
on the amount of digesta or total DM remaining in the stomach 
was surprising in view of the slower coagulation rates in vitro for 
milk with predominantly whey protein (unpublished results). 
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However, the absence of an effect could have been due to feed 
intakes in this experiment being below those of suckling pigs of 
a similar age both in dry matter content (1  1) and amount (1). 

Although there was no effect on the amount of digesta or its 
total DM, the whey-predominant milks tended to produce di- 
gesta of lower pH and dry matter content, indicating a lower 
buffering capacity and poorer coagulation. At the higher level of 
intake, this type of milk reduced the N content of the digesta. 
Thus, gastric emptying rate of protein, if not of total digesta, 
may have been increased by whey proteins. The increased pro- 
portion of nonprotein N also indicated greater proteolysis. There 
have been no comparisons reported with different ratios of 
casein:whey protein of gastric emptying in infants, although 
Schreiner rt a/. (29) did report a lower incidence of lactobezoars 
in infants when a maternity unit discontinued the use of casein- 
predominant formulas in favor of a formula containing predom- 
inantly whey protein. 

Further work is needed to elucidate the level of feed intake or 
the frequency of feeding at which the proportion of casein or 
whey protein will influence coagulation in the stomach with its 
implications for gastric emptying. The present experiments 
clearly show that there is little effect under conditions of low 
intake and frequent feeding. 

In the present study with neonatal pigs, we have found that a 
milk with protein mainly supplied by whey proteins did reduce 
plasma urea levels and proportion of urea in urinary N, and 
improve N retention, thus suggesting that under some conditions 
the pig may be a useful model for protein utilization in the 
infant. One difficulty in reaching such a conclusion is the varia- 
bility of the data from the clinical studies and their failure to 
establish statistical differences. In addition, the plasma urea N 
levels in the present experiment with pigs were about 5-fold less 
than normally found in suckling pigs (10) or infants (24), indi- 
cating very efficient use of dietary protein. Differences between 
types of protein might be greater under conditions of less efficient 
protein utilization, for example if the feed intake of the pigs was 
increased. In this experiment, pigs were fed at hourly intervals, 
simulating the natural suckling frequency on the sow (1) .  Less 
frequent feeding would be closer to the human situation and 
may decrease the efficiency of protein utilization, although no 
evidence for this was found in earlier studies on neonatal pigs 
(4). 

Applying the standard techniques of dairy chemistry developed 
for analysis of bovine milk showed that about 60% of the protein 
in human milk occurs as whey proteins. Modification of these 
procedures shows that whey proteins comprise about 80% of the 
total protein (16). The composition of current humanized infant 
formulas is based on the older analyses; therefore, an increase in 
whey protein content may be desirable in the attempt to ap- 
proach the composition of human milk in a formula. Further 
experiments in neonatal pigs will be made to make a more 
detailed study of the effect of higher proportions, or sole use, of 
whey protein in a milk formula. 
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