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Pigs were fed protein-free diets containing different pea inner fiber (PIF) isolates (from wrinkled or
smooth peas, unprocessed or micronized) or different PIF levels (from 50 to 200 g/kg diet), and the
flows of endogenous N and amino acids were measured at the ileum level. The flows were better
correlated to the water-holding capacity (WHC) of the diet than to fiber intake (R2 ) 0.996 vs 0.76,
respectively). The relationship with WHC was of the exponential type, with a high increase when
the WHC exceeded 3 g of water/g diet. A similar pattern and correlation (R2 ) 0.98) was obtained
for the ileal flow of nucleobases (markers of epithelial cells and bacteria), whereas the relationships
with crude mucus (R2 ) 0.96) and diaminopimelic acid (marker of bacteria, R2 ) 0.55) were linear.
N retention by pigs fed with 0, 30, 60, or 90 g/kg of dry matter (DM) of the same protein isolates did
not differ significantly in pigs receiving a 40 or 160 g of PIF/kg diet, despite significant differences
in ileal N and amino acid flows between the two fiber levels (2.0 and 3.1 g of N/kg of DM intake, on
average). These results and those of the flow of endogenous N compounds suggest an effect of the
swollen fibers on the intestinal wall rather than a disturbance of the digestive processes.
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INTRODUCTION

The effect of dietary fibers on gastrointestinal function
relates to their chemical composition as well as to their
physicochemical properties. However, the physiological
effects of fiber sources are often overlooked by the feed
industry, despite an obvious influence on the animal’s
performances.
For example, fibers with a high water-holding capac-

ity (WHC) decrease feed intake by the pig (Kyriazakis
and Emmans, 1995) and increase ileal excretion of
endogenous proteins (Leterme et al., 1996a), with a
possible decrease in N retention as a consequence (Sève
and Henry, 1996).
In a previous study, we also reported that, at constant

NDF fiber intake, pea inner fibers (PIF) markedly
increased the ileal outflows of endogenous N in pigs,
compared to pea hulls and wood cellulose (Leterme et
al., 1996a). PIF are characterized by a very high water-
holding capacity (WHC ) 10-12 g of water retained/g
of matter). Contrary to other fiber sources with a high
WHC, they are insoluble. Water is retained in the
empty cells. To our knowledge, no data are available
to explain how such fibers affect ileal endogenous N
losses or protein digestion in pigs.
In a series of experiments on pigs, we aimed at

studying the effect of different factors on the ileal
endogenous amino acid (AA) losses: (1) fibers isolated
from peas differing in carbohydrate composition (smooth
and wrinkled peas), (2) fibers differing in physical

structure (unprocessed or micronized), (3) fiber level in
the diet, and (4) the effect of fiber intake on N retention.
The data were used to distinguish between the effect of
fiber intake and that of the fiber WHC. Finally, an
attempt was made to determine the endogenous origin
of the losses by measuring the ileal flow of nucleobases
(markers of the epithelial cells and bacteria), diami-
nopimelic acid (marker of bacteria), and crude mucus.

MATERIALS AND METHODS

Animals. Twelve pigs of the Large White breed were fitted
with a postvalve T-cannula as described by van Leeuwen et
al. (1991). The cecum was removed and replaced by a large
T-cannula. When the cannula was closed, the digesta coming
from the ileum flowed into the colon. When it was open, the
ileocecal valve protruded in the aperture of the cannula and
the digesta were collected in plastic bags. The average body
weights of the pigs during the three successive periods were
respectively 45, 54, and 64 kg. For the second experiment,
eight pigs were used, weighing on average 40 ( 4 kg.
After recovery, the pigs were placed in metabolism cages,

and, between each experimental period, they rested in large
cages (1 × 1.2 m).
Diets. Experiment 1. The diets were based on nearly

protein-free components, so that the AA collected at the ileum
could be considered of endogenous origin (Table 1). For the
smooth and wrinkled pea fiber-based diets, some egg yolk was
added as a source of highly digestible protein to stimulate the
digestive secretions without increasing the ileal dietary N
output. These two diets were also composed of, respectively,
smooth and wrinkled pea starch, whereas the others contained
corn starch. Their starch and inner fibers were isolated in
the pilot-plant facility of Provital (Warcoing, Belgium), whereas
those incorporated in the other diets came from its industrial
plant. In both cases, the hulls were first mechanically
separated from the seeds. The cotyledons were then finely
ground and plunged into an alkaline solution (pH ) 8) for
protein solubilization. The proteins were isolated by ultrafil-
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tration, and starch was allowed to settle and decant. The
remaining product, composed of fiber and starch, forms the
inner fibers used here.

The diet of the second subexperiment had the same raw
inner fiber content as that of the first one (190 g of smooth
PIF), but the fibers were either unprocessed or micronized.
The micronizer was composed of a rotor with numerous blades,
in a vertical cylinder. The product was carried by air.
Micronization was obtained by the impact of the particles with
the blades and the jacketing of the cylinder. After microni-
zation, 95% of the particles had a size < 63 µm. The diets of
the third subexperiment were formulated in order to contain
increasing amounts of PIF, at the expense of corn starch (Table
1).

Experiment 2. Three dietary protein levels (30, 60, and 90
g/kg of dry matter (DM)) were tested in comparison to a
reference diet devoid of protein, at two fiber levels: 20 or 80

g of AOAC fibers/kg of DM (Table 2). The protein was a
mixture 2:1 of casein and defatted egg yolk, so that the AA
maintenance requirements of the pig were met.

All of the diets were supplemented with 3 g of Cr2O3/kg of
diet for ileal flow determination. Between the experiments,
the pigs were fed a commercial diet, supplemented with 100 g
of PIF/kg.

Experimental Procedure. The first experiment was car-
ried out in four periods: the first was devoted to the wrinkled
vs smooth pea fiber comparison, the second to the unprocessed
vs micronized pea fiber comparison, and the last two to the
evaluation of the fiber intake level effect. For the first two
periods, 8 of the 12 pigs were randomly allocated into two
groups. The third subexperiment was conducted in a crossover
design. Two pigs were eliminated, and 8 of the 10 remaining
pigs were randomly allocated into 4 pairs, each of them testing
one of the four intake levels. After the first collection period,

Table 1. Composition of Diets of Experiment 1

pea fiber origin fiber form PIF content (g of AOAC fibers/kg of DM)

smooth wrinkled unprocessed micronized 25 50 75 100

ingredients (g/kg of DM)
corn starcha 660 660 740 710 680 650
pea starch (smooth)a 610
pea starch (wrinkled)b 650
pea fibers (smooth peas)c 190 190 50 100 150 200
pea fibers (wrinkled peas)d 150
pea fibers (micronized)e 190
sucrose 60 60 60 60 120 100 80 60
defatted egg yolkf 60 60
oilg 20 20 30 30 30 30 30 30
mineral/vitamin premixh 60 60 60 60 60 60 60 60

chemical analysis (g/kg of DM)
crude protein 54 64 17 17 7 10 14 17
starch 605 460 676 685 687 681 676 670
neutral detergent fiber 66 80i 42 31 13 27 40 54
acid detergent fiber 22 46i 15 15 4 8 12 16
AOAC fiber total 119 257 93 85 24 48 72 96
insoluble 117 245 87 73 23 46 69 92
soluble 2 12 6 12 1 2 3 4

Englyst fiber total 96 208 73 72 19 38 56 75
insoluble 84 167 54 56 14 28 43 57
soluble 12 41 19 16 5 10 13 18

WHC (g of water/g of DM)
pea fibers 15.8 14.2 12.1 3.5 12.1 12.1 12.1 12.1
diets 4.05 4.15 3.22 1.58 1.63 2.19 2.76 3.33

a Smooth pea starch and corn starch, 930 g of starch/kg; WHC, 1.4 and 1.3 g of water/g of DM, respectively. b Wrinkled pea starch, 680
g of starch/kg and 160 g of AOAC fibers/kg; WHC, 2.8 g of water/g of DM. c Smooth PIF of subexperiment 1, 630 g of AOAC fibers/kg, 250
g of starch/kg, 12.8 g of N/kg; PIF of subexperiment 2, 3, 490 g of AOAC fibers/kg, 430 g of starch/kg, 11.8 g of N/kg. d Wrinkled PIF, 830
g of AOAC fibers/kg, 110 g of starch/kg, 15.4 g of N/kg. e Micronized PIF, 450 g of AOAC fibers/kg, 450 g of starch/kg, 12.3 g of N/kg.f Egg
yolk defatted with hexane, 680 g of proteins/kg, 180 g of fat/kg; WHC, 2 g of water/g of DM. g Oil: corn-groundnut-soya, 1:1:1. h Premix
(g/kg diet): as described by Leterme et al. (1996b). i The fibers present in the wrinkled pea starch were not considered.

Table 2. Composition of Diets of Experiment 2 (g/kg of DM)

PIF content ) 20 (g of fibers/kg of DM),
with various protein contents

PIF content ) 80 (g of fibers/kg of DM),
with various protein contents

0 g/kg
of DM

30 g/kg
of DM

60 g/kg
of DM

90 g/kg
of DM

0 g/kg
of DM

30 g/kg
of DM

60 g/kg
of DM

90 g/kg
of DM

ingredients
corn starch 823 787 751 714 721 685 649 612
pea inner fibersa 25 25 25 25 100 100 100 100
pea hullsa 9 9 9 9 36 36 36 36
caseinb 22 44 66 22 44 66
defatted egg yolk 18 36 54 18 36 54
sucrose 60 60 60 60 60 60 60 60
oil 20 16 12 9 20 16 12 9
premix 63 63 63 63 63 63 63 63

chemical analyses
crude proteins 5.4 31.3 65.0 95.6 14.4 41.9 71.9 102.5
AOAC fibers 20.3 20.3 20.3 20.3 81.1 81.1 81.1 81.1

a Pea hulls and inner fibers provided by Provital (Warcoing, Belgium). The hull/inner fiber ratio is the same as that in whole pea seeds.
b Bovine milk casein (Sigma C-5890, St. Louis, MO).
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the diets were permuted and a second collection period was
performed, so that each diet had been tested on four different
pigs.
During each period, the pigs received daily, in two meals

(8-16 h), 90 g of DM/kg of metabolic weight of the experi-
mental diet, mixed with water (1-1.5 L/kg) for 5 days. The
ileal digesta were collected on the last 3 days, from 9 to 17 h,
with plastic bags attached to the cannula. The time of
collection and the weight of each collected sample were noted,
but the samples were pooled per day and immediately frozen.
The second experiment was carried out in a double Latin

square experimental scheme. The pigs were randomly al-
located into two groups, corresponding to the two fiber levels
(20 and 80 g of AOAC fibers/kg of DM). During the four
successive periods, they received successively a diet devoid of
protein or containing one of the three protein levels (30, 60,
or 90 g/kg of DM).
After a 3 day adaptation period, feces and urine were

quantitatively collected for 3 days. In the 3 following days,
the ileal digesta were collected for 8 h (9-17 h) by means of
plastic bags fixed to the cannula.
Chemical Analyses. The diet ingredients were analyzed

for nitrogen by the Kjeldahl method, using a Kjeltec 1030
analyzer (Perstorp Analytical, Helsingborg, Sweden). Starch
was analyzed by the enzymic method of AOAC (1980) using
amyloglucosidase (EC 3.2.1.3; Sigma A7255), glucose oxidase
(EC 1.1.3.4; Sigma G7773), and peroxidase (EC 1.11.1.7; Sigma
P8125). Fat was extracted with diethyl ether by the Soxhlet
method. The NDF and ADF determinations were performed
separately on a Fibertec analyzer (Perstorp Analytical, Hels-
ingborg, Sweden), and, prior to the analyses, the samples were
boiled for 1 h in a thermostable R-amylase solution (Termamyl
120 L; Novo Nordisk, DK). The dietary fiber content was also
determined by the enzymatic-gravimetric method of AOAC
(Prosky et al., 1988) and by the chromatographic method of
Englyst et al. (1992) where dietary fibers are the sum of the
constituent sugars of the nonstarch polysaccharides released
by acid hydrolysis.
The digesta were finely ground (1 mm mesh screen) and

analyzed for N, AA, chromium, R-diaminopimelic acid (DAPA),
and the puric and pyrimidic bases. Chromiumwas determined
by titration with Mohr’s salt after nitric acid-perchloric acid
digestion, as described by François et al. (1978). The AAs were
analyzed after acid hydrolysis (6 M HCl + 1% phenol; 24 h at
110 °C in glass tubes, under N atmosphere) by HPLC, using

the Pico-Tag method of Waters (Millipore Corp., Milford, MA)
with phenylthiocarbamyl derivatives. Cysteine, methionine,
and tryptophan were not analyzed.
DAPA was analyzed by gas chromatography, using the

heptafluorobutyryl isobutyl ester amino acid derivatives (Mac-
Kenzie and Tenaschuk, 1979a,b), with samples five times as
large as those utilized for the analysis of the other AAs. The
puric (guanine, adenine) and pyrimidic (cytosine, thymine,
uracyl) bases were determined by HPLC after oxidative
hydrolysis, as described by Lassalas et al. (1993).
Mucin was isolated by putting 3 g of digesta in 25 mL of a

0.15 mol/L NaCl solution. After centrifugation (12000g, 30
min, 4 °C), 15 mL of the supernatant was added to 22 mL of
ethanol (99%, 0 °C), kept for one night at -20 °C, and
centrifuged (1400g, 10 min, 4 °C). The precipitate was
recovered in 15 mL of the NaCl solution, treated again, and
freeze-dried. It was mainly composed of raw mucus, contami-
nated by noncovalently bound proteins, as previously observed
(Leterme et al., 1996b).
The free AA and oligopeptide fractions isolated from the

digesta (experiment 2) were obtained after ultrafiltration of
the liquid fraction with Centriprep-3 concentrators (cutoff,
3000; Amicon, Danvers, MA). The freeze-dried digesta were
rehydrated and centrifuged (25000g; 30 min). The soluble
fraction was measured in the supernate.
The WHC was measured as follows: 1 g of DM was placed

in a centrifuge tube with 20 mL of distilled water. After 16 h,
the tubes were centrifuged (2000g, 50 min at 20 °C) and kept
8 min before the supernatant water was discarded and the
remaining water weighed.
Statistical Analyses. One-way ANOVA was used to

examine the effect of the diets in experiment 1. For the fiber
levels of experiment 1, a three-way ANOVA (pig, period, diet)
was used, but no significant effect of pig or period was
observed. The Student-Newman-Keuls test was applied for
significance between each level. A linear and an exponential
model were then ajusted between fiber intake and ileal N
losses, and the coefficients of determination were used to
compare the adjustments.
For experiment 2, we first used two Latin square designs

(pig, period, diet) for the protein effect by the GLM procedure
of SAS/STAT (1994). The Student-Newman-Keuls test was
applied for significance between each level. The data were
then combined to study the fiber effect by nesting the “pig” in
fiber because the pigs used within each Latin square were

Table 3. Ileal Flow of Water (g/Collection Period), Dry Matter, N, and Amino Acids (g/kg of DM Intake) in Pigs Fed a
Pea Fiber-Based Dieta

pea fiber origin fiber form PIF content (g of AOAC fiber/kg of DM)

smooth wrinkled SEM unprocessed micronized SEM 25 50 75 100 SEM relationb

waterc 2523 2853 101* 1963 852 215** 719 1231 1965 2114 150*** log
DM 254 414 30* 198 179 13 122 140 172 207 11** lin
Arg 0.83 1.00 0.12 0.64 0.36 0.07** 0.37a 0.38a 0.45a 0.56b 0.02** exp
His 0.59 0.65 0.08 0.33 0.20 0.03** 0.19a 0.21a 0.24a 0.29b 0.01* exp
Ile 0.78 0.96 0.12* 0.53 0.39 0.03** 0.33a 0.38a 0.44ab 0.51b 0.02*** lin
Leu 1.04 1.29 0.15* 0.70 0.48 0.05** 0.48a 0.59ab 0.65ab 0.74b 0.04* lin
Lys 0.81 1.14 0.16* 0.45 0.33 0.03** 0.31a 0.36a 0.50b 0.50b 0.03** lin
Phe 0.94 1.06 0.12 0.61 0.41 0.05** 0.38a 0.43a 0.48ab 0.55b 0.03* lin
Thr 0.99 1.15 0.14 0.63 0.40 0.05** 0.41a 0.45a 0.49a 0.61b 0.02*** exp
Val 0.96 1.14 0.14* 0.62 0.38 0.05** 0.39a 0.41a 0.54b 0.62b 0.03*** exp
Ala 0.89 1.14 0.15* 0.59 0.38 0.05** 0.38a 0.41a 0.48ab 0.54b 0.02** exp
Asp 1.80 2.23 0.31 1.05 0.71 0.10** 0.59a 0.60a 0.76b 0.88b 0.04* exp
Glu 1.65 2.96 0.46* 1.00 0.69 0.09** 0.53a 0.58a 0.67a 0.88b 0.05* exp
Gly 1.59 1.83 0.23 1.37 0.54 0.19** 0.65a 0.80ab 0.88ab 1.07b 0.05** exp
Pro 2.51 2.38 0.26 3.54 1.32 0.55** 1.68a 1.82a 1.97a 2.36b 0.18* exp
Ser 1.66 1.86 0.27 0.72 0.40 0.07** 0.45 0.50 0.48 0.61 0.02 exp
Tyr 0.67 0.74 0.09 0.46 0.28 0.04** 0.28a 0.33a 0.37a 0.43b 0.002** lin
∑AA 17.73 21.56 2.62 13.26 7.27 1.34** 7.56a 8.35a 9.36ab 11.10b 0.46** exp
N 3.67 4.20 0.18 2.73 1.64 0.25** 1.69a 1.85a 1.96a 2.31b 0.10* exp

a Values are means of four pigs + SEM. The asterisks on the SEM give the significance level: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Within a row for the PIF content, values with different asterisks differ significantly. b Relationship between fiber intake and the ileal N
flows: log, logarithmic type: y ) a ln(X) - b, lin, linear: Y ) a + bX; exp, exponential type, Y ) aebx, where Y is the AA flow, X the level
of AOAC fiber in the diet, and a, b are constants. c The water output was measured directly at the ileum level and corresponds to the
amount recovered during the collection period.
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different and by introducing a fiber × protein interaction. The
test of linearity was made according to the same model with
the partition of the protein and fiber × protein interaction
effects (DF3) into the corresponding polynomial, linear, qua-
dratic, and cubic contrasts (DF1 for each).

RESULTS

N and AA Flows. The N and AA outputs measured
for smooth and wrinkled pea fiber diets were higher
than those observed for the other diets (Table 3).
Compared to the others, these diets were supplemented
in highly digestible proteins and contained pea starch,
instead of corn starch, and fibers isolated on a pilot
plant. The dry matter output was higher (P < 0.01) for
pigs fed wrinkled pea fibers, compared to those fed
smooth pea fibers, whereas the difference in AA flow

was significant for only six AAs and not for the total N
or the sum of the AAs. The difference in DM flow was
mainly due to a problem of processing the wrinkled pea
seeds in the pilot-plant facility. Due to the difficulty in
seed dehulling and to kernel shape and size, some fibers
contaminated the isolated starch and their presence was
not detected before the experiment (Table 1).
The micronization of the fibers significantly decreased

the ileal N, AA, and water flows (Table 3) because the
cell wall structure was destroyed and water could no
longer be retained in large amounts (Figure 1). The
water output was measured directly at the ileum level
and corresponds to the amount recovered during the
collection period. No marker of the liquid fraction was
used because measurements of viscosity were foreseen.
It was observed later that such a measurement is not
possible on digesta rich in fibers. The water output
corresponds to a DM intake of 780, 900, and 1020 g
respectively for subexperiments 1-3.
The relationship between ileal outflows and fiber

intake was based on the AOAC fiber content of the PIF
because we previously observed that the latter is better
correlated to ileal N flows than NDF (Leterme et al.,
1996a). For most of the AAs, the ileal flow was linear
with the increase in fiber intake, at least for the first
three levels. For some AAs and the total N, a higher
fiber intake (100 g/kg of DM intake) led to a more than
proportional increase, and the relationship was then of
the exponential type (Table 3). The contrary was
observed for water output: beyond 75 g of AOAC fiber/
kg of diet, it tended to a plateau, probably because of a
limit in intestinal water capacity.
Correlation with WHC. The data of the first

experiment were pooled to study the relationship be-
tween fiber intake or diet WHC and the ileal N flows.
The AOAC fiber intake could not explain all of the
results of ileal N excretion (R2 ) 0.76), probably because
of the different physicochemical properties of the fiber
fractions studied (wrinkled or smooth PIF, normal or
micronized). Therefore, we also determined the rela-
tionship between the WHC of the diets and the ileal
flows of N measured on the pigs (Figure 2). The ileal
N flow was highly correlated to the diet WHC (R2 )
0.996), and the relationship was of the exponential type,
with a high increase in ileal N losses when the WHC
exceeded 3 g of water/g of DM.
Flow of Mucus, DAPA, and Nucleobases. The

ileal flows of nucleobases (markers of sloughed epithelial
cells and bacteria), of mucus, and of DAPA (marker of
bacteria) were determined in order to identify the
sources of N excreted. The nucleobase value corre-
sponds to the sum of the puric and pyrimidic bases, and
it was assumed that no significant amounts of dietary
nucleobases reached the ileum.
The relationship between diet WHC and nucleobase

outputs presented the same exponential pattern and
level of correlation (R2 ) 0.98) as that of total N and
was also highly influenced by the fibers with the highest
WHC (Figure 2). The R2 between the total N and
nucleobase flows reached 0.87. For DAPA and mucus,
the relationship was linear but the DAPA flows were
very variable (R2 ) 0.55 for DAPA vs 0.95 for mucus),
probably due to the difficulty in analyzing DAPA in
biological samples. By taking the average value of 26.4
mg of DAPA/g of bacterial N determined by Wünsche
et al. (1991) for bacteria of pig ileal digesta, we calcu-
lated that the ileal bacterial N output ranged from 17

Figure 1. Inner fibers isolated from pea cotyledons. (a, top)
Whole fibers: the cell structure and the water vacuoles are
visible. Two cells were not emptied and still contained starch
granules. Swelling is possible because some cells remain
attached. (b, bottom) Micronized fibers: the cell structure is
destroyed. Cell debris and starch granules are still visible.
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to 32% of the total N. On the other hand, the ileal flow
of mucus N only ranged from 4.5 to 6.5% of the total N.
The rest was assumed to be mainly of epithelial origin.

Fiber Intake and N Retention. N retention in-
creased linearly with protein intake but was indepen-
dent of fiber intake (Table 4). Both fecal and urinary
N excretions slightly increased with protein intake, but
the difference was significant only for urinary N with
the low fiber intake. The latter significantly increased
fecal N excretion but not urinary N excretion.

The increase in protein intake had no significant
effect on ileal N and AA flows, even if a slight increase
was observed when the protein-free diet was supple-
mented with 30 g of proteins/kg of DM. The flows of
the soluble N fraction and that of the fraction containing
the soluble N compounds with a MW < 3000, assumed
to contain possible remains of the hydrolysis of dietary
proteins (oligopeptides, free AAs), were not influenced
by protein intake either, whereas these flows were
significantly influenced by fiber intake. In all cases, the
variability between pigs was very high but comparable
within each Latin square (or fiber level).

DISCUSSION

Prevalence of the Influence of WHC. No distinc-
tion was made in the digesta between endogenous N
and indigestible N from fiber. The latter reached 156
and 37 mg of N-NDF/kg of DM diet in the “unprocessed
fiber” and “micronized fiber” diet (subexperiment 2),
respectively. This means that the contribution of this
N in the total N collected at the ileum ranged from 2.2
to 5.7% of the total N. This could hardly modify the
conclusions, all the more because the Σ AA/N ratio of
the digesta remained constant and the patterns of
excretion of total N and nucleobases were similar,
illustrating a major contribution of the organic N
sources.
However, the ratio between the flow of the AAs and

that of total N remained independent of fiber intake,
despite different fiber intakes. This suggests a low
contribution of fiber-bound N to the ileal total N flow.
This assumption is supported by similar patterns of
excretion of total N and nucleobases, illustrating a major
contribution of epithelial cells and bacteria in the ileal
digesta N.

Figure 2. Relationship between the WHC of the diet and the ileal flows of N, nucleobases, mucus, and DAPA in pigs fed PIF-
based diets. Values are the means ( SD of four pigs: (1) Micronized fiber diet; (2) 50 g of PIF diet; (3) 100 g of PIF diet; (4) 150
g of PIF diet; (5) unprocessed fiber diet; (6) 200 g of PIF diet; (7) smooth pea fiber diet; (8) wrinkled pea fiber diet.

Table 4. N Balance (g/d) and Ileal Flows of N and Amino Acids (g/kg of DM Intake) in Pigs Fed a Diet Supplemented
with Two Levels of Pea Inner Fibers or Three Levels of Isolated Proteinsa

fiber ) 20 g/kg of DM for
given amounts of protein(g/kg DM)

fiber ) 80 g/kg of DM for
given amounts of protein

fiber effect0 g/kg
of DM

30 g/kg
of DM

60 g/kg
of DM

90 g/kg
of DM SEM

0 g/kg
of DM

30 g/kg
of DM

60 g/kg
of DM

90 g/kg
of DM SEM significance SE

N balance
N intake 1.9 11.3 22.1 29.5 2.8 3.5 12.5 20.9 29.8 2.6
urinary N 2.8a 3.6ab 4.5bc 5.8c 1.2* 3.3 3.8 4.1 4.7 1.1 NS 0.60
fecal N 2.0 2.5 3.7 2.8 0.8 4.2 4.1 4.6 5.1 0.9 NS 4.85
N retention
g/d -2.9a 5.2b 13.9c 20.9d 2.2*** -4.4a 4.6b 12.3c 20.0d 2.5*** NS 3.25
% N intake 45.1a 63.2b 70.4c 3.2*** 37.3a 59.1b 67.1b 6.3*** NS 12.0

flows
sum of AAb 7.5 11.8 10.7 11.8 1.8 14.2 17.7 16.4 18.8 4.2 ** 17.5
nitrogen 1.70 2.38 2.04 2.07 0.5 3.00 3.13 3.10 3.15 0.62 ** 2.72
soluble N 0.86 1.03 0.83 0.75 0.39 1.65 1.57 1.45 1.66 0.35 *** 1.79
soluble N < 3000c 0.27 0.28 0.20 0.28 0.11 0.51 0.51 0.48 0.40 0.14 ** 0.59
a Values are presented as means and SEM. Within a row and for each fiber level, values with different asterisks are significantly

different (*, P < 0.05; ***, P < 0.001), according to the Student-Newman-Keuls test. The fiber effect is mentioned as the significance
of the P value (NS, not significant; **, P < 0.01; ***, P < 0.001) and the SE which corresponds to the standard error of comparison and
is defined as the square root of means square associated with pigs nested inside fiber effect. b The means correspond to the sum of the AA
with the exception of Cys, Met, and Trp, not analyzed here. No difference was found at the individual level, except for Ser. The ileal flow
of the latter increased significantly with the increase in protein intake. c Corresponds to the N of the N molecules present in the soluble
fraction that passed through the filter (cutoff 3000) of the Centriprep concentrators.
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When investigating the fiber effect, we first tested the
relationship between fiber intake and ileal N flow, but
the correlation was not very high (R2 ) 0.76). This was
due to the wrinkled pea fiber and micronized fiber diets
because when the latter were discarded, the correlation
was highly improved (R2 ) 0.99). Therefore, we looked
for another parameter that would explain the whole
results. We finally demonstrated that the highest
correlation with the ileal N flow was obtained with the
WHC value of the diets (R2 ) 0.996). Decuypere et al.
(1994) also found a positive relationship between diet
WHC and ileal endogenous or bacterial N losses in pigs
and the highest responses with diets having a WHC >
3 g of water/g of DM. For their part, Kyriazakis and
Emmans (1995) observed a significant decrease in pig
feed intake when the diet WHC exceeded 3.5 g of
water/g of DM.
The different composition of the two diets with the

highest WHC (smooth, wrinkled PIF) could also have
enhanced the ileal N losses. They contained some
proteins, pea starch instead of corn starch and PIF
isolated on a pilot-plant instead of industrial products.
As observed in experiment 2, the addition of proteins
in the diet could have slightly increased the secretions.
Moreover, pea starch increases the ileal endogenous N
losses in pigs, compared to cereal starch (Everts et al.,
1996), and the fibers isolated on the pilot-plant had a
higher WHC and contained less starch than those used
later (Table 1). However, even if these factors may have
exaggerated the response of the pig to high WHC (>4 g
of water/g of DM), the effect of WHC on endogenous N
seems predominant.
Mechanisms. How dietary fibers stimulate the

release of endogenous N is poorly understood, and fibers
with a high WHC have been scarcely studied. Fibers
influence the motility of the intestines, but Decuypere
et al. (1994) found no relationship between the mean
transit time of the digesta, the WHC of the diets, and
ileal endogenous N losses.
Compared to soluble fibers, insoluble types show little

or no effect on digestion and absorption (Johansen et
al., 1996). A high WHC is often a property of soluble
fibers. The effect of PIF seems rather similar to that
of insoluble fibers because of the absence of effect on N
retention. On the other hand, soluble and viscous fibers
also affect endogenous N losses rather than protein
digestibilities in rats (Larsen et al., 1993, 1994).
Dietary proteins are the preferred substrate of the

digestive enzymes, and this might protect the endog-
enous proteins from hydrolysis (Matthews, 1991).
Würsch et al. (1986) also showed that endogenous
proteases have free access to proteins entrapped in cells
of legume seeds. Finally, the presence of grain legumes
in a diet does not interfere with the digestive processes
(Wong and O’Dea, 1983). Since the “barrier” hypothesis
did not seem strongly founded, we focused our attention
on the effect of swollen fibers on the intestinal wall.
Fibers have important effects on intestinal morphol-

ogy, namely, on mucosal mass and villus length and
width (Cassidy et al., 1981; Jacobs, 1983). PIF intake
increased the ileal output of mucus and, supposedly, of
epithelial cells. This could also explain the increase in
bacterial N output since cells and mucus are the
preferred substrates of bacteria (Ratcliffe, 1991).
Bulky diets rich in insoluble fibers increase both the

number of goblet cells and the capacity of the latter to
secrete mucin in rat colons (Schmidt-Wittig et al., 1996).

An increase in ileal mucus excretion was also observed
in pigs receiving insoluble fibers (Mariscal-Landı́n et al.,
1995) and in rats fed with soluble fibers (Larsen et al.,
1993). Schmidt-Wittig et al. (1996) suggest a mechanical
effect on the wall that would affect the integrity of the
mucus layer and cause superficial cell lesions. Identical
results were obtained with germ-free rats.
Some loss of epithelial cells may occur after a high-

fiber diet intake (Moore et al., 1988), but we still do not
know if physical abrasion of the intestinal wall increases
epithelial cell desquamation or if desquamation stimu-
lates epithelial cell proliferation (Sakata and Miya-
kozawa, 1997). However, insoluble fiber intake in-
creases intestinal cell turnover by increasing the rate
of cell death in pigs (Jin et al., 1994), and a high
viscosity helps to stimulate epithelial cell proliferation
(Gee et al., 1996). Hara et al. (1996) also suspect an
important effect of physical stress on the intestinal wall
because when comparing different fiber sources, they
obtained the highest mucosa weights as well as DNA,
RNA, and protein cell contents in rats receiving fibers
with a low fermentability but with a high WHC.
Short-chain fatty acids (SCFA), involved in epithelial

cell proliferation in the cecum and colon, cannot be
considered in the small intestine because PIFs are not
fermented in significant amounts at this level (unpub-
lished data). However, SCFA produced in the large
intestine stimulate epithelial cell proliferation in the
small intestine (jejunum) by still unexplained mecha-
nisms (Sakata, 1987). This could have occurred here
because more than 80% of pea fibers are fermented in
the large intestine (Canibe and Bach Knudsen, 1997)
and only part of the ileal digesta were collected, allowing
a significant fiber fraction to reach the colon.
N Retention. As far as the effect of fibers on the

ileal endogenous N losses is concerned, the results of
experiment 2 are mainly confirmative in nature. The
main objective was rather to study the possible effect
on protein digestion and utilization. Since we could not
resort to the isotope dilution technique using 15N,
necessary to distinguish between endogenous and di-
etary N (Leterme et al., 1996b), we tested increasing
highly digestible protein levels and measured the N
retention and the ileal AA flows. An increase in ileal
AA flows would have meant an interference of fibers
on protein digestion, assuming that the intake of highly
digestible proteins does not affect the ileal N losses
significantly (Souffrant et al., 1997).
No such increase was observed here at both fiber

levels, with the exception at the first dietary protein
level that suggests a slight increase in basal endogenous
losses associated with satisfaction of the maintenance
requirements. The following plateau suggests that the
true digestibility was close to 100%, regardless of fiber
intake. Therefore, the digestive process of highly
digestible protein was apparently not affected by fiber.
This assumption is supported by the fact that the N
compound fraction with a MW < 3000, which is sup-
posed to contain the unabsorbed residues of dietary
protein hydrolysis (Leterme et al., 1996c), did not
increase with protein intake. Moreover, the AA profile
of this fraction was different from that of egg yolk
(Leterme et al., 1997), demonstrating a poor contribu-
tion of the dietary AAs.
On the other hand, since no interaction between fiber

and protein was observed, the linear effect of protein,
without influence of fiber on the slopes, means that the
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marginal efficiency of protein for protein deposition was
not influenced by fiber. This may be interpreted as an
absence of interference of fiber in the availability of the
absorbed dietary AAs to tissue metabolism, which could
be expected in view of the 100% true digestibility of
protein.
No main effect of fiber on N retention was more

surprising. This observation is inconsistent with the
recent data of Grala et al. (1997) who found a negative
relationship between endogenous N losses and N reten-
tion, with diets differing in protein source. However,
Tetens et al. (1996) found no effect of fiber intake on N
retention in rats either. According to Dierick et al.
(1983), the effect on N retention becomes significant
when NDF intake exceeds 100 g/kg of diet, which was
not the case here.
The lack of effect here is not easy to explain, but it

must be underlined that the variability observed be-
tween pigs within a treatment was unusually high for
all of the parameters studied. The collection period (3
days) of feces and urine may have been too short for N
retention measurements. For the ileal flows, this period
is usually sufficient for accurate determinations, but the
variation obtained here is unusual. As a consequence,
this could have affected the interpretation of the data
because the variation in N retention was higher than
the expected effect of fibers on it (-1.02 g of N retained/g
of endogenous N lost at the ileum level, according to
Sève and Henry (1996)). Moreover, the indigestible N
from the PIF was not taken into account here, and this
may also be a source of inaccuracy. The poor effect of
fiber on the digestibility of a protein isolate can hardly
be contested, but no final settlement can be drawn on
the effect of PIF on N retention.

CONCLUSION

Our results suggest that a specific effect of the diet
WHC on the ileal endogenous N losses can be distin-
guished from that of fiber intake. This effect was
perceptible when WHC was reduced by micronization
or when the diet WHC exceeded 3 g of water/g of DM
intake. Above the latter value, the endogenous N
outflows increased exponentially. The similar pattern
observed for the ileal outflow of nucleobases and the
linear, highly correlated, relationship with crude mucus
output pointed to the sloughed epithelial cells and
mucus as major contributors to the ileal endogenous N
flow increase. However, the validity of nucleobases as
markers of epithelial cells must be checked.
On the other hand, the intake of insoluble fibers with

a high WHC do not disrupt protein digestion and
absorption significantly. Further experiments are re-
quired to determine if the increase in ileal endogenous
N losses following PIF intake affect N retention.

ABBREVIATIONS USED

AA, amino acids; ADF, acid detergent fiber; AOAC,
Association of Official Analytical Chemists; DAPA,
R-diaminopimelic acid; DM, dry matter; MW, molecular
weight; NDF, neutral detergent fiber; PIF, pea inner
fibers; SCFA, short-chain fatty acids; WHC, water-
holding capacity.
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