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Summary &horbar; The aim of the present study was to measure the incorporation of infused 15N in blood
fractions, urine, digesta, faeces and in the exocrine pancreatic and biliary secretions, in order to esti-
mate the endogenous part of nitrogen in the ileal digesta and in the faeces of pigs fed a casein diet
and to calculate the total endogenous nitrogen secretion as well as its recycling in the digestive tract.
For 8 d 11 Large White female pigs (50.1 ± 1.8 kg) received a continuous infusion of L-[’SN]leucine
via a catheter in the jugular vein. The 15N-enrichment was measured in several fractions. The 15N-
level of the pancreatic juice was higher than that in the biliary secretion, TCA-blood fractions, and
urine during the whole experimental period. Using the 15N-isotope dilution method it was found that
casein was completely digested up to the terminal ileum and that all the nitrogen in the ileal digesta
was of endogenous origin. The total endogenous secretion was estimated at = 11 g N/d. The reab-
sorption of endogenous nitrogen amounted to 79% up to the end of the small intestine and 88% over
the whole digestive tract.
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Résumé &horbar; Contributions exogènes et endogènes aux flux d’azote dans le tube digestif du
porc recevant un régime à base de caséine. III. Recyclage de l’azote endogène. Le présent tra-
vail a tenté d’estimer la proportion d’azote d’origine endogène dans les digesta iléaux et dans les
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fèces de porcs recevant un aliment à base de caséine, de calculer la sécrétion totale d’azote endo-
gène, et d’évaluer son recyclage dans le tube digestif. Onze porcs Large-White femelles (50,1 1 1,8
kg) ont reçu durant 8 jours, grâce à un cathétérisme de la veine jugulaire, une perfusion continue de
L-[1sN] leucine. L’enrichissement en !5N a été mesuré dans différentes fractions sanguines, dans les
urines, les digesta, les fèces, ainsi que dans les sécrétions exocrines biliaire et pancréatique. Durant
toute la période expérimentale, le taux de 15N dans le suc pancréatique a été plus élevé que dans la
bile, les fractions sanguines séparées par le TCA, ou l’urine. Cette méthode de dilution de l’isotope
stable 15 N a permis de montrer que, au niveau de l’iléon terminal, la caséine est déjà complètement
digérée et que la totalité de l’azote des digesta est d’origine endogène. La sécrétion endogène totale
d’azote a été estimée à environ 11 g par jour. Ce sont 79% de cet azote endogène qui ont été réab-
sorbés avant l’extrémité distale de l’intestin grêle, et 88°l pour la totalité du tube digestif.
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INTRODUCTION

Several methods can be used to measure

protein digestibility and amino acid (AA)
absorption in the digestive tract. The most
usual method is the balance technique,
based on the difference between amounts

ingested and excreted at a given section
of the gastrointestinal tract (GIT). How-
ever, this method leads to underestimation
of digestibility as a result of the contribu-
tion of endogenous nitrogen (N) and AA in
the digesta or faeces.

Rérat et al (1980) used the blood-flow
method to measure AA absorption based
on the simultaneous determination of the

porto-arterial concentration differences
and the portal blood-flow rate. This can re-
sult in overestimated absorption values for
dietary protein and AA due to the addition-
al absorption of endogenous N and AA,
but also to an underestimation as a result
of AA uptake by the gut wall.

Quantifying the endogenous proportion
of N in digesta or faeces under protein
feeding conditions requires the use of
marker substances, such as homoarginine
(Hagemeister and Erbersdobler, 1985,
1987) or !5N-labelled AA and proteins
(Souffrant, 1991 ).

The aim of the present investigation
was to estimate the endogenous protein in

ileal digesta by means of the isotope dilu-
tion technique in pigs fed a casein diet.

Furthermore, using the results of pancreat-
ic and bile secretion (Corring et al, 1990),
of ileal and faecal digestibilities and ab-
sorption coefficients (Darcy-Vrillon et al,
1991 ), we estimated the total endogenous
N-secretion and recycling.

MATERIALS AND METHODS

Animals and experimental design

Eleven growing Large White female pigs weigh-
ing 50.1 ± 1.8 kg, surgically prepared so that the
apparent digestibilities of protein and AA absorp-
tion at the ileal (pigs A to D) and fecal levels
(pigs E to K), and the N and AA appearance in
the portal blood (pigs E to H) (Darcy-Vrillon et
al, 1991) could be measured or the exocrine
pancreatic and biliary secretions (pigs I to K)
(Corring et al, 1990) estimated, were also fitted
with permanent catheters in the jugular vein and
carotid artery for infusion and blood sampling re-
spectively, and with a permanent urinary cathe-
ter.

Following surgery, the animals were housed
individually in metabolic cages and adapted to a
casein diet (Corring et al, 1990). After recovery,
the pigs were used in the different experiments.
The N-pool of the animals was labelled by con-
tinuous iv infusion of L-[15N]leucine (95% 15N-
enrichment) via the jugular catheter over an 8-d



period, according to de Lange et al (1992). A
peristaltic pump was used for infusion at a rate
of 480 mlld sterile saline solution supplying 40 ±
2 mg L-[15N]leucine/kg body weight/d.

During the 8-d period the animals received
the diet in 2 daily meals (at 9.00 and 16.00 h) of
800 g each diluted in water (1:1). The details of
ileal digesta collection, absorption studies, fae-
ces collection or pancreatic juice and bile sam-
pling have been previously described by Corring
et al (1990) and Darcy-Vrillon et al (1991 Dur-
ing the infusion period, urine was collected

quantitatively via a balloon catheter and a

closed urinary drainage system, in order to

measure urinary 15N-excretion. Blood and urine

samples were taken every 12 h.

Analytical methods

Heparinized blood (10 ml) was immediately cen-
trifuged (1 000 g, 10 min) after sampling and
6 ml of each blood sample supernatant were
mixed with 10% trichloracetic acid (TCA) and
centrifuged (5 000 g, 15 min). The precipitate
was washed twice with 2 ml 10% TCA. Superna-
tants were pooled and the sediment isolated.

The measure 15N-enrichment in all samples
(faeces, digesta, urine and the TCA-fractions of
blood, bile and pancreatic juice); total N was de-
termined using the Kjeldahl method and titration
with HCI. The NH4CI solution obtained was tak-
en directly for ’SN-analysis with an Isonitromat
emission spectrometer according to the proce-
dure described by Faust (1967).

Calculations

To ensure that the 15N-enrichment of total N in
the TCA-soluble blood fraction and other sub-
stances reached a plateau at the end of the infu-
sion period, the whole set of individual data was
processed by the SAS system non-linear regres-
sion procedure using the following model:

y = A(1 - e-b9

The endogenous part of N in the ileal digesta
and faeces was determined in the pooled sam-
ples of the last day of the infusion period via the
’SN-isotope dilution method (Souffrant et al,

1981). The contribution of endogenous to total N
in digesta or faeces can be calculated from the
ratio between the 15N-enrichment of total N in
the ileal digesta or faeces and the !SN-
enrichment of total N in the TCA-soluble blood

fraction, according to the following formula:

where NE is the quantity of endogenous N ; ND/F
is the quantity of total N in digesta or faeces ;
15NDIF is the percentage of 15N-enrichment of to-
tal N in digesta or faeces ; and !SNB the percent-
age of 15N-enrichment of total N in the TCA-
soluble blood fraction.

RESULTS AND DISCUSSION

Time-course of !5N-labelling
of blood, pancreatic juice, bile, urine,
digesta and faeces

The !5N-isotope dilution technique seems
to be one of the most valid methods for de-

termining the recovery of endogenous N in
the digesta and faeces in pigs fed protein-
containing diets (Souffrant et al, 1981; de
Lange et al, 1990, 1992; Huisman et al,
1992). The principle of using the 15N-

isotope dilution method to differentiate be-
tween endogenous protein and non-

digested dietary protein in the digestive
tract is based on the change of the isotopic
ratios in digesta or faeces. Such changes
occur during passage through the GIT
when 15N-labelled proteins are given or

when the N-pool of the animals is labelled
with !5N and when unlabelled proteins are
fed (Souffrant et al, 1982). The latter tech-
nique was used in the present experi-
ments: in order to determine the course of

!5N-labelling in the excretion products, the
!5N-enrichment of urine and ileal digesta
was measured every 12 h, and that of

faeces only once a day over the whole in-



fusion period. The incorporation of infused
!5N into pancreatic juice and bile was

monitored at 2-h intervals and every 12 h h
in blood fractions. Calculated on data of all
animals (A to K) used in the different parts
of the experiment, the !5N-enrichment in

urine was on each occasion higher than in
the TCA-soluble plasma but did not reach
the calculated plateau value (0.4587
atom-%-excess) at the end of the infusion
period (fig 1). In contrast, the 15N-
enrichment of the TCA-soluble plasma
nearly reached the calculated plateau val-
ue (0.2687 atom%-excess) at the end of
the infusion period. Figure 2 shows the
time-course of !5N-enrichment in bile and

pancreatic juice calculated on data of ani-
mals I to K. The !5N-enrichment in bile in-
creased slowly and did not reach the cal-
culated plateau value (0.2567 atom-%-
excess) at the end of the infusion period.
In pancreatic juice !5N-enrichment in-

creased rapidly and reached the calculat-
ed plateau value (0.4224 atom%-excess)
before the end of the infusion period. How-
ever these calculations of the 15N-
enrichment overall time-course would only
have had true meaning if all experimental
conditions had been identical for all ani-
mals. The strong constraints of the experi-
mental design over the 3 parts of the ex-
periment led to differences between the

animals in surgical treatment, !5N-infusion,
N-intake, N-utilization and daily gain.
Therefore the data in figures 1 and 2 only
provide a general view of the !5N-labelling.
The individual data must be used to char-

acterize the time-course and to calculate
the amounts of endogenous N in digesta
or faeces.

For example, figure 3 shows the time-
course of !5N-enrichment of excretion

products, as compared to that of TCA-

soluble fraction of plasma, in the case of

pig B considered as representative of the
other animals. The !5N-enrichment of urine
rose rapidly during the first 3-d period, then
increased slowly and tended to reach a

plateau during the last few d of infusion. In
digesta and faeces the increase of 15N-
enrichment was much slower than in urine.
While it took 3 d for !5N-labelling in digesta
to reach the same enrichment as the
TCA-soluble fraction of plasma 7 d were
required before the same level was

reached in the faeces, the passage rate
being slower in the large intestine. The
15N-enrichment in the TCA-soluble fraction
of plasma increased rapidly within the first
24 h and came to a plateau at the end of
the infusion period. A similar 15N-
enrichment time-course has been reported
by de Lange et al (1990) using the same
technique.



The course of !5N-enrichment in differ-
ent blood fractions is illustrated in figure 4.
The lowest !5N-incorporation was found in
the blood cells, ie the pellet after centrifu-
gation of heparinized blood. As in figure 3,
!5N-concentration in the TCA-soluble frac-
tion of plasma increased rapidly at the be-
ginning of the infusion period, and reached
an enrichment plateau after 4 d. In con-

trast, the !5N-enrichment of the TCA-

precipitable fraction of plasma, ie the plas-
ma protein, increased continuously during
the infusion period and did not reach the
!5N-enrichment of TCA-soluble plasma
fraction.

Figure 5 shows the measured 15N-
enrichment and the corresponding calcu-
lated time-course of !5N-enrichment of to-
tal N in bile and pancreatic juice in compar-
ison to the TCA-soluble plasma fraction.
The time-course of !5N-enrichment in bile
throughout the infusion period was similar
to that of the TCA-soluble plasma fraction,
while !5N-enrichment in the pancreatic
juice reached twice that of the TCA-soluble
plasma fraction at the end of the infusion
period. In addition it can be noted that 15N-
enrichment in urine reached a plateau

which was similar to that of the TCA-
soluble plasma fraction. All these calculat-
ed time-courses of 15N-enrichment indicate
that the plateaus were reached at - or be-
fore - the end of the 8-d infusion period, in
agreement with previous experiments (Hu-
isman et al, 1992) based on 7 to 11-d infu-
sions. To characterize !5N-incorporation
into pancreatic juice and bile, 15N-
enrichment of their TCA-soluble and TCA-

precipitable fractions were both measured.
These are shown for pancreactic juice in

figure 6. As reported by Corring et al

(1990), the TCA-soluble N represents only



12% of the total N and comes mainly from
free AA, amino-sugars, and amides, espe-
cially urea. The !5N-enrichment of this

fraction seems to be very sensitive to vari-
ations in !5N-enrichment of the precursor
pool, which depends on the proportion be-
tween absorbed unlabelled exogenous N
and the constant flow of infused 15N. The
!5N-enrichment of this fraction increased

continuously over the experimental period
with strongly oscillating variations and

tended to reach a plateau at the end. On
the other hand, !5N-enrichment of the

TCA-insoluble fraction of pancreatic juice
was higher with less marked oscillations.
The !5N-enrichment increased within the
first 24 h and afterwards seemed to follow
the feeding pattern. After feeding, when
absorption of unlabelled exogenous N be-
gan, the !5N-level decreased, then rose

again at the end of the absorption phase,
because of the constant infusion. The in-

fluence of feeding has to be further dem-
onstrated by a specific study. Neverthe-
less, our results support the observation
that AA derived from exogenous proteins
are absorbed and reappear in the GIT via

pancreatic secretion within a short time af-
ter feeding (Simon et al, 1983). Because
the TCA-precipitable N constitutes the

main part of total N in pancreatic juice,

such a rhythmic variation can also be ob-
served in the !5N-enrichment of total pan-
creatic N (fig 5). The time-course of 15N-

incorporation in both fractions of bile is

shown in figure 7. The increase of 15N-
enrichment in bile was similar in both frac-

tions, but was much lower than in the pan-
creatic secretion. It also appeared to be

poorly affected by the N-fluxes in compari-
son with pancreatic secretion. During the
first 36 h of infusion, the 15N-enrichment of
TCA-soluble N was slightly higher than
that of the TCA-insoluble part.

Endogenous N assessment
in digesta and faeces

Using the !5N-isotope dilution technique,
the endogenous part of N was calculated
according to the above-mentioned formula.
A critical aspect of this method is that re-

garding choice of a reference substance,
whole !5N-enrichment reflects the average
labelling of the total endogenous N secret-
ed into the GIT. Endogenous N originates
from different sources and it is impossible
to estimate the !5N-enrichment of all the

different precursor pools and calculate an
appropriate average without knowing their
contribution to the total endogenous N-



secretion. Therefore, the !5N-enrichment
of a substance which is easy to measure
and which approximately reflects the N-

pool of the body should be used. Both

urine and blood are commonly-used indi-
cators. However, as !5N-labelling of urine
is affected by several factors, such as the
relationship between N-intake and infused
N and the intermediate utilization of exoge-
nous N, it should not be used as a refer-
ence for the calculation of endogenous ni-
trogen in chyme or faeces. As pointed out
by Herrmann et al (1986), the TCA-soluble
blood plasma fraction appears to be the
most appropriate reference for the 15N-
enrichment of endogenous N. This fraction
reflects the AA pool required for protein
synthesis, and thus for the formation of en-
dogenous proteins, irrespective whether it
is derived from intermediary protein con-
version or has been supplied by absorp-
tion. The urea - present in the TCA-
soluble plasma fraction - is also an impor-
tant component of endogenous N secre-
tion (Rérat et al, 1979). Rérat and Burac-
zewska (1986) estimated that the daily
endogenous secretion of urea in the GIT of
pigs averages 6 g N.

Based on these arguments, the TCA-
soluble fraction of blood plasma was used
in the present investigation to assess the
endogenous contribution to the N in diges-
ta and faeces. Though well founded, this
reference to TCA-soluble plasma fraction
remains approximative. Indeed, the 15N-
enrichment of pancreatic juice was higher
than that of the TCA-soluble plasma frac-
tion. Pancreatic juice constitutes only one
part of endogenous N secretion but is cer-
tainly that with the highest !5N-enrichment
because of its high turnover. On the con-
trary, the !5N-enrichment of the other

endogenous N sources, such as saliva,
gastric juice, intestinal secretions, desqua-
mations and bacteria, is assumed to be
lower than that of the TCA-soluble fraction
of blood plasma due to the lower turnover

rate of these source and/or the direct use
of absorbed unlabelled dietary AA. The
!5N-enrichment found in bile supports this
assumption.

In all pigs (A to K) the !5N-enrichment in
ileal digesta and/or faeces collected on the
last day of infusion was the same as in

their respective TCA-soluble plasma frac-
tion. Thus it can be concluded that the

whole N excreted in ileal digesta and faec-
es was of endogenous origin and that die-
tary casein had been digested quantitative-
ly before the terminal ileum. Similar results
have been reported by Hagemeister and
Erbersdobler (1985, 1987). They investi-

gated the ileal digestibility of casein in

Gbfting miniature pigs. The homoarginine
method also enabled them to demonstrate
that the true precaecal digestibility was
= 99.5% and that > 90% of the N found in
the digesta at the end of the small intestine
was of endogenous origin. For heat-

damaged casein, the authors found a re-
duced ileal absorption of 93 to 97%.

Recycling of endogenous N

After our preliminary approach (Souffrant
et al, 1986), the total daily endogenous N-
secretion and the reabsorption of endoge-
nous N in the GIT were estimated again for
the data published in our first and second
reports (Corring et al, 1990; Darcy-Vrillon
et al, 1991) and those given in the present
paper. The various N fluxes are summar-
ized in figure 8 where only the measured
values can be given as mean and SEM
while calculated values are given as an es-
timate without SEM.

The average amount of N ingested on
the day of collection was 23.6 ± 2.1 g,
whereas 2.2 ± 0.3 and 1.3 ± 0.1 g N were
found in ileal digesta and faeces respec-
tively. Using the blood flow method and
measuring the porto-arterial concentration



differences, a daily total N-absorption of
33.0 ± 2.1 g was found, representing
140% of N-intake. According to the 15N-
isotope dilution technique, ileal protein di-
gestibility was 100%, and N contained in
the ileal digesta and faeces was exclusive-
ly of endogenous origin. Thus, the differ-
ence between the digested 23.6 g and the
absorbed 33.0 g of nitrogen must corre-
spond to reabsorbed endogenous N. The
total daily endogenous N-secretion, ie the
sum of reabsorbed N and faecal N

amounted to 10.7 g. This is less than the
values reported by Low (1982) and Kraw-
ielitzki et al (1990), probably because of
the low protein intake (23.6 g) in our pigs.
While Low (1982) calculated a daily en-
dogenous secretion of 18.1 g for a daily N-
intake of 40 g, Krawielitzki et al (1990)
found 16.1 g for a daily N-intake of 35 g. In
the present experiments the daily amount
of endogenous N-secretion in the intestinal
lumen was 1.9 ± 0.2 g via pancreatic se-
cretion and 1.7 ± 0.1 g through bile secre-
tion (Corring ef al, 1990). Accordingly, the
pancreatic and bile secretions represented
only 18 and 16% respectively of the total

endogenous N-secretion, and 7.1 g N

came from other endogenous N-sources.
Values for pancreatic and bile N-secretion
in pigs have been reported by many au-
thors and both varied between 1 and 3 g
N/d, depending on diet composition (Cor-
ring and Jung, 1972; Sambrook, 1978;
Juste et al, 1979; Partridge et al, 1982; Oz-
imek et al, 1985; Zebrowska, 1985; Souf-
frant et al, 1985). For the other endoge-
nous N-sources, not many values are

available. In pig experiments with 15N-
labelled wheat, Zebrowska et al (1982)
measured 3.3 g endogenous N/d in mixed
secretions of saliva and gastric juice. Bu-
raczewska (1979) found a total endoge-
nous N-secretion from the small intestine
of = 14.4 g/d.

For reabsorption of endogenous N or

AA in pigs not so many values are availa-
ble. In experiments with protein-free diets
Rérat et al (1988) found a reabsorption of
2 g AA/h. In the present studies the reab-
sorption of endogenous N, calculated from
the total daily secretion (10.7 g) and the re-
absorbed N (9.4 g up to the end of the
GIT), amounted to 88%. The reabsorption
up to the end of the small intestine, calcu-
lated from the 0.9 g endogenous N reab-
sorbed in the large intestine, amounted to
79% of total endogenous N-secretion. Sim-
ilar results have been reported by Krawie-
litzki et al (1990). In their studies they
found a reabsorption for endogenous N up
to the end of the terminal ileum and

throughout the whole digestive tract of 73
and 90%, respectively. According to Low
(1982) the reabsorption of endogenous N
at the end of the digestive tract only
amounted to 78%.

CONCLUSION

In conclusion, under the present experi-
mental conditions, the estimate of the total



endogenous N-secretion was much higher
than the residual endogenous N-amount
measured in the ileum, thus indicating an
extensive reabsorption throughout the
small intestine. Further studies are needed
to determine the endogenous N-sources
separately. Moreover, the pig model using
the 15N isotope dilution technique com-
bined with methods of experimental sur-

gery might be used to extend the present
data on endogenous N recycling to other
feeding conditions.
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