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The suitability of the pig as an animal model for predicting protein digestibility in man was evaluated. Healthy adult human subjects (mean body

weight 67 kg; n 11) and growing pigs (mean body weight 40 kg; n 15) were fed semi-synthetic mixed meals containing, as a sole source of N,

casein (C), hydrolysed casein (HC) or rapeseed isolate (R). There was no prior adaptation to the test meal. Ileal digesta were sampled through

a naso-ileal tube (human subjects) or a post-valve T-caecum cannula (pigs) after ingestion of a bolus meal. The protein sources were 15N-labelled.

Amino acid (AA) digestibilities were not determined for R. Ileal apparent N digestibility was markedly lower (14–16 %; P,0·001) in human

subjects than in pigs (C, HC, R). Similarly, most apparent ileal AA digestibilities were lower (8 % on average; P,0·05) in human

subjects (C, HC). Ileal true N digestibility was slightly lower (3–5 %; P,0·001) in human subjects than in pigs (C, HC, R) and most true

ileal AA digestibilities were similar (P.0·05) between the species (C, HC). Exceptions were for phenylalanine, tyrosine, lysine, histidine and

aspartic acid for which digestibilities were lower (3 % on average; P,0·001) in human subjects. A similar ranking of the diets was observed

for true ileal N digestibility between species. The inter-species correlation for true ileal digestibility was high for N (r 0·98 over 3 £ 2 data;

P¼0·11) and AA (r 0·87 over 26 £ 2 data; P,0·0001). Overall, this supports the use of the pig as a model for predicting differences among dietary

protein digestibility, especially regarding true ileal N digestibility, in man.

Human adults: Pigs: Digestibility: Ileal digestibility: Protein

The digestibility of dietary protein, an indirect measure of the
extent of digestion and absorption of food protein as amino
acids (AA), is a key determinant of protein bioavailability(1).
It is thus considered as an important factor for nutritional
quality assessment(2). It is important to determine protein
digestibility with accuracy as it differs substantially among
diets, in particular between those from developing or devel-
oped countries whereby values of 0·54–0·78 (diets from
India, Guatemala or Brazil) v. 0·88–0·94 (diets from North
America) have been reported(3). Determination of digestibility
at the ileal level is now recognised as being more accurate
than its determination at the faecal level(1,4,5), due to the
high metabolic activity of the hindgut microflora leading
to modification of the undigested dietary AA profile. Most
dietary AA are absorbed in the small intestine(6,7), although
it remains unclear if the colon may also absorb AA to
some degree(8).

In humans, ileal digestibility can be determined in subjects
with ileostomies(9) or by sampling via a naso-ileal tube(10).
None of these methods, however, is suitable for routine
application due to technical and economic constraints.
Animal models have thus been developed to determine ileal
protein digestibility for humans. While the laboratory rat has
been considered as a suitable animal model(11), the pig, the
digestive tract of which is more similar to that of humans
both anatomically and physiologically(12 – 15), may be a better
model for protein digestion in humans(4,16,17). To date,

however, only a very few studies have compared protein digesti-
bility directly between pigs and human subjects(18 – 20), and
only one of these(19) has assessed digestibility at the ileal level.

The objective of the present study was to extend the work
of Rowan et al. (19) to further evaluate the suitability of the
growing pig for predicting dietary ileal N digestibility in
human subjects. Whereas the previous inter-species compari-
son(19) depended upon a single mixed-protein diet, the present
study aimed to expand the comparison to purified protein
sources based on an expected highly digestible (casein) and
an expected poorly digestible (rapeseed isolate) protein.
Hydrolysed casein was also included as part of a wider
study, but given the paucity of comparative species data on
ileal AA and N digestibility, digestibility data for hydrolysed
casein were also reported here. Ileal digesta were collected
via a post-valve T-caecum (PVTC) cannula in pigs and by
naso-ileal intubation in human subjects. The protein sources
were 15N-labelled to allow determination of the ileal
endogenous N and AA losses, thus allowing for the correction
of apparent to true protein digestibility.

Materials and methods

Test meals

Similar semi-synthetic test meals (Table 1) were prepared for
pigs and human subjects. The test meals contained as the sole
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respective source of N a uniformly 15N-labelled intact casein
(meal C), a 15N-labelled casein hydrolysate (meal HC; derived
from the former casein) or a 15N-labelled rapeseed protein
isolate (meal R; Brassica napus L., Goéland cultivar). The
N content ranged from 29·3 to 32·6 g/kg diet. 15N-labelled
casein (in the form of native calcium phosphocaseinate) was
extracted from 15N-labelled milk collected in cows perfused
in the rumen with [15N]ammonium sulfate as detailed
previously(21). The resulting casein was freeze-dried. Its
isotopic enrichment was 0·54 atom%. A sample of [15N]
casein was hydrolysed with pig pancreatin as detailed pre-
viously(21). The molecular-weight profile, determined by
HPLC gel filtration(21), indicated that 21 % of the peptides
were between 1 and 5 kDa in size, and 79 % were less than
1 kDa. 15N-labelled rapeseed protein isolate was obtained
from rapeseed fertilised with [15N]ammonium nitrate as
described previously(10). Its isotopic enrichment reached
1·16 atom%.

Experimental procedure: pigs

The pig experiment was conducted according to the guidelines
of Massey University, New Zealand and all the experimental
procedures were approved by the Massey University Animal
Ethics Committee (protocol 05/29).

Eight 10-week-old Large White £ Duroc entire male pigs
were housed individually in steel metabolism crates in a
room maintained at 24 ^ 18C.

Mean body weight (BW) at the time of surgery (day 0) was
34·4 (SD 2·0) kg. A PVTC cannula was surgically inserted into
the caecum of each pig for the collection of ileal digesta(22).
The cannulae were made of medical-grade silastic tubing
(internal diameter, 24 mm; external diameter, 32 mm). The
pigs were not fed for 12 h before surgery. Before the start of
surgery, the pigs were given analgesics: carprofen (3 mg/kg
BW; Pfizer Laboratories Ltd, Manukau, New Zealand), admi-
nistered by intravenous injection, and methadone (0·2 mg/kg
BW; David Bull Laboratories, Mulgrave, Victoria, Australia),
administered by deep intramuscular injection. Anaesthesia was
induced with an intramuscular injection of midazolam
(1 mg/kg BW; Roche Products Ltd, Auckland, New Zealand)

and ketamine (10 mg/kg BW; Parnell Laboratories Ltd, East
Tamaki, New Zealand) followed by an intravenous injection
of propofol (2 mg/kg BW; Gensia Laboratories Ltd, Irvine,
CA, USA). The anaesthesia was maintained via inhalation of
isoflurane (1·5 to 2 %; Merial Ltd, Auckland, New Zealand)
in O2. Crystalloids were infused intravenously throughout
the anaesthesia period (5–10 ml/kg BW per h) to maintain
hydration. Immediately after surgery, the pigs received an
intramuscular injection of antibiotic (2 ml; Duplocillin LA,
Intervet international B.V., Boxmeer, The Netherlands). For
the following 4 d, antibiotic powder (Mamyzim, Boehringer
Ingelheim Ltd, Wiri, New Zealand) was dusted on the
wound site daily. The site where the cannula was exteriorised
was washed with water, and Zn ointment was applied
daily throughout the experiment. The pigs regained conscious-
ness within 1 h of surgery and were standing 7–8 h after
surgery. There was a 14 d recovery period before the start of
the experiment.

At day 14, the mean BW of the pigs was 39·8 (SD 2·6) kg.
During the experimental period (days 14 to 37), pigs were
fed at a daily level of 0·08 kg diet/kg metabolic BW (kg0·75).
Except on the digesta collection day, the pigs received three
meals daily (08.00, 12.00 and 16.00 hours) in equal portions.
The meals were mixed with water (1:1, w/w) and water
was freely available between meals. On the day of digesta
collection, the pigs received (09.00 hours) the test meal
(a third of the daily portion) mixed with water (2·3:1, w/w);
no other food was then ingested and 200 ml water were given
every 30 min until the end of the digesta collection period
(19.00 hours). The pigs received the rest of their daily
portion at 19.00 hours (basal meal) and water was then freely
available. During the study, the pigs were weighed every
sixth day and the level of food intake was adjusted accordingly.

The test meals were administered using a duplicated 4 £ 4
Latin square design such that every test meal followed each
other once only. A fourth test meal was included in the
design but was not part of the species comparison. The pigs
were randomly allocated to the Latin square and were fed
their respective test meals every sixth day after having been
fed a basal meal (Table 2) in the intervening 5 d periods.
This was so that the feeding of the test meal was acute
(one meal) to afford a similar comparison with human
subjects. On the sixth day of each test period, ileal digesta
were collected continuously for 10 h after the ingestion of
the test meal using polythene bags attached to the cannula.
The bung of the cannula was removed 2 h before the collection
commenced(22) to allow the ileo-caecal valve to protrude
into the lumen of the cannula. Digesta collection commenced
30 min before the ingestion of the test meal in order to
determine the basal 15N-enrichment in digesta. The plastic
bags, which contained sodium benzoate (2·3 mol/l) as a
bactericide, were removed every 30 min. Digesta were
immediately frozen (2208C) after addition of phenylmethyl-
sulfonyl fluoride (70 mmol/l) as an antiprotease(23). Pig
digesta were freeze-dried and finely ground.

Experimental procedure: human subjects

The human study was conducted according to the guidelines
laid down in the Declaration of Helsinki and all procedures
involving human subjects were approved by the Institutional

Table 1. Ingredient compositions of the test meals fed to growing pigs
and adult humans

Meal (g/100 g air dry weight)

Ingredient C HC R

Maltodextrin 47*† 46† 48†
Sucrose 16 16 16
Oil‡ 15 15 15
[15N]casein 22 – –
[15N]hydrolysed casein – 23 –
[15N]rapeseed protein – – 21

C, intact casein-based; HC, hydrolysed casein-based; R, rapeseed isolate protein-
based.

* In the pig diets only, 1·8 g maltodextrin/100 g diet was replaced by sodium
bicarbonate to equalise the dietary electrolyte balance between the C and HC
diets. This was not done in the human diets, as the sodium bicarbonate
rendered the meal unpalatable.

† In the pig diets only, 0·3 g maltodextrin/100 g diet was replaced by titanium
dioxide as a dietary marker.

‡ Soyabean oil was used in the C and HC diets. Rapeseed oil was used in the R diet.

Protein digestibility in pigs and humans 1753
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Review Board for St-Germain-en-Laye Hospital, France.
Written informed consent was obtained from all subjects.

Eighteen subjects (nine female, nine male; aged 30 (SD 8)
years; mean BW 67 (SD 12) kg; mean BMI 22·5
(SD 3·5) kg/m2) were included in the study after a thorough
medical examination and the conduct of routine blood tests.
The volunteers were admitted to hospital for 2 d. In the morn-
ing of day 1, a 3 m polyvinyl chloride (PVC) triple-lumen tube
was inserted via the nose under local anaesthesia and then
swallowed by the subject so as to progress down the gastroin-
testinal tract. The progression of the tube was facilitated by
inflating through one of the tube’s lumens a balloon located
at the terminal tip of the tube, after it had passed the pyloric
valve. The subjects were then given a standard easily digested
hospital meal and received a second meal at 19.00 hours
before being food-deprived overnight. The tube was restrained
from further movement once it had reached the terminal
ileum, as verified under X-ray. On day 2, the protocol com-
menced at 09.30 hours, when a saline solution(24), containing
polyethylene glycol (PEG)-4000 (20 g/l) as a liquid-phase
marker for calculation of intestinal fluid flow rate(25), was
infused continuously through one of the tube’s lumens at a
constant rate of 1 ml/min. The test meal was given at 10.00
hours as a liquid drink containing 150 g test diet and 400 g
deionised water. The study was performed while the subjects
were resting in a semi-recumbent position and no food
other than the test meal was ingested until the end of the
study period. Water was given hourly. Digesta collection
commenced 30 min before the ingestion of the test meal in
order to determine the basal 15N-enrichment and lasted
for the 8 h following the ingestion of the meal. Digesta were
collected continuously on ice and pooled over 30 min periods.
Digesta were immediately frozen after addition of the anti-
protease di-isopropylfluorophosphate (1 mmol/l). For each
pooled sample, a 4 ml sample was kept frozen (2208C) for
PEG-4000 determination and the remainder was freeze-
dried. Subjects were given meal R in a separate part of the
study which was previously undertaken using exactly the
same design as described above(10).

Chemical analysis

Pig digesta were pooled for each pig and meal type between
4 and 10 h after meal ingestion(26). Pooled digesta were
analysed for TiO2, total N, AA and for 15N-enrichment of
total N and single AA. Diets were analysed for TiO2.

For human subjects, the 30 min digesta samples were
freeze-dried and analysed for N content and 15N-enrichment.
The 30 min samples were pooled over 8 h for each meal
type and subjected to the analysis of AA and their individual
15N-enrichments.

Protein sources were analysed for AA, total N and for
15N-enrichment of total N and single AA.

Total N and 15N-enrichment were measured on an isotopic
ratio MS (Optima; Fisons Instruments, Manchester, UK)
coupled to an elemental N analyser (NA 1500 series 2;
Fisons Instruments)(24). AA were determined after acid
hydrolysis for 24 h with HCl (6 mol/l containing 0·1 %
phenol) using a Waters ion exchange HPLC(27). AA were
not determined in digesta from animals or human subjects
receiving the rapeseed protein as there was insufficient digesta
from the human subjects. Cysteine, methionine and
tryptophan, being destroyed during acid hydrolysis, were not
determined. The 15N-enrichments of individual AA were
determined by GC combustion isotope ratio MS (GC-C-IRMS,
Finnigan Delta S; Thermo Fisher Scientific Inc., Bremen,
Germany) as described previously(28,29). The derivative used
here did not allow the determination of 15N-enrichment of
arginine. TiO2 was determined using a colorimetric assay
after ashing the sample and solubilisation of the minerals(30).
PEG-4000 was measured using a turbidimetric method(31).

Data analysis: pig data

Ileal total N flows (TNFL; g/100 g DM intake) were deter-
mined for the pooled digesta samples with reference to the
dietary marker as follows:

TNFLpig ¼ ðN in digesta £ TiO2 in mealÞ=TiO2 in digesta:

Ileal dietary N flows (DNFL; g/100 g DM intake) were
determined according to the isotope dilution as follows(32):

DNFLpig ¼ TNFLpig £ ðEs 2 E0Þ=ðEmeal 2 E0Þ;

where Es is the 15N-enrichment in the digesta sample, Emeal

is the 15N-enrichment in the meal and E0 is the baseline
15N-enrichment in digesta.

Similar equations were used to determine total and dietary
AA flows.

Ileal N digestibility (%) was calculated as follows:

Apparent ileal digestibility¼ððdietary Nintake

2TNFLÞ=dietary NintakeÞ£100:

True ileal digestibility ¼ ððdietary N intake

2 DNFLÞ=dietary N intakeÞ £ 100:

Similar equations were used to determine ileal AA digestibility
coefficients.

Table 2. Ingredient composition of the basal meal fed to growing pigs
between the test meals

Ingredient Basal meal (g/100 g air dry weight)

Cooked wheat 48·43
Sucrose 17
Casein* 16
Skimmed milk powder* 8
Soyabean oil 8
Dicalcium phosphate 2
Vitamin–mineral mix† 0·3
Sodium chloride 0·16
Synthetic methionine 0·07
Calcium carbonate 0·02
Antioxidant‡ 0·02

* Acid casein (NZMP, Palmerston North, New Zealand).
† Vitalean (Vitec Nutrition Ltd, Auckland, New Zealand). The mix provided

(per 100 g meal): cholecalciferol, 50·0 mg; choline, 8·33 mg; niacin, 1·25 mg;
pantothenic acid, 0·83 mg; vitamin A, 0·3 g; riboflavin, 0·21 mg; vitamin B6,
0·17 mg; vitamin E, 4·27 mg; vitamin K, 0·17 mg; biotin, 0·83mg; folic acid,
41·7mg; thiamin, 83·3mg; vitamin B12, 0·83mg; Cu, 10·4 mg; Fe, 8·3 mg; Mn,
3·8 mg; Zn, 10 mg; I, 83·3mg; Co, 41·7mg; Se, 25mg.

‡ Ethoxyquin (Unitech Industries, Auckland, New Zealand).
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Data analysis: human data

Ileal TNFL (mg per 8 h) was determined from the cumulative
recovery of total N for the 8 h postprandial period using the
following equation:

TNFLhuman ¼
X16

T¼1

ðNtot-digesta-ðTÞ £ DMS-ðTÞ £ Ftot-ðTÞÞ;

where Ntot-digesta-(T) is the N content of the digesta sample for
the T 30 min period (mg/g), DMS-(T) is the DM of the sample
(g/ml) and Ftot-(T) (ml/30 min) is the total ileal liquid flow rate
over the T 30 min period. Ftot-(T) was determined as follows:

Ftot-ðTÞ ¼ ðPEGi=PEGS-ðTÞÞ £ Fi £ t;

where PEGi and PEGS-(T) are the PEG concentrations in the
infusion solution and in the digesta sample for the T 30 min
period, respectively, Fi is the PEG infusion rate (1 ml/min)
and t is the duration of the collection period (30 min).

DNFL (mg/8 h) was calculated from the cumulative recov-
ery of undigested dietary N over the 8 h postprandial period
using the following equation:

DNFLhuman ¼
X16

T¼1

ðNtot-digesta-ðTÞ £ ððES-ðTÞ 2 E0Þ=

ðEmeal 2 E0ÞÞ £ Ftot-ðTÞÞ;

where ES-(T) is the 15N-enrichment in the digesta sample for
the 30 min period.

Total AA flow (TAAFL; mg/8 h) and dietary AA flow
DAAFL; mg/8 h) were determined in pooled digesta samples,
reconstituted so as to be representative of the total collection,
as follows:

TAAFL ¼ AAs £ F £ DM;

where AAs is the AA content in the pooled digesta sample
(mg/g), DM is the DM of the pooled digesta sample (g/ml)
and F is the total estimated flow rate over 8 h (ml/8 h).

DAAFL ¼ TAAFL £ ðEs 2 E0Þ=ðEmeal 2 E0Þ;

where Es is the 15N-enrichment of individual AA in the pooled
digesta sample.

Ileal apparent and true digestibilities of N and AA were
determined as described above for the growing pig.

Statistical analysis

Statistical analyses were performed using SAS (version 9.1;
SAS Institute Inc., Cary, NC, USA). The dataset was first
subjected to an outlier test(33,34) with P,0·05 and was then
analysed using the following general linear model:

Yij ¼ mþ ai þ bj þ ðabÞij þ 1ij;

where Yij is the dependent variable, m is the general mean,
ai is the fixed effect of the meal, bj is the fixed effect of
the species and 1ij is the random residual error. Pearson
correlation and simple linear regression analyses were
performed on mean pig and human digestibility values for

the meals C, HC, and where applicable for meal R. For AA,
mean values for each AA were included in the correlation
and regression analyses. Significance was considered to be
reached at P,0·05.

Results are mean values and standard deviations.

Results

The pigs remained healthy and grew normally throughout the
study, except for one pig that was removed from the study
because of internalisation of the cannula. This animal was
replaced by a spare cannulated pig of a similar age and BW.
Minimal leakage from the PVTC cannula occurred during
digesta collections. At post-mortem dissection, no signs of
adverse effects due to the cannulation were observed. Mean
pig BW at the completion of the trial was 61·3 (SD 4·3) kg.

All human subjects completed the trial without
complication, and complied with the experimental protocol.

For meals C and HC fed to the pigs, one observation each
for apparent and true AA and N digestibility was removed
from the dataset, as detected by application of the outlier
test. Similarly, for meal R fed to the human subjects, one
observation for apparent and true N digestibility was removed
from the dataset.

The apparent and true ileal digestibilities of N for meals C,
HC and R for pigs and human subjects are given in Table 3.
There was a significant (P,0·05) effect of species, with
both apparent and true digestibilities being lower in human
subjects compared with pigs. The species differences were
marked for the apparent digestibility of N (14–16 % lower
in human subjects) but were relatively small for true N
digestibility (3–5 % lower in human subjects).

The apparent ileal AA digestibilities for meals C and HC
for pigs and human subjects are given in Table 4. For each
AA, apparent digestibility was significantly lower (P,0·05)
in human subjects compared with pigs, in both meals C and
HC, except for threonine for which the difference did not
reach statistical significance.

The true ileal AA digestibility values for meals C and HC
are given in Table 5. Pig and human true ileal digestibilities
were not significantly different (P.0·05) over both meals
(C and HC) for most AA except for phenylalanine, tyrosine,
lysine, histidine and aspartic acid for which digestibilities
were significantly lower (P,0·05) for human subjects
compared with pigs.

The correlation coefficient between pig and human apparent
ileal digestibility was high (r 0·99) but not significant
(P¼0·09) for N from meals C, HC and R and was high and
statistically significant (r 0·90; P,0·0001) for AA from
meals C and HC. The linear regression equation for the AA
was y ¼ 1·20x 2 0·25, where y is human digestibility and x
is pig digestibility.

Similarly, the correlation coefficient between pig and
human true ileal digestibility was high (r 0·98) but not signifi-
cant (P¼0·11) for N from meals C, HC and R, and was high
and statistically significant (r 0·87; P,0·0001) for AA from
meals C and HC. Linear regression equations were derived
to allow predictions of human true ileal digestibility values
from determined pig true ileal digestibility values for N
(Fig. 1(a)) and AA (Fig. 1(b)).

Protein digestibility in pigs and humans 1755
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Discussion

The objective of the study was to assess the suitability of the

growing pig as an animal model for determining the ileal N

digestibility of dietary protein in adult human subjects. Overall,

good agreement was found between species for ranking the

protein sources, especially regarding true ileal N digestibility.

The study used methods of digesta collection optimised for
each species and for this reason the method of collection was
not common across pigs and human subjects, although it was
maintained as close as possible and based in both cases on a
direct access to ileal fluid as well as the use of 15N-labelled
protein sources. In human subjects, ileal digesta were sampled
through a naso-ileal triple-lumen tube, allowing digesta collec-
tion from subjects with an entire digestive tract, unlike that
from ileostomised subjects. The intubation method has been
previously used for the determination of ileal N digestibility
in human subjects(35 – 38) and has been shown to allow more
than 50 % of the total digesta to be sampled through the
tube and total recovery (about 103 %) of an unabsorbable
marker mixed within the meal (A Deglaire, unpublished
results). Although it remains unknown whether the oro-ileal
transit time is altered by the presence of the tube, previous
studies have reported that digesta transit time, and especially
gastric emptying rate, do not influence overall ileal protein
digestibility(35,39,40). In the present study, ileal digesta were
collected from pigs through a PVTC cannula, which, above

other cannulation techniques, offers the advantage of leaving
the small intestine intact, thus minimising effects on ileal
muscle function. The indigestible marker ingested with the
test meal was recovered at a rate of 42 (SD 15) % (data not
shown) across the diets C, HC and R in the present pig digesta
samples. The less than complete recovery may result from the
prescribed period of digesta collection and/or from digesta
bypassing the cannula and entering the large intestine.
The latter may have differed among pigs resulting in some
variability for marker recovery. In the present study, there
were no statistically significant correlations found between
marker recovery and apparent ileal N digestibility within
diets, which indicates that the pig digesta samples were repre-
sentative of total ileal digesta(41). Human digesta flow was
detected immediately after meal ingestion and was minimal
after 8 h, ensuring that the 8 h collection period was adequate
to sample most of the non-digested dietary N. However,
relatively high amounts of pig digesta flow were found only
4 h after the meal as observed previously(26,42) and flow was
still substantial 10 h after meal ingestion. The latter time
period (4–10 h) is likely to correspond to maximal ileal
passage of dietary N, previously observed to occur between
3–4 and 9–11 h from ingestion for pea- or wheat-based
diets(26). Thus, although digesta collection times differed
between the species, digesta were collected for each species
when digesta flows were broadly close to maximal. A species
effect inducing different rates of the 15N tracer recycling

Table 4. Apparent ileal amino acid digestibility for mixed meals based on intact casein (C) or on hydrolysed casein (HC) fed to adult humans and
growing pigs

(Mean values and pooled standard deviations)

Meal C Meal HC P

Pigs (n 7) Human adults (n 6) Pigs (n 7) Human adults (n 5) Pooled SD Meal Species Meal£ species

Essential amino acids
Histidine 0·908 0·808 0·848 0·691 0·058 0·001 ,0·001 0·25
Isoleucine 0·922 0·838 0·880 0·811 0·044 0·06 ,0·001 0·68
Leucine 0·943 0·900 0·928 0·883 0·028 0·19 ,0·001 0·93
Lysine 0·959 0·918 0·952 0·906 0·027 0·38 ,0·001 0·80
Phenylalanine 0·957 0·889 0·950 0·869 0·032 0·31 ,0·001 0·61
Threonine 0·788 0·757 0·791 0·708 0·068 0·41 0·050 0·36
Tyrosine 0·960 0·887 0·951 0·860 0·032 0·20 ,0·001 0·53
Valine 0·909 0·846 0·877 0·810 0·045 0·07 0·002 0·92

Non-essential amino acids
Alanine 0·880 0·842 0·847 0·789 0·051 0·05 0·03 0·64
Aspartic acid 0·883 0·759 0·844 0·701 0·062 0·07 ,0·001 0·71
Glutamic acid 0·942 0·897 0·892 0·866 0·035 0·009 0·020 0·49
Proline 0·944 0·910 0·923 0·891 0·028 0·10 0·009 0·95
Serine 0·847 0·729 0·765 0·666 0·078 0·03 0·003 0·76

Table 3. Apparent and true ileal nitrogen digestibility for mixed meals based on intact casein (C), hydrolysed casein (HC) and rapeseed protein isolate
(R) fed to adult humans and growing pigs

(Mean values and pooled standard deviations)

Meal C Meal HC Meal R P

Ileal N
digestibility

Pigs
(n 7)

Human adults
(n 6)

Pigs
(n 7)

Human adults
(n 5)

Pigs
(n 8)

Human adults
(n 6) Pooled SD Meal Species Meal£ species

Apparent 0·898 0·760 0·884 0·759 0·811 0·704 0·050 0·001 ,0·001 0·74
True 0·976 0·941 0·950 0·923 0·914 0·871* 0·020 ,0·001 ,0·001 0·60

* Data originally published by Bos et al. (10).
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within endogenous secretions cannot be ruled out. However,
overall, tracer recycling had little impact on the relative differ-
ences between the species for the true ileal N digestibility in
HC (a diet allowing calculations of tracer recycling), with

values after correction for recycling being 0·965 (SD 0·020)
and 0·934 (SD 0·010) in pigs and in human subjects, respect-
ively (data not shown).

Of interest in the present study was that the apparent ileal
digestibility of N was markedly lower (14 to 16 %) for
human subjects compared with pigs across the test meals con-
taining different protein sources. The species difference was
smaller for apparent AA digestibility, but still substantial,
with values being on average 8 % lower for human subjects.
The closer agreement observed for apparent digestibilities of
AA as compared with those of total N might arise from differ-
ences in non-protein N transiting in the small intestine
between species, such as urea. The acute (no adaptation to
the test meal) feeding procedure used in the present work
did not appear to influence the results of the study as the pre-
sent pig apparent AA and N digestibility coefficients for C and
HC were similar to those for the same diets but given to
adapted (5 d) pigs, being on average only 2·3 % different
(A Deglaire and PJ Moughan, unpublished results), such as
has been observed previously(9). The presently reported
values for the apparent ileal digestibility of N and AA in
casein and hydrolysed casein agree closely with other pub-
lished values(43 – 45). Roos et al. (46) reported apparent ileal
digestibility values of casein for pigs (0·76–0·80) which
were lower than those found in the present study but closer
to the values observed here for human subjects. Apparent
ileal digestibility values for casein and hydrolysed casein in
human subjects have not been reported in the literature.
The mean apparent ileal N digestibility value for rapeseed
isolate was in line with that determined in pigs fed dehulled
and untoasted rapeseed (0·76)(47). The present differences
observed for apparent ileal digestibility between species are
likely to be due to a higher proportion of endogenous protein
to total ileal protein in human subjects compared with pigs, as
true ileal digestibility was much closer between pigs and
human subjects (less than 5 % difference for true ileal digest-
ibility of N). Whether the different amount of endogenous
protein in digesta is an actual effect of the species or is due
to methodological differences is unknown, and should be the
topic of further investigation.

Table 5. True ileal amino acid digestibility for meals based on intact casein (C) or on hydrolysed casein (HC) fed to growing pigs and adult humans

(Mean values and pooled standard deviations)

Meal C Meal HC P

Pigs (n 7) Human adults (n 6) Pigs (n 7) Human adults (n 5) Pooled SD Meal Species Meal£ species

Essential amino acids
Histidine 0·990 0·947 0·963 0·929 0·025 0·040 0·001 0·65
Isoleucine 0·972 0·941 0·923 0·929 0·031 0·020 0·35 0·16
Leucine 0·989 0·972 0·972 0·970 0·012 0·060 0·060 0·13
Lysine 0·993 0·974 0·982 0·976 0·011 0·320 0·010 0·17
Phenylalanine 0·992 0·963 0·984 0·966 0·011 0·490 ,0·001 0·21
Threonine 0·945 0·933 0·922 0·925 0·027 0·170 0·68 0·51
Tyrosine 0·994 0·972 0·988 0·971 0·013 0·510 0·001 0·56
Valine 0·966 0·937 0·922 0·924 0·028 0·020 0·26 0·20

Non-essential amino acids
Alanine 0·962 0·951 0·926 0·936 0·026 0·020 0·98 0·34
Aspartic acid 0·973 0·916 0·923 0·896 0·031 0·010 0·003 0·23
Glutamic acid 0·975 0·940 0·920 0·914 0·029 0·002 0·10 0·22
Proline 0·979 0·962 0·956 0·954 0·017 0·030 0·16 0·26
Serine 0·931 0·870 0·835 0·826 0·060 0·009 0·17 0·29

Fig. 1. Linear regression relationships between mean values for human and

pig true ileal digestibilities (TID) of (a) nitrogen (y ¼ 1·14x 2 0·17; R 2 0·97;

Pslope ¼ 0·11) and (b) individual amino acids (y ¼ 0·83x þ 0·14; R 2 0·76;

Pslope , 0·0001) for meals based on casein (W) or on hydrolysed casein (X)

and, when applicable, for rapeseed protein isolate (A). A, alanine; D, aspartic

acid; E, glutamic acid; F, phenylalanine; H, histidine; I, isoleucine; K, lysine;

L, leucine; P, proline; S, serine; T, threonine; V, valine; Y, tyrosine.

Protein digestibility in pigs and humans 1757

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114509991267  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114509991267


It is more accurate to compare true ileal protein digestibility
between species, as this measure represents the specific fate
of dietary N and AA in the digestive tract(1). True ileal digest-
ibilities of N and of some AA were significantly lower for diet
HC than for diet C. This was observed in both species. It may
suggest a lower extent of digestion and/or absorption for HC
and/or a higher recycling rate of the 15N tracer for HC. The
exact reason remains unknown but should be investigated
further. However, the present study shows a similar ranking
among the protein sources (C, HC and R) between human sub-
jects and pigs and that for most AA true ileal digestibility
(C and HC) was the same between the species. Although the
true ileal digestibility of N and of five AA was significantly
different (P,0·05) between the species, the coefficients
were on average only 4 % lower in human subjects compared
with pigs. This inter-species difference might result from
physiological and/or methodological considerations. The
digestive and/or absorptive capacity of the gastrointestinal
tract may be greater in pigs than in human subjects, and this
may be particularly important for more poorly digested
proteins such as rapeseed. Forsum et al. (18) reported a
higher (6 %) true faecal digestibility of vegetable proteins in
pigs than in human subjects but similar digestibility of a
combination of vegetable and animal proteins between
the species.

The degree of correlation between pig and human AA and
N data was high for both apparent and true digestibility
values. Correlations for N data did not reach the level of
statistical significance (P¼0·05), with P¼0·09 and P¼0·11
for apparent and true N digestibility, respectively. However,
correlations for the AA data were statistically significant.
The present dataset was augmented by the inclusion of pig
and human ileal digestibility data previously reported by
Rowan et al. (19) and based on a vegetable–animal protein-
based diet. In the augmented dataset, the correlation between
pig and human true ileal digestibility coefficients was high
(r 0·94) and close to significance (P¼0·06) for N from
meals C, HC and R and the vegetable–animal-protein-based
diet, and was statistically significant (r 0·83; P,0·001) for
AA from meals C and HC and the vegetable–animal pro-
tein-based diet. The linear regression equations derived to
allow predictions of human true ileal digestibility values
from determined pig true ileal digestibility values were
y ¼ 1·47x 2 0·47 and y ¼ 1·05x 2 0·06 for N (R2 0·88) and
for AA (R2 0·68), respectively. Caution needs to be exercised
in extrapolating from the predictive equation for true ileal
digestibility of N beyond the range of data collected. The
range of N digestibility assessed here is relatively narrow.

In conclusion, the present results are in general agreement
with an earlier observation(19) that there is close agreement
between pigs and human subjects for the true ileal digestibility
of dietary N. The growing pig has been widely promoted as a
useful model for human nutrition studies due to a physio-
logically and anatomically similar digestive tract(12 – 15). In
addition, the pig unlike the rat has a meal-eating habit(13)

and eats most foods consumed by humans. Another advantage
with the pig is the possibility for the collection of large
samples of representative digesta(14). For all these reasons,
the growing pig has been suggested as being a better model
than the growing rat for predicting protein digestibility for
the adult human(4,17,19). This is supported by our recent data

showing a similar true ileal digestibility for rapeseed and
milk proteins in the growing rat (0·955 (SD 0·011) and 0·956
(SD 0·008), respectively(48)), unlike what was observed here
in both the adult human and the growing pig. Overall, the pre-
sent findings support the use of the growing pig as an animal
model for routine determination of true ileal N digestibility in
human adults, in particular for ranking protein sources.
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