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Catabolism through the threonine dehydrogenase pathway does not account
for the high first-pass extraction rate of dietary threonine by the portal
drained viscera in pigs
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In pigs the extensive threonine utilization by the splanchnic tissues explains the relative inefficiency of dietary threonine conversion for body protein accre-
tion. Two experiments were conducted to estimate the contribution of the portal drained viscera (PDV) and the liver to threonine metabolism and especially
catabolism in growing pigs. In the first experiment, four pigs were surgically prepared for chronic catheter insertion in the portal, hepatic and jugular veins
and in the carotid artery. They were continuously infused with L-[1-'*C]threonine through the jugular catheter. The PDV and total splanchnic viscera (PDV
and the liver) extracted 14-3 and 18-8 % of arterial threonine input, respectively. In a second experiment, we studied the metabolism of dietary threonine in
the PDV and the liver in six female growing pigs. Animals were surgically prepared as in the first experiment except that L-[1-'*C]threonine and ['*N]gly-
cine were continuously infused in the duodenum for 10h. Unlabelled and labelled threonine and glycine PDV, liver and splanchnic tissues balance were
calculated from plasma samples taken during the last 2 h of this infusion. Splanchnic tissues extracted 60 % of infused labelled threonine, 88 % of which was
extracted by PDV so that threonine extraction by the liver was low. Both the liver and the pancreas can degrade threonine through the L-threonine 3-dehy-
drogenase pathway but not the intestine. Our data suggest that threonine catabolism through the L-threonine 3-dehydrogenase pathway was only a minor

component of total threonine utilization in the splanchnic tissues.

Pigs: Threonine: Portal drained viscera: Liver

In pigs, threonine has been identified to be the first limiting amino
acid for maintenance (Fuller et al. 1989), suggesting that threo-
nine utilization for processes other than muscle protein synthesis
and deposition is high. This also implies that threonine irrevers-
ible losses either through catabolism or through digestive
endogenous losses are probably important. The high maintenance
threonine requirement probably has its origin in specific metab-
olism of the splanchnic tissues composed by the gastrointestinal
tract, i.e. small and large intestine, annexed organs such as
spleen or pancreas and the liver. For example, Bertolo er al.
(1998) have shown that threonine requirement of orally fed
young piglets is twice as much as that of parenterally fed piglets.
This statement was also confirmed by Stoll et al. (1998), who
showed that about 60% of dietary threonine was extracted
during its first pass across the portal drained viscera (PDV) in pig-
lets fed a milk-based diet. These authors suggested that threonine
catabolism was the main fate of threonine in the small intestine.
However, in pigs, threonine is mainly degraded through the
L-threonine 3-dehydrogenase (TDG, EC 1.1.1.103) pathway to
give glycine and acetyl CoA in vivo and, until now, no exper-
imental evidence has shown that the intestine could be involved
in threonine catabolism in pigs. As for most of the essential
amino acids, threonine catabolism occurs in the liver but also

in the pancreas (Le Floc’h et al. 1997). Otherwise, intestinal
threonine metabolism is strongly associated to mucin synthesis
(Ball ef al. 1999) and losses of threonine-rich protein synthesized
and secreted in the gastrointestinal tract are often proposed to
explain the high requirement for threonine.

These last years, we have developed a model of continuously
infused animals in order to measure in vivo total threonine catabo-
lism associated with measurement of in vitro tissue TDG activity
(Ballevre ef al. 1991; Le Floc’h et al. 1996). However, until now,
we never used this model to measure threonine catabolism separ-
ately in the PDV and in the liver. Such an approach requires the
association of tracer infusion and measurement of the net appear-
ance of labelled threonine both in the portal vein and in the hepatic
vein. In the present work these techniques were used to measure
threonine utilization by the splanchnic viscera in order to: (1) esti-
mate the respective contributions of the PDV and the liver to total
threonine metabolism; (2) determine if threonine catabolism
could be or not a major contributor to threonine losses in the
splanchnic area; (3) confirm or not the contribution of the PDV to
this catabolism. In order to quantify the first pass utilization and cat-
abolism of luminal threonine and because the splanchnic viscera
receives amino acids from both the systemic circulation and the
lumen, we decided to infuse labelled threonine either through
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the systemic intravenous route or through intraduodenal route. To
do so, a first experiment was conducted to measure arterial threonine
sequestration during a constant intravenous infusion of L-
[1-"*C]threonine. A second experiment was conducted to study
threonine metabolism during intraduodenal threonine infusion.
Arterial threonine sequestration rate as determined in the first exper-
iment was used to calculate tracer first pass removal by the PDV and
the liver. Threonine catabolism through the TDG pathway was also
investigated in the splanchnic tissues through: (1) combining a con-
stant infusion of ['*N]glycine in order to estimate in vivo threonine
catabolism into glycine in the PDV and the liver; (2) measuring
TDG activity in the different tissues composing the splanchnic area.

Materials and methods
Animals and surgical procedures

Experiment 1. The first experiment was conducted with four
castrated Landrace X Large White pigs (30-5*2kg live weight
at the infusion time) from the INRA herd. One week after their
arrival in the experimental facilities, pigs were surgically pre-
pared for chronic insertion of catheters and flow probes. After
an overnight food deprivation, catheters were introduced under
general anaesthesia (Halothane, Belamont, France) in the portal
vein, in a hepatic vein and in the carotid artery for blood
sampling, and in the jugular vein for tracer infusion. The portal
catheter was inserted between the flow probe (see later) and the
liver porta. Ultrasonic blood flow probes (Transonics, Ithaca,
NY, USA) of 14 (14 SB) and 5 (5 RB) mm internal diameter
were placed around the portal vein and the hepatic artery, respect-
ively, for continuous blood flow recording. The portal vein flow
probe was placed on the common portal vein, upstream from
the portal catheter, between the pancreatic vein and the portal
vein catheter. At this level, measurements reflect the contribution
of both the digestive tract and the pancreas. During the 2 d follow-
ing surgery, a glucose solution was infused intravenously and
post-operative analgesia was ensured by ketamine (Imalgene,
Mérial Lyon, France). Antibiotic treatment was pursued for 5d
and a normal feed intake level was progressively reached in a
few days. Catheters were aseptically rinsed every 2 d with hepar-
inized saline. The experiment was conducted at least 10d after
surgery to ensure proper recovery of the pigs.

Experiment 2. Six female Pietrain X (Landrace X Large
White) pigs were selected from the INRA herd at a mean
weight of 25kg. One week after their arrival in the experimental
facilities, pigs were surgically prepared for chronic insertion of
catheters and flow probes as described for experiment 1 except
that the jugular catheter was replaced by a duodenal catheter
for tracer infusion. The average pig weight was 29-6+ 1-0kg at
the infusion time.

Infusion protocol and blood sampling

Two days before the infusion, pigs were fed hourly with an auto-
matic feeder in order to ensure a near steady state for nutrient util-
ization necessary to simplify the study of threonine metabolism.
The diet was a standard diet, the composition of which is
described in Table 1. Composition of this diet was calculated
to cover nutrient requirements according to Seve (1994).
The amount of offered diet was adjusted to the metabolic
weight (100 g/kg body weight®”) and delivered in twenty-four

Table 1. Composition of the standard diet

Ingredients Amount in diet (g/kg)
Wheat 430-12
Maize 150
Barley 100
Wheat bran 50
Soyabean meal 203-07
Vegetable olil 8-90
Molasses 20
Calcium carbonate 14.08
Phosphate 9:91
lodized salt 4.5
L-Lysine HCI* 2.78
Methionine hydroxy analogue 0-44
L-Threoninet 0-45
Trace mineral and vitamin premix} 5
Mould inhibitor 0-75

*Contained 50 % lysine.

1 The amount of true digestible threonine provided by this diet is 5-88 g/kg diet.

F Provided the following amounts of trace elements and vitamins (mg/kg complete diet):
Fe, 80; Cu, 10; Mn, 37; Zn, 100; Co, 0-1; I, 0-2; Se, 0-15; vitamin A, 5000; vitamin D3,
1000; vitamin E, 20; menadione, 1-99; thiamine, 1-96; riboflavin, 4; niacin, 15; panthote-
nic acid, 9-9; pyridoxine, 1; biotin, 0-2; folic acid, 1; cyanocobolamin, 0-02; choline, 600.

equal meals. The mean threonine intakes were 8-0 = 1-1g/d
(952 = 8-3 umol/kg per h) in experiment 1 and 82 * 1-2g/d
(96-4 = 7-9 umol/kg per h) in experiment 2.

In experiment 1, a solution of L—[1—13C]threonine (7 pmol/kg
per h) was prepared in sterile saline and continuously infused
through the jugular catheter for 10h. In experiment 2,
25.5 umol/kg per h of L-[1-"*C]threonine and 1-45 wmol/kg per
h of ["’N]glycine were continuously infused in the duodenum
for 10 h. The amount of infused threonine was doubled compared
to experiment 1 in order to take into account the sequestration of
the tracer in the splanchnic area. L-[1-'3C]Threonine (99-9 %) was
provided by Isotec France (Saint Quentin, France) and [ISN]gly—
cine (98 %) was purchased from CIL (Andover, MA, USA).

The procedure described was followed during both experi-
ments. Cables of the two flow probes were connected to a dual
channel flow-meter (T206 Transonic, Ithaca, NY, USA) and
blood flows in the portal vein and in the hepatic artery were con-
tinuously recorded during the infusion. During the last 2 h of infu-
sion, 7 ml blood were withdrawn from the portal vein, the hepatic
vein and the carotid artery. Blood was centrifuged for plasma sep-
aration (3100g for 20 min at 4°C). At the end of infusion, pigs
were killed with a lethal dose of pentobarbital in the carotid cath-
eter. The positions of the catheters were checked in order to vali-
date the accuracy of the surgical procedure.

In experiment 2, after laparotomy, the liver and the pancreas
were quickly removed, rinsed, weighed and a piece of 10 g was
frozen in liquid N,. The small intestine was rinsed with saline
and the mucosa was removed by scraping with a microscope
slide. Tissue samples were kept at —80°C until analysis.

The research was conducted under the guidelines of the French
Ministry of Agriculture and Fisheries for experiments on animals
(authorization 7719).

Analytical procedure

For amino acid analysis, 700 ul plasma were deproteinized in an
equal volume of a solution of sulphosalicylic acid at 60 g/l.
Plasma amino acid concentrations were determined by ion
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exchange liquid chromatography as described by Le Floc’h et al.
(1999) using norvaline as an internal standard.

Plasma (5ml) and tissues (2g) were deproteinized in TCA
(100 g/1) and prepared for amino acid extraction (Le Floc’h et al.
1997). Plasma and tissue [ISN]glycine, [BC]glycine and
['*C)threonine were determined by gas chromatography —combus-
tion—isotope ratio mass spectrometry (GC-C-IRMS; GC 8130
chromatograph interfaced with a VG Isochrom mass spec-
trometer, Fisons Instrument, UK) after derivatization with ethyl
chloroformate as previously described (Le Floc’h et al. 1997).
Results are expressed in mole per cent excess (MPE) after
taking into account the 2- and 4-fold dilution of carbons from gly-
cine and threonine, respectively, in the ethyl chloroformate
derivative.

TDG specific activity in liver, pancreas and intestine was
measured as the rate of in vitro aminoacetone formation accord-
ing to Le Floc’h et al. (1994) except that protease inhibitors (Pro-
tease inhibitor cocktail tablets from Boehringer Mannheim,
Germany) were added in the buffer used for tissue homogeniz-
ation (one tablet for 100 ml buffer).

Calculations

Threonine sequestration in the PDV and the liver. Blood flows
were recorded for portal vein (PV) and hepatic artery. The blood
flow of the hepatic vein (HV) was calculated as the sum of PV
and hepatic artery blood flows. Because amino acid concen-
trations and enrichments were measured in the plasma, the
recorded blood flows (BF) had to be transformed in plasma
blood flow (PF) after correction by the haematocrit (Ht, %)
values according to the following formula:

PF (I/kg per h) = BF x (100 — Ht)/100

Threonine, glycine and labelled threonine and glycine fluxes in a
vessel were calculated as the product of amino acid ([AA]) or
tracer concentrations ([AA] X E; where E is enrichment) and
the plasma flow from the corresponding vessel. Amino acid con-
centrations were expressed in wmol/l and enrichments in MPE.

Net amino acid balance (uwmol/kg per h) across the PDV and
the liver were calculated as the difference between the efferent
flux (or output) and the afferent flux (or input). This means that
positive values will reflect a negative balance for the PDV and
the liver. For example, PDV net balance was calculated as
follows:

Net PDV AApgance = ([AAlpy — [AA])) XPFpy (1)

where [AA]py and [AA]s were the amino acid concentrations in
the PV and the carotid artery, respectively. Liver balance was cal-
culated as the difference between HV flux and the sum of PV and
hepatic artery fluxes.

Tracer balance was calculated in the same way through multi-
plying amino acid concentration, by the threonine or glycine con-
centrations, by its enrichment in the corresponding vessel. For
example, labelled threonine balance across the PDV was calcu-
lated as:

([thr]py X Eqypy — [thr]s X Egnea) X PFpy ()

Liver tracer balance was calculated as the difference between HV
flux ([thr]gy X Egr uv X PFgy) and the sum of PV and hepatic
artery fluxes ([thl’]pv X Ewr pv X PFpy + [thr]A X Eghea X PFA)

During constant intravenous infusion of labelled [1-'3C]threo-
nine (experiment 1), ['*C]threonine PDV balance corresponds to
the PDV sequestration of [1-'>C]threonine arriving from artery
(see Appendix). Arterial tracer sequestration (Seq-art) by the
PDV can be expressed in proportion to afferent flux, i.e. the
flux of labelled threonine arriving from artery:

Proportion Seq-art, % =100 X (['3C]threonine balance) /(afferent flux)

=100X (Equation 2)/(([thr] s X Ez) X PFpy)
3)

During intraduodenal infusion of [1—13C]threonine (experiment 2),
we assumed that labelled threonine infused into the duodenum
was completely absorbed. Consequently, the fraction of infused
labelled threonine that did not appear in the efferent blood (PV
or HV) was assumed to be extracted by the gastrointestinal
tract to be either incorporated into protein or degraded.
According to the model presented in the Appendix,
[1-'3C]threonine PDV balance (Equation 2) corresponds to the
difference between infusion rate and total tracer sequestration
(first-pass removal of newly infused tracer and tracer recycled
from artery). Thus, total tracer sequestration was calculated as:

Total tracer sequestration = Intraduodenal infusion rate
“)
— (Equation 2)

The same equation was used for ['°N]glycine intraduodenally
infused.

PDV balance of [1-'>C]threonine (Equation 2) also corresponds
to the difference between the portal appearance of newly infused
tracer (tracer infusion rate — tracer first-pass removal) and the
sequestration of arterial [1-'3CJthreonine in the PDV (Seq-art).
Consequently, tracer first-pass removal could be calculated as:

Tracer first-pass removal = Intraduodenal infusion rate
— (Equation 2) — Seq-art (®)]

= (Equation 4) — Seq-art

where Seq-art is determined from the proportion of arterial tracer
sequestration by the PDV (Equation 3) calculated during the intra-
venous infusion of labelled threonine (experiment 1) as follows:

Seq — art = (Equation 3) X ([thr]s X Ex X PFpy)/100  (6)

The proportion of labelled threonine extracted by the PDV during
the first pass of the tracer was calculated as:

Proportion of tracer first-pass removal (%)

= 100 X (Equation 5)/infusion rate

[1-'*C]Threonine and [ISN]glycine liver balance (see Appendix)
correspond to [1—13C]threonine and [15N]glycine sequestration in
the liver and can be expressed as the percentage of total input
from the hepatic artery and the PV.

Finally, under steady-state conditions, threonine and glycine
disposal rates (DR) in the PDV and the liver were calculated
from [1-'C]threonine and []5N]glycine total sequestration
divided by threonine and glycine enrichments, respectively.
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Because enrichment in the mucosa was probably not representa-
tive of the whole PDV enrichment, DR was calculated from
plasma PV enrichment. For threonine, DR corresponds to the
sum of two metabolic fluxes: catabolism and incorporation into
proteins.

Threonine catabolism. In this section, we detail the for-
mulas used to calculate irreversible threonine degradation into
glycine in the PDV and the liver. The fractional contribution
of threonine to glycine flux (FCy,_g,) was calculated as the
ratio of glycine to threonine enrichment during the intraduode-
nal infusion of [1-!*C]threonine. This value, FCihr—q1y, gives the
percentage of glycine flux that comes from threonine degra-
dation by the TDG pathway. The rate of threonine degradation
in the PDV and the liver through the TDG pathway was calcu-
lated by multiplying the fractional contribution of threonine to
glycine flux by glycine DR. Glycine DR was calculated
during the constant ['°N]glycine infusion as described earlier.
For the PDV, all calculations were made with plasma values
of enrichment measured in the PV assuming that they reflected
the average enrichments for the whole PDV. For the liver, we
used liver enrichment values.

Statistical analysis

Data were submitted to variance analysis according to the
general linear model procedure of SAS (SAS Institute Inc.,
Cary, NC, USA). All presented data correspond to mean values
for samples taken during the last 2h of continuous infusion
except for the blood flow, which was continuously recorded
during the whole period of infusion. Balances were tested against
zero by ¢ test.

Results

All the animals were in good health and had normal growth rates
for pigs submitted to feed rationing and to such a surgical prep-
aration. They consumed the totality of the allocated feed during
the period of continuous feeding. Previous experiments showed
that glycine enrichments reached plateau values after 8 h of con-
tinuous labelled threonine intravenous infusion (Le Floc’h et al.
1995). The plateau for threonine enrichments was obtained earlier
around the fourth hour of infusion. Therefore, we limited the
period of blood sampling to the last 2h of infusion when threo-
nine and glycine enrichments were nearly constant. Plateau
values for threonine and glycine enrichments during the continu-
ous infusion of [1-'*C]threonine in the duodenum are given in
Fig. 1.

During the infusion period portal plasma flow did not show
more than 15 % of variation. Mean values for plasma flow were
similar in both experiments (1-81 v. 1-641/kg per h for portal
plasma flow in experiments 1 and 2, respectively). The values
of plasma flow in hepatic artery were 0-3 and 0-11/kg per h in
experiments 1 and 2, respectively. Threonine and glycine concen-
trations measured in the different vessels were similar in both
experiments (Tables 2 and 4), attesting that pigs were in a com-
parable nutritional state in spite of the difference between the
threonine infusion rate in the two experiments (7 v. 25-5 umol/
kg per h) and the induced difference in net portal balance (28-8
v. 452 umol/kg per h). Consequently, we assumed that the rate
of arterial threonine sequestration by the PDV and the splanchnic
area calculated from the data of experiment 1 could be used
for estimating first-pass extraction of intraduodenally infused
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Fig. 1. Plateau values of [1-'®Clthreonine and ['3C]glycine enrichment
in artery (W), portal vein (O) and hepatic vein (A) measured during the last
2h of continuous infusion of 25-5 umol/kg per h of L-[1-'*C]threonine in the
duodenum. Values are means, with their standard errors depicted by
vertical bars, for six pigs. Enrichments are expressed in mole per cent
excess (MPE).

threonine in experiment 2. Arterial [1—13C]threonine sequestration
calculated during intravenous [1-13C]threonine infusion corre-
sponds to 14-3 and 18-8 % of arterial input for PDV and total
splanchnic tissues, respectively (Table 3).

Threonine and glycine enrichments in the different vessels and
tissues, measured after 10h of [1-'>CJthreonine continuous infu-
sion in the duodenum, are presented in Table 4. The enrichment
of free [1-'*C]threonine in the pancreas was very close to
values found in plasma but much higher than those measured in
the free pools of the small intestine mucosa and the liver. The
enrichment of threonine bound to protein was much lower than
in the tissue free pool. However, protein of the pancreas and
small intestine mucosa were significantly more enriched than
liver protein. During L-[1-">C]threonine infusion, glycine '*C
enrichment was significantly higher in the plasma than in the
tissue free pool except in the pancreas in which the enrichment
was 10-fold higher than in the plasma.

After subtracting the arterial labelled threonine sequestration
from total labelled threonine sequestration we calculated that
52:2% of threonine infused into the duodenum was extracted
by the PDV (Table 5). These tissues preferentially used threonine
from the intestinal lumen since 75 % of threonine removed by the
PDV came from the infusion. By comparison threonine sequestra-
tion in the liver was much lower (5-3 % of total liver input corre-
sponding to the sum of tracer arrival from the hepatic artery and
the PV). The balance of [1-'*C]glycine across the PDV that was
measured during constant [1-'3C]Jthreonine infusion was low but
significantly positive whereas liver [1-'*C]glycine balance was
not significantly different from zero.

Threonine disposal rate (DRy,) values were 174-8 and
40-2 umol/kg per h in the PDV and the liver, respectively
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Table 2. Plasma threonine concentrations and enrichments during the continuous infusion of L-[1-'*C]threonine in the jugular vein (experiment 1)*

(Mean values with their standard errors for four pigs)

Plasma threonine

concentration Plasma flow Plasma threonine Threonine flux [1-'3C]Threonine
(umol/l) (’kg per h) enrichment (MPE) (wmol/kg per h) flux (umol/kg per h)

Vessels Mean SE Mean SE Mean SE Mean SE Mean SE
Artery 191.8 94 0-3 0-05 3-09 0-21 57-0 94 1.84 017
Portal vein 207-4 118 1.8 0-28 245 0-12 3277 64-3 8-93 1.21
Hepatic vein 195-3 13:2 211 0-33 248 0-23 367-4 765 9-93 1.04

MPE, mole percent excess.

*L-[1-"3C]Threonine infusion rate was 7 umol/kg per h and average threonine intake was 8-0g/d (95-2 umol/kg per h).
1 Hepatic vein plasma flow was calculated as the sum of portal vein and hepatic vein plasma flows.

(Table 6). Threonine fractional contribution to glycine flux
(FChr—g1y) was twice as much in the liver than in the PV. By
comparison, the values of FCy, .4, calculated from enrichments
measured in the mucosa and the pancreas were 1-2 and 14-7 %,

Table 3. Portal drained viscera and splanchnic tissue threonine balance cal-
culated during the continuous infusion of L-[1-'3Clthreonine in the jugular
vein (experiment 1)*

(Mean values with their standard errors for four pigs)

Threonine balance

Tracer balancet

Net balancet

(umol/kg (umol/kg (% of arterial

per h) per h) input)
Tissues Mean SE Mean SE Mean SE
Portal drained viscera 28-8 6-3 —1.51 0-19 14.3 2:4
Splanchnic tissues 8-9 11 2:45 0-41 18-8 2.4

*L-[1-"3C]Threonine infusion rate was 7 umol/kg per h and average threonine intake was
8-0g/d (95-2 umol/kg per h).

1 Net balance is calculated as the difference between total threonine output and total
threonine input (calculations are described in p. 448).

fTracer balance is calculated as the difference between ['*C]threonine output and
["®C]threonine input (calculations are described in p. 448).

respectively. The rates of threonine catabolism into glycine
estimated in the PDV and the liver were not significantly different
from each other (2-74 v. 3-50 umol/kg per h, respectively). As
expected, TDG activity was found in the liver and the pancreas
but was not detected in the mucosa of the small intestine in
spite of the addition of antiproteolytic enzymes in the homogenate
buffer (Table 6). Liver TDG activity expressed by gram of tissue
was significantly lower than that measured in the pancreas (1-46 v.
5-62 umol/min). However the liver total activity, expressed in
pmol/h per kg body weight as presented in Table 6, was five
times the total activity measured in the pancreas.

Discussion

PV is the main route for most digestion products after their
absorption and their transfer across the digestive tract. The
PV balance technique has been used extensively to measure
the appearance of dietary amino acids in the blood flow and
thus mainly used as an amino acid absorption indicator when
expressed as a proportion of dietary intake (Rérat er al. 1988;
Simoes-Nunes et al. 1991; Stoll et al. 1998) and more rarely
to measure amino acid disappearance from the lumen (Darcy-
Vrillon et al. 1991). Generally, this comparison shows that

Table 4. Plateau values for threonine and glycine enrichments and concentrations in plasma and tissue free and protein pools of pigs during the intraduodenal

infusion of L-[1-'3C]threonine (experiment 2)*
(Mean values with their standard errors for six pigs)

Concentrations (umol/l)

Enrichments (MPE)

Threonine Glycine [**C]Threonine ['®C]Glycine ['®*N]Glycine

Site Mean SE Mean SE Mean SE Mean SE Mean SE
Plasma
Carotid artery 194.2 13-6 478-4 48-5 9-44 0-13 0-118 0-002 0-19° 0-07
Portal vein 2195 1.5 520-3 36-2 10-86 0-24 0-124 0-001 0-07% 0-07
Hepatic vein 214.5 15.8 508-2 44.4 9-62 0-40 0-124 0-002 0-21° 0-06
Tissue free

Mucosa 4.642 0-002 0-0912 0-002 0-14 0-06

Liver 7.25° 0-002 0-0932 0-002 0-11 0-01

Pancreas 9-48° 0-002 1.32° 0-002 0-12 0-01
Tissue protein

Mucosa 1.82%° 0-002 0-012 0-002 0-066 0-002

Liver 0.72% 0-002 0-003% 0-002 0-012 0-002

Pancreas 2.44° 0-002 0-41° 0-002 0-032 0-002

MPE, mole percent excess.

*For plasma, plateau values of concentrations and enrichments were calculated from samples taken during the last 2 h of infusion (four blood samples per animal).

ab \ean values with unlike superscript letters in the same column and in the same compartment (plasma, tissue-free or tissue protein) were significantly different (P<0-05).
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Table 5. Portal drained viscera (PDV), liver and splanchnic threonine and glycine net and tracer balance*

(Mean values with their standard errors for six pigs)

Glycine balance (umol/kg/h)

Total ['*C]threonine sequestrationt [*®C]Threonine first-pass removal§

Threonine balance (umol/kg per h)

(wmol/kg (% of infused
[*3C]threonine)

(% of total

(wmol/kg

['3C]Glycine ['*N]Glycine

Net balance

input)f per h)

per h)

['C]Threonine

Net balance

SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Mean

Mean

Tissue

0.07 0-45 0-13
012

0-25
-0-24

17.4

690
—0-07||

6-6
152

52.2
—24.6

32:2 3.0 133 1.8
2.2

26
1.2

4.8 8.1 2.1 17.4
—2.86

65

45.2
—14.3

PDV

0-03

53

2.86

1.2

Liver

*The average threonine intake was 8-2 g/d (96-4 umol/kg per h) and glycine intake was 9-2 g/d (171-8 umol/kg per h).

t Total ['®C]threonine sequestration was calculated as the difference between infusion rate (25-5+2.4 umol/kg per h) and tracer balance (Equation 2) for PDV and corresponds to tracer balance for the liver.

1 Total input corresponds to infusion rate + arterial input for PDV and to the sum of arterial and portal vein input for the liver.

§ Corresponds to the sequestration of ['*C]threonine from infusion calculated as the difference between total sequestration (17-4 (s 2-6)) and arterial sequestration (4-1 (Se 1-0) umol/kg per h) or from (Equation 6) for PDV.

|| Not significantly different from zero.

N. Le Floc’h and B. Seve

much less than 100 % of ingested amino acid appears in the
PV except for some non-essential amino acids, such as
alanine (Rérat er al. 1992; Le Floc’h et al. 1999) that is
synthesized from glutamine and glutamate in the enterocyte.
Differences between amino acid appearance in the PV and
amino acid absorbed from the diet reflect amino acid
metabolism associated to amino acid extraction by the viscera
(utilization for protein synthesis or catabolism) or production
(amino acid release from protein breakdown and de novo
synthesis for non-essential amino acids). However, an accurate
study of amino acid metabolism in tissues will require labelled
amino acid infusion to calculate the flux of amino acid seques-
tered and then metabolized in the viscera. Because the liver is
assumed to be the main tissue involved in most essential amino
acid catabolism, except the branched chain amino acid, it is
possible to estimate the availability of amino acid for peripheral
tissues, especially for muscle protein accretion, through inte-
grating the HV in the splanchnic balance measurement (Rérat
et al. 1992; Deutz et al. 1996).

Threonine disappearance across the portal drained viscera and
the liver

A significant contribution of the gastrointestinal tissues to essential
amino acid metabolism is now accepted. For example, studies per-
formed in pigs (Stoll et al. 1998) and in dogs (Yu et al. 1990)
suggested that the PDV can utilize on average half of the essential
amino acids provided by the diet. Our data confirmed this state-
ment for threonine, showing that almost one-third of threonine
arriving (newly infused and recycled from artery) in the PDV
and in the whole splanchnic tissues did not appear in the PV and
thus were assumed to be extracted. An accurate estimation of diet-
ary threonine removal by the PDV requires a correction of total
tracer balance by arterial extraction of re-circulating tracer from
artery (Yu et al. 2000). This calculation provides a precise esti-
mation of the availability of dietary threonine for all tissues,
including the PDV, after absorption. The PDV are made of a het-
erogeneous group of tissues, among them the small intestine tissue
that can use amino acids from two sources: lumen and artery. The
contribution of these two sources is likely to change according to
the nutritional status of the animal and the amino acids (MacRae
et al. 1997b; Stoll et al. 1997). Data obtained in sheep (MacRae
et al. 1997a) showed that the gastrointestinal tract extracts from
6-3 %, for histidine, to 12-0 %, for threonine, and 12-6 %, for leu-
cine, of the arterial supply. In pigs intravenously infused with
labelled threonine, we estimated that 14-3 % of arterial threonine
was extracted by the PDV. This is a little higher than values
reported by Stoll et al. (1999) for phenylalanine, the concentration
of which in mucosal protein is much lower than for threonine.
Therefore, it appears that in continuously fed pigs, the PDV prefer-
entially used luminal threonine since more than 70 % of total threo-
nine removed by these tissues came from a luminal source. Finally,
in the first pass, we showed that the PDV extracted more than 50 %
of newly infused threonine. This result agrees with other data (Stoll
et al. 1998; Ball, 2002) suggesting that the PDV contribute to
whole-body threonine metabolism.

Compared to the whole PDV, liver utilization of threonine was
much lower, confirming the observations of Rérat et al. (1992)
showing that dietary threonine seems to be poorly taken up into
the liver compared to the other essential amino acids, except
the branched chain amino acids. Transport into the hepatocytes
would be the limiting step for threonine utilization in the liver
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Table 6. Threonine and glycine disposal rate (DR), threonine degradation into glycine (OXh—gy) fractional contribution of threonine to glycine flux (FCrn—ay)
and L-threonine 3-dehydrogenase (TDG) activity in the portal drained viscera (PDV) and the liver in six pigs infused with L-[1-'*C]threonine and ["*N]glycine in the

duodenum*
(Mean values with their standard errors for six pigs)

Flux (umol/kg per h) TDG activity
(wmol/kg body wt
DRy DRayy OXthr—aly FCrh—aiy (%) per h)t
Tissue Mean SE Mean SE Mean SE Mean SE Mean SE
PDV 174-8 46-1 437-8 110 2.74 0-59 0-64 0-16 537% 233
Liver 40-2 26-5 220-6 73-3 3-50 2-33 1-34 0-88 2496 944

*All the calculations are described and commented on in the section ‘Calculations’ of the Materials and methods. The value of hepatic artery plasma flow is 0-1 + 0-02I/kg per h.

1 TDG activity is expressed as the rate of in vitro aminoacetone formation.

3 No activity was detected in the intestine. PDV activity corresponds to the activity measured in the pancreas.

and could contribute to spare threonine for the peripheral tissues
in preventing catabolism by the enzymes located in the liver (Le
Floc’h et al. 1996).

Therefore, our data imply that among splanchnic tissues, the
PDV rather than the liver are involved in threonine metabolism
as has already been concluded for leucine (Yu ef al. 1990) and
phenylalanine (Stoll et al. 1997). The respective contributions
of the PDV and the liver to threonine metabolism can be
explained by their physiological roles: the tissues of the gastroin-
testinal tract require threonine to sustain their own functions and
growth, whereas the liver is mainly involved in the catabolism of
excess amino acid. From this point of view, the low value of liver
threonine sequestration reported in the present study was rather
surprising in view of the large amount of threonine provided by
the infusion (20 % of dietary threonine). However, continuous
feeding and infusion may have prevented threonine from catabo-
lism in decreasing the postprandial concentration peak in the
portal blood. Otherwise this result agrees with observations
made by Yamashita & Ashida (1971) in rats and Darling et al.
(2000) in human subjects who showed that plasma threonine
response to dietary threonine supply was not very well regulated.
They hypothesized that threonine catabolism may fail to prevent
threonine accumulation in the body pool following an excess of
dietary threonine.

Threonine metabolism in the portal drained viscera and in the liver

The present experiment clearly showed that a low proportion of
infused [1—13C]threonine appeared in the PV and the HV. How-
ever, the fate of extracted threonine in the splanchnic area still
remains controversial. From measured values of threonine extrac-
tion by the PDV and after having estimated that a low proportion
of threonine was incorporated into protein of the intestinal
mucosa, Stoll er al. (1998) concluded that threonine catabolism
was the main pathway for threonine utilization in the PDV tissues,
particularly in the small intestine. In fed pigs, threonine is mainly
degraded through the TDG pathway to form glycine and acetyl
CoA whereas TDG is a minor pathway in adult man (Darling
et al. 2000). Previous estimations showed that about 1g threo-
nine/d was degraded through the TDG pathway in 30kg pigs
fed a well-balanced diet (Le Floc’h et al. 1995). Threonine can
also be degraded through the TDH pathway to form 2-ketobutyric
acid. In pigs this last enzyme contributes to less than 20 %
of in vivo threonine catabolism (Ballevre et al. 1990, 1991)

and it is unlikely that threonine disappearance across the intestine
occurs through this secondary metabolic pathway. Threonine cat-
abolism through the TDG pathway is supposed to occur mainly in
the liver but a significant contribution of the pancreas has already
been demonstrated in pigs (Le Floc’h et al. 1997) and chickens
(Davis & Austic, 1982), whereas no enzyme activity was detected
in the intestine of the first species. As proposed by Wu (1998), the
lack of enzyme activity detected in an intestine homogenate could
be the consequence of the high protease activity in the intestinal
mucosa. In the present experiment, we added protease inhibitors
when preparing tissue extract. This addition did not seem to
induce any positive or negative effect on the measured enzyme
activity in the pancreas and the liver, and, again, activity was
found neither in the intestinal tissue (small and large intestine)
nor in the associated lymph nodes. As a consequence, we can con-
clude that in pig the intestine does not contain active TDG despite
being able to calculate a significant flux of threonine degradation
into glycine and a significant net appearance of [1-'*C]glycine in
the PV. Therefore, in the present experiment, the net appearance
of labelled glycine in the PV should be ascribed to pancreatic
enzyme activity since the pancreas is drained by the PV where
blood was withdrawn for analysis. It is important to underline
that [1-'*C]glycine balance measured during the infusion of
[1-"*C]threonine probably underestimates glycine production
since newly synthesized glycine is likely to be metabolized in
the tissue where threonine is degraded into glycine. This point
of the discussion also allows the underlining of the limit of the
comparison between in vitro (enzyme activity) and in vivo esti-
mation of threonine catabolism through the TDG pathway.
Indeed the relative difference in the flux of threonine catabolism
to glycine between the PDV and the liver (30 % higher rate in
liver) is not proportionate to the difference in enzyme activity
measurements (a 5-fold higher rate in liver). In vivo, catabolism
depends on the amount of active enzyme but also on the avail-
ability of threonine for the enzyme itself. This means that
threonine plasma concentrations as well as threonine transport
in the tissue are probably major factors controlling the flux
of threonine catabolism through the TDG pathway as measured
in vivo.

From data presented in Table 6, we calculated that 1-6 and
7-7% of threonine extracted and metabolized in the PDV and
the liver, respectively, were degraded through the TDG pathway.
This means that, in a 30 kg pig, the splanchnic tissues metabolize
about 20g threonine/d — depending on the precursor pool
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enrichment used for calculation — but only 0-5g threonine/d
would be irreversibly lost through conversion into glycine.
Thus, we conclude that the high rate of threonine sequestration
in the PDV cannot be mainly explained by threonine catabolism
through the usual metabolic pathway. Moreover, our estimation
of threonine irreversible loss through catabolism seems very
low in regard to the known value of threonine efficiency for pro-
tein deposition in pigs (Sawadogo, 1997). Therefore, other
hypotheses must be considered to explain total threonine irrevers-
ible losses.

Assuming that infused labelled threonine was totally absorbed,
the difference between threonine DR and threonine degradation
into glycine should represent an estimation of the rate of threo-
nine incorporation into protein. This flux corresponds to a uni-
directional flux of threonine from free pool to protein and it
does not correspond to the proportion of threonine finally
retained in the PDV because of the high turnover rate occurring
in the digestive tissues. On this basis, we calculated that 14-5
and 3.7 g threonine/d would be incorporated into protein of the
PDV and the liver, respectively. For the PDV, this represents
almost twice the amount of threonine provided by the diet. We
measured the level of threonine enrichment in protein of the
mucosa, the pancreas and the liver. The enrichments of threonine
bound to protein were quite high in the pancreas and the mucosa
(2-44 and 1-82MPE) compared to that of the liver (0-72 MPE),
suggesting that threonine incorporation in the protein of the
mucosa and the pancreas would be very important. It is now
well known that threonine is an important component of the gas-
trointestinal mucus (Marshall & Allen, 1978; Mantle & Allen,
1981), especially of mucin proteins. In pigs, Myrie et al
(2003) suggested that an increase in mucin production reduces
body threonine retention. Moreover, an adequate level of dietary
threonine was shown to be crucial for mucin production and
maintenance of gut function and integrity in piglets (Ball et al.
1999; Ball 2002). Another consequence of the high labelling
of protein is that a significant contribution of tracer recycling
to the portal blood labelling may have occurred and probably
led to an underestimation of tracer sequestration and thus of
non-oxidative threonine DR in the PDV. However, it appears
that no significant threonine recycling occurred from protein of
the mucosa in the PV (van der Schoor et al. 2002), suggesting
that these proteins could be very resistant to digestion. Alterna-
tively, recycled threonine might be immediately reincorporated
into mucosa protein instead of being absorbed or lost in the
lumen.

The absolute amount of synthesized proteins in the splanchnic
tissues we estimated from tracer sequestration is very high.
Indeed, assuming an average threonine content of 3-9 g/100 g for
visceral proteins (Bikker er al. 1994), we calculated (Table 7)
that 372 and 93 g protein would be synthesized per d by the
PDV and the liver (12-6 g and 3-1 g per kg body weight of protein
synthesized per d). According to previous measurements made in
pig and using the flooding dose technique (Séve er al. 1993), the
fractional protein synthesis rate (Ks) would be about 100 % for
the intestine and 50% for the liver. The estimations of the
amount of synthesized protein per d from these Ks values require
the knowledge of tissue protein content. Assuming a protein con-
tent of 150 mg/g tissue, this means that the liver would synthesize
about 2-2 g/body weight of protein per d, a value close to the value
of 3-1 g we estimated with the balance technique. For the PDV, the
discrepancy between the two estimations is much more important

Table 7. Estimation of protein synthesis in the portal drained viscera (PDV)
and the liver of pigs infused with L-[1-'*Clthreonine and ["°N]glycine in the
duodenum

(Mean values with their standard errors for six pigs)

Protein
Threonine incorporated in the proteins* synthesizedt
(9/d per kg
(wmol/kg per h) (g/d) body wt)
Tissue Mean SE Mean SE Mean SE
PDV 172.0 46-0 145 34 12.6 34
Liver 419 256 36 2:2 31 1.8

*Calculated as the difference between threonine disposal rate and threonine catabolism
through the TDG pathway.

t Calculated from the amount of threonine incorporated in the proteins and assuming a
threonine content of 3-9g/100 g protein (from Bikker et al. 1994).

in absolute value (12-6 v. 5-9 g/kg body weight per d depending on
the site of intestine used for calculation or the age of the pig).
The overestimation of non-oxidative threonine DR can be partly
explained because we probably underestimated threonine
catabolism in considering only the TDG pathway. However, we
cannot exclude that threonine sequestration, and thus threonine
DR in the PDV, had been overestimated by balance techniques
rather than underestimated as suggested earlier. In particular, we
can question the complete absorption and total availability of the
infused tracer. For example, the impact of gut microflora — in
degrading rather than providing luminal threonine — on the avail-
ability of this amino acid for the pig leads to new questioning and
produces interesting areas of research for the future.

In conclusion, our results are consistent with previous experi-
ments that showed an important disappearance of threonine
across the splanchnic tissues, especially the PDV, whereas the
liver seems to be less involved in threonine metabolism. Threonine
is probably not degraded by the intestine, at least by known
enzymes. Our results suggest that most of the maintenance require-
ment for threonine could be explained by the incorporation of
threonine in the protein of the digestive tract and consequently
through digestive losses. Finally, the contribution of threonine cat-
abolism to obligatory threonine losses appears to be low.
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Appendix

All calculations are made with the assumptions of steady state assuming that the sum of fluxes arriving in the tissue equals the sum of
fluxes leaving the tissue.
[1-'*C]Threonine balance during intravenous infusion

[1-"3C]-Threonine sequestration:
protein synthesis or catabolism

y

Venous output: [thrlvx E _,, x PF

Arterial input : [thrlax E,, . x PF PDV or
splanchnic

tissues

[1-'3C]Threonine balance = ([thr]y X Egr_y — [thr]s X Egr_a) X PF = [1 —!3 C]threonine sequestration by the tissues (tracer recycled

from artery)
This equation is valid if we assume that [1-'*C]threonine recycled from labelled protein could be neglected.

[1-13C]Threonine balance during intraduodenal infusion

[1-'°C]-Threonine sequestration:
protein synthesis or catabolism

/

PDV or
splanchnic
tissues

/:usion

[1-"*C]Threonine balance = ([thr]y X Eg_y — [thr]s X Egy_a) X PF
= infusion — [1-'*>C]threonine sequestration by the tissues (tracer from infusion and recycled from artery)
= newly infused [1-'*C]threonine appearance in the efferent plasma — arterial [1-'>C]threonine sequestration by the tissues

Arterial input: [thr]AxE . x PF Venous output: [thr]lV x E,  x PF

[1-'3C]Threonine liver balance

[1- C]-Threonine sequestration
protein synthesis or catabolism

4

Arterial input : [thr]a x E Hepatic vein output : [thr]uy X E

A X PFpy thr-H;

/'Poﬁal vein input : [thr]PV X E thepv X PF,

[1-13C]Threonine balance = [thrlyy X Egr_ny X PPay — ([thrlpy X Egr_py X PEpy + [thr]y X Egr_a X PF4)
= [1-"3C]threonine sequestration by the tissues (tracer from portal vein and recycled from artery)

thr- vXxPF v
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