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The contribution of the total splanchnic tissue (TSP; portal-drained viscera (PDV) plus liver) to
whole-body protein metabolism was estimated in relation to intake (0⋅6, 1⋅0 and 1⋅6 ×
maintenance requirements), in six multicatheterized growing beef steers used in a double 3×3
Latin square design. At the end of each 21 d experimental period, [1-13C]leucine was infused into
a jugular vein (1⋅05 mmol/h for 5 h, preceded by a priming dose of 1⋅05 mmol). Arterial, portal
and hepatic blood samples were collected hourly during the infusion. The increment in TSP
leucine irreversible loss rate (ILR) observed with increasing intake reached significance (P,
0⋅10) only for PDV, while whole-body ILR increased markedly (P, 0⋅001) with intake. The
relative contribution of TSP to whole-body leucine ILR averaged 44 % (25 % from PDV and
19 % from the liver). Although these proportions were not affected by intake, on an incremental
basis more than 70 % of the increase of whole-body leucine ILR between the 0⋅6 and 1⋅0×
maintenance originated from the changes in TSP ILR, while the corresponding value was below
13 % between 1⋅0 and 1⋅6×maintenance. Total whole-body leucine oxidation and fractional
oxidation increased (P, 0⋅05) with intake. Protein retention increased with intake (P, 0⋅01), as
a result of a greater increase in protein synthesis compared with protein degradation. Protein
breakdown had a major impact on protein turnover as 65 % of the protein synthesized was
degraded when intake varied from 1⋅0 to 1⋅6×maintenance. Net leucine portal absorption
increased (P, 0⋅001) with intake and represented 1, 16 and 23 % of whole body leucine ILR, for
0⋅6, 1⋅0 and 1⋅6×maintenance, respectively. Although leucine oxidation was not a major
component of whole body ILR (9⋅3–19⋅9 %), it represented 69 % of the net available leucine
(portal absorption) even at 1⋅6×maintenance. The lower relative contribution of the TSP to
whole-body leucine ILR at higher intake indicates the proportional increase in the metabolic
activity of peripheral tissues as the animals moved into positive protein balance.

Protein: Metabolism: Splanchnic tissues

The metabolic fate of amino acids is determined by bio-
chemical reactions occurring during absorption across the
digestive tract, partition between anabolic and catabolic
transformations in the liver, and finally, involvement in
the processes of protein synthesis and degradation coupled,
where appropriate, with oxidative mechanisms in the pro-
ductive peripheral organs. The absolute and relative contribu-
tions of each of these components determine the metabolic
efficiency with which diet-derived amino acids are used and,
thus, the overall productive status of the animal.

In cattle, a number of studies have used the isotope
dilution technique to investigate responses of whole-body
protein turnover to either nutritional (e.g. Hammondet al.
1987; Lobleyet al. 1987) or hormonal (e.g. Lobleyet al.
1985; Eisemannet al. 1986) interventions. Only limited
information is available, however, on protein turnover of the
splanchnic tissue. Available data for visceral organ meta-
bolism have involved somatotropin treatment (Eisemann
et al. 1989a; Early et al. 1990) or nutritional changes
combined with cold environment (Scottet al. 1993). In
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these experiments, terminal procedures were used and inter-
animal variability may have obscured treatment responses.
An alternative approach which allows repeated trans-organ
measurements, involves veno-arterial techniques coupled
with the infusion of an isotopic tracer. Such studies have
been successfully applied to other bovine tissues such as the
hindlimb (Boisclair et al. 1993) and the mammary gland
(Bequetteet al. 1996), and the splanchnic tissues of other
ruminants (e.g. Lobleyet al. 1992, 1996).

The current study extended such approaches to growing
steers and monitored the net and the isotopic transfer of
leucine across both the digestive tract and the liver as intake
was varied from below to above maintenance. Because
splanchnic tissues are considered to contribute between 30
and 50 % of protein turnover in cattle (Lobleyet al. 1980;
Early et al. 1990), they will exert a major influence on both
net and gross movements of amino acids within the animal.

Materials and methods

Animals and treatments

Six growing beef steers, averaging 398 (SD 27) kg, were
used in a double Latin-square design balanced for residual
effects (Gill, 1978). The diet (24⋅4 g N: 245 g lucerne
(Medicago sativa) meal, 640 g ground maize, 110 g soya-
bean meal and 5 g vitamin and mineral premix, all per kg as
fed) was offered at three intakes: 27 (low), 45 (medium) and
72 (high) g/kg body weight0⋅75. The low, medium and high
intake levels averaged 62 and 67 %, 104 and 111 %, 166 and
177 % of estimated energy and protein requirements for
maintenance respectively (National Research Council,
1984). Two steers from the high intake treatment did not
eat all their feed allowance and, in order to avoid refusals,
were offered only 63 g/kg body weight0⋅75. The diet was
offered in twelve equal meals daily by means of automated
feeders. Each experimental period lasted for 3 weeks.

At least 6 months before the beginning of the experiment,
the steers were surgically implanted with two catheters in
distal mesenteric veins and one each into the portal and the
hepatic veins plus the caudal aorta, the latter reached via a
mesenteric artery (Huntingtonet al.1989). The right carotid
artery was surgically elevated to a subcutaneous position, to
provide an alternative source of arterial blood should the
aortal catheter fail. This occurred for two animals. The
experimental protocol was approved by the Institutional
Committee for Animal Care of the Lennoxville Research
Centre and animals were cared for according to guidelines
of the Canadian Council on Animal Care (1993).

Infusions and sampling

On day 20 of each experimental period, a solution of
[ 13C]sodium bicarbonate (99 atom %; MSD Isotopes, Mon-
treal, Quebec, Canada; 100 mM in sterile 0⋅15M-NaCl) was
infused via a jugular catheter, inserted the previous day, at a
rate of 0⋅165 mmol/h for 5 h (from 09.00 to 14.00 hours)
preceded by a priming dose of 0⋅24 mmol (equivalent to 1⋅4
times the hourly rate; Wolfe, 1984). Breath samples were
collected through a face mask (Chevalieret al.1984): three
samples were collected during the hour preceding the

beginning of the infusion to determine13C natural abun-
dance in CO2 and then at 1⋅5, 2, 3, 4 and 5 h after the
beginning of the infusion. The CO2 was purified from breath
samples on a vacuum line, using differential freezing with a
solid CO2–acetone mixture and liquid N2 (Chevalieret al.
1984).

On day 21, a solution of [1-13C]leucine (99 atom %; MSD
Isotopes; 67 mM in sterile 0⋅15M-NaCl) was infused into a
jugular vein at a rate of 1⋅05 mmol/h for 5 h (from 09.00 to
14.00 hours) preceded by a priming dose of 1⋅05 mmol
(equivalent to the hourly rate; Wolfe, 1984). Blood was
simultaneously withdrawn from the arterial, portal and
hepatic catheters into heparinized syringes. Blood samples
were collected twice in the hour preceding the infusion, to
determine [13C]leucine natural abundance, and then at 1⋅5,
2, 3, 4 and 5 h after the onset of the infusion. Plasma flows
for the portal-drained viscera (PDV) and the liver were
determined by downstream dilution of sodiump-aminohip-
purate (100 g/l) infused continuously (6⋅6 g/h) over the same
period as leucine, into one mesenteric vein catheter, follow-
ing a priming dose of 2 g.

Immediately after collection, two 1 ml portions of blood
were injected into evacuated vacutainers containing 1 ml
frozen lactic acid for measurement of CO2 enrichment
(Readet al. 1984). The remainder of the blood was kept
on ice and centrifuged, as soon as possible, at 3000g for
15 min. The harvested plasma was stored at−208 until
analysed. During the leucine infusion, breath samples
were collected and processed similarly as in the bicarbonate
infusion.

Laboratory analyses

The concentration ofp-aminohippurate was determined with
an automatic analyser (Technicon Autoanalyser II, Technicon
Instruments Corporation, Tarrytown, NY, USA), as described
previously (Reynoldset al. 1992). Previous trials had shown
(JP Blouin and H Lapierre, unpublished results) that neglig-
ible quantities of N-acetylp-aminohippurate are produced by
the liver of cattle relative to blood flow rate and therefore the
de-acetylation involving heating at 1008 for 1 h before analy-
sis was unnecessary, which contrasts with the situation in
sheep (Katz & Bergman, 1969).

After deproteinization of 1 ml plasma with 25 mg
sulfosalicylic acid, leucine concentration was determined
by ion-exchange chromatography, with ninhydrin as the
colorimetric reagent (LKB 4400 Amino Acid Analyser;
LKB Biochrom Ltd, Cambridge, Cambs., UK). Isotopic
enrichments (IE) of plasma free leucine and the oxo-acid,
4-methyl 2-oxopentanoate (MOP), were determined after
deproteinization with sulfosalicylic acid and derivatization
with N-(tert-butyldimethylsilyl)-N-methyltrifluoroaceta-
mide–acetronile (1 : 1, v/v), for m/z ions 302, 303 for
leucine and 259, 260 for MOP, by GC–mass spectrometry
(Trio-1; VG Masslab, Manchester, UK), as described by
Calder & Smith (1988).

Purified breath CO2 was analysed for13C IE as m/z ions
44, 45, 46 on a triple collector isotopic ratio mass spectro-
meter (Sira 12; VG Masslab). The blood samples taken for
the determination of blood13CO2 IE, to quantify trans-tissue
leucine oxidation, were transported to the laboratory of
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analysis stored in solid CO2. Unfortunately, under the−708
conditions, the vacutainer seals leaked and the samples
became contaminated. The transorgan oxidation data were
thus greatly restricted and are not included in the present
paper. Further studies showed that samples could have been
reacted and then transported at room temperature without
detriment for up to 3 weeks (E Milne, personal commu-
nication). IE for leucine, MOP and CO2 were corrected for
background abundance and expressed as atom percent
excess.

Calculations

Plasma flows across the PDV and the liver were calculated
from downstream dilution ofp-aminohippurate according to
Katz & Bergman (1969). Net fluxes of leucine were
obtained by multiplying the venous–arterial concentration
differences by plasma flow.

For all given equations, the rate of infusion is mmol/h and
the IE of the infusate, leucine, MOP or CO2 is atom percent
excess. Whole-body leucine irreversible loss rate (ILR,
mmol/h) was calculated as follows:

whole-body ILR¼ ðrate of leucine infusion

3 IE of infusateÞ=IEpp;

where IEpp represents the isotopic enrichment of the chosen
precursor pool (plasma arterial free leucine or MOP). The IE
of plasma free leucine or MOP was calculated as the
arithmetic mean of samples taken between 1⋅5 and 5 h of
infusion.

The whole-body fractional rate of leucine oxidation (FO)
was calculated using the following equation:

FO ¼ IE of expired CO2 3 CO2 productionðmmol=hÞ=

ðrate of leucine infusion3 IE of infusate3 cÞ;

the IE of CO2 being measured on the day of leucine
infusion. The CO2 production was estimated by bicarbonate
infusion and calculated as:

CO2 production¼ ððrate of bicarbonate infusion

3 IE of infusate=IE of expired CO2Þ

¹ rate of infusionÞ 3 c;

where the IE of CO2 was measured on the day of bicarbo-
nate infusion. The coefficient c is a correction factor for
labelled CO2 sequestered in the animal and not expired. It
was not estimated in the present study as it is present as a
numerator and denominator in the calculation of fractional
oxidation and, therefore, self-cancels.

All the following estimations of leucine and protein
kinetics were calculated, when needed, with ILR estimated
using plasma arterial MOP as the precursor pool. Whole-
body leucine oxidation (LO, mmol/h) was calculated as
follows:

LO ¼ ILR 3 FO:

Leucine used for whole-body protein synthesis was calcu-
lated as the difference between whole-body ILR and leucine
oxidation. Protein synthesis was then estimated assuming a
constant fraction of 60 g leucine/kg synthesized protein

(Lobley et al. 1980). The following estimations were
calculated using a simple two-compartment model, assum-
ing that:

leucine whole-body ILR¼ leucine used for protein

plus leucine oxidation

¼ leucine portal absorption

plus leucine from protein

degradation:

Thus, leucine retained as protein (which equals leucine used
for protein synthesis minus leucine from protein degrada-
tion) was obtained from net portal absorption of leucine
minus leucine oxidation. Based on results obtained in cattle
(Lapierreet al. 1997), PDV leucine oxidation, estimated as
27⋅5 % of whole-body leucine oxidation, was removed from
whole-body leucine oxidation as this catabolism had already
contributed to net portal absorption. Leucine released from
protein degradation was calculated, therefore, as leucine
used for protein synthesis minus leucine retained as protein.
Leucine released from protein degradation and retained as
protein were scaled to protein using the factor, 60 g leucine/
kg protein.

Leucine total fluxes (ILR; mmol/h) through the PDV, the
liver and the total splanchnic tissue (TSP) were calculated as
follows:

PDV ILR ¼ ðIEleu-P 3 ½leupÿ ¹ IEleu-A 3 ½leuAÿÞ

3 PFP=IEpp;

liver ILR ¼ ðððIEleu-H 3 ½leuHÿ ¹ IEleu-P 3 ½leuPÿÞ 3 PFPÞ

þ ððIEleu-H 3 ½leuHÿ

¹ IEleu-A 3 ½leuAÿÞ 3 PFAÞÞ=IEpp;

TSP ILR¼ ðIEleu-H 3 ½leuHÿ ¹ IEleu-A

3 ½leuAÿÞ 3 PFH=IEpp;

where IEleu and [leu] represent, respectively, the IE and
concentration of plasma free leucine. Each subscript indi-
cates the site of plasma collection (A for artery, P for portal
vein and H for hepatic vein) and PF represents the plasma
flow in the corresponding blood vessels. The subscript ‘pp’
indicates that calculations were obtained using, as repre-
sentative of the IE of the precursor pool, the IE of either free
plasma leucine or MOP from different sites (venous or
arterial).

For both net and total fluxes, a negative veno-arterial
difference indicates tissue uptake whereas a positive value
denotes a release.

Statistical analyses

Means obtained for each steer on each sampling day for
each experimental period were treated by an ANOVA
according to the double Latin-square design using the
general linear models procedure of SAS (1985; Statistical
Analysis Systems Institute Inc., Cary, NC, USA). Treatment
means were separated using orthogonal contrasts, testing for
the linear and the quadratic effects of intake (Gill, 1978). A
linear effect indicates that between the low and the high
intake, there is a significant difference; a quadratic effect
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would indicate that the value obtained for the medium
intake level is not intermediate between the low and the
high intakes. Both effects may be significant for the same
parameter; when this happens they cannot be considered
independently. Results obtained for ILR using different
precursor pools were compared using the repeated statement
of the general linear models procedure of SAS, using the
same factors for the main effects and testing the selected
precursor pool as the repeated effect. The interaction
between treatment and the precursor pool was tested using
the orthogonal contrasts (Gill, 1978).

Results

As the experiment was started several months after surgery,
four steers had the three catheters patent for blood sampling,
one animal did not have a functional hepatic vein catheter,
while a last steer had only the arterial catheter patent. This
latter steer also died from an acute enteritis, not related to
the experimental treatments, before the completion of the
last treatment, at medium intake. Therefore, results are for
n6 (except for the medium treatment wheren5) for whole-
body metabolism,n5 for PDV data andn4 for liver and TSP
values. Three experimental periods could not be conducted
as scheduled but were completed at the end of the planned
schedule.

Whole-body metabolism

Whole-body leucine kinetics are presented in Table 1.
Leucine whole-body ILR increased (P, 0⋅01) with intake,
regardless of whether the IE of arterial leucine or MOP was
chosen as representative of the precursor pool. The quad-
ratic effect (P=0⋅04) observed with leucine as the precursor
pool or the tendency (P=0⋅07) with MOP as the precursor
pool, indicates however, that the difference was larger
between medium and high compared with low to medium.
On average, mean values obtained using MOP were 34 %
greater (P, 0⋅01) than those based on leucine, but there was
no significant interaction (P. 0⋅20) between treatments and
the selected precursor pool, when this latter was included as
the repeated effect in the ANOVA. This indicates that
although different numerical values were obtained with
the different precursor pools, there was no bias introduced
by the choice of precursor pool. Leucine oxidation increased
linearly (P, 0⋅01) with intake, as did fractional oxidation
(P=0⋅02). The CO2 production, uncorrected for CO2
sequestration, increased linearly (P, 0⋅001) with intake
(Table 2). Leucine used for protein synthesis increased
linearly (P, 0⋅001).

Protein kinetics are presented for the five steers with
patent portal vein catheters allowing estimation of protein
degradation and retention (Table 3). Protein synthesized per
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Table 1. Whole-body leucine kinetics (mmol/h) in growing beef steers fed at different intake levels*

(Values are least squares means with the maximal standard error of the mean)

P value for

Intake... Low Medium High
treatment effect

(n 6) (n 5) (n 6) SEM linear quadratic

WB ILRMOP-a† 37⋅9 43⋅8 57⋅3 0⋅76 0⋅001 0⋅07
WB ILRleu-a‡ 27⋅4 31⋅7 44⋅6 0⋅84 0⋅001 0⋅04
Oxidation§ 3⋅6 7⋅6 11⋅6 1⋅28 0⋅002 0⋅58
FO (%) 9⋅3 17⋅3 19⋅9 2⋅57 0⋅02 0⋅26
Protein synthesis§ 34⋅4 36⋅2 45⋅8 1⋅44 0⋅001 0⋅15

WB ILR, whole-body irreversible loss rate; FO, fractional oxidation rate.
* For details of diets and procedures, see pp. 458–460.
† Calculated using plasma arterial 4-methyl 2-oxopentanoate (MOP-a) for the precursor pool.
‡ Calculated using plasma arterial leucine (leu-a) for the precursor pool.
§ Calculated from WB ILRMOP-a.

Table 2. Nitrogen intake, carbon dioxide production and splanchnic plasma flows in growing beef steers fed at different intake
levels*

(Values are least squares means with the maximal standard error of the mean)

P value
for treatment effect

Intake… n Low Medium High SEM linear quadratic

N intake (g/d) 6† 58⋅5 95⋅4 142⋅9 3⋅47 0⋅001 0⋅47
CO2 production (mmol/h) 6† 4378 5430 6562 272⋅4 0⋅001 0⋅60
Plasma flow (litres/h):

portal 5 312 343 390 16⋅5 0⋅002 0⋅67
splanchnic 4 346 433 453 24⋅3 0⋅02 0⋅94

* For details of diets and procedures, see pp. 458–460.
† Except for medium intake where n 5.
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day followed similar trends to leucine used for protein
synthesis, but with a significant quadratic effect (P, 0⋅01)
indicating a larger increment between medium and high
intakes compared with that one between low and medium
intakes. Intake tended to affect, both linearly (P=0⋅10) and

quadratically (P=0⋅09), protein degradation, with no change
or even a slight decrease between low and medium intakes
and an increased protein breakdown between medium and
high intakes. Protein retention was negative in the low group
and increased linearly (P, 0⋅01) with intake.

461Splanchnic protein metabolism in steers

Table 3. Whole-body protein kinetics (g/d) in growing beef steers fed at different intake levels*

(Values are least squares means with their standard errors, for five steers)

P value
for treatment effect

Intake… Low Medium High SEM linear quadratic

Synthesis† 1843 1881 2330 33⋅1 0⋅001 0⋅01
Degradation‡ 1933 1820 2111 73⋅7 0⋅10 0⋅09
Retention§ −88 63 223 50⋅9 0⋅005 0⋅69

* For details of diets and procedures, see pp. 458–460.
† Calculated as whole-body irreversible loss rate (using plasma arterial 4-methyl 2-oxopentanoate for the precursor

pool) minus leucine oxidation, corrected up to total protein; for the five steers with a patent portal catheter.
‡ Calculated as synthesis minus retention.
§ Calculated as leucine portal absorption minus (whole-body leucine oxidation minus portal-drained viscera leucine

oxidation), corrected to total protein.

Table 4. Leucine net flux (mmol/h) across the splanchnic tissue (TSP) of growing beef steers fed
at different intake levels*

(Values are least squares means with their standard errors for five (PDV) or four (liver and TSP)
steers)

P value
for treatment effect

Intake… Low Medium High SEM linear quadratic

Tissue
PDV 0⋅42 6⋅86 13⋅36 1⋅378 0⋅001 0⋅49
Liver −0⋅63 −0⋅12 −1⋅59 0⋅859 0⋅44 0⋅42
TSP −0⋅20 5⋅13 11⋅78 0⋅877 0⋅001 0⋅63

PDV, portal-drained viscera.
* For details of diets and procedures, see pp. 458–460.

Table 5. Leucine kinetics (mmol/h) through the splanchnic tissue (TSP) of growing beef steers fed
at different intake levels*

(Values are least squares means with their standard errors for five (PDV) or four (liver and TSP)
steers)

P value
for treatment effect

Tissue Intake… Low Medium High SEM linear quadratic

PDV ILRleu-a† −7⋅6 −7⋅9 −10⋅5 1⋅02 0⋅08 0⋅53
ILRleu-p −9⋅8 −10⋅9 −15⋅2 1⋅51 0⋅05 0⋅59
ILRMOP-a −10⋅7 −11⋅1 −13⋅5 1⋅47 0⋅22 0⋅69
ILRMOP-p −10⋅6 −11⋅3 −14⋅7 1⋅44 0⋅08 0⋅62

Liver ILRleu-p −6⋅4 −8⋅8 −9⋅6 1⋅77 0⋅30 0⋅62
ILRleu-h −7⋅3 −9⋅9 −10⋅6 1⋅64 0⋅25 0⋅56
ILRMOP-p −7⋅2 −9⋅4 −9⋅2 1⋅57 0⋅47 0⋅49
ILRMOP-h −6⋅8 −8⋅9 −8⋅7 1⋅15 0⋅38 0⋅38

TSP ILRleu-a −11⋅3 −14⋅4 −16⋅1 1⋅83 0⋅16 0⋅62
ILRleu-h −16⋅5 −21⋅8 −24⋅5 3⋅54 0⋅21 0⋅63
ILRMOP-a −16⋅3 −20⋅7 −20⋅8 2⋅30 0⋅28 0⋅40
ILRMOP-h −15⋅4 −19⋅5 −19⋅9 2⋅22 0⋅27 0⋅41

PDV, portal-drained viscera; ILR, irreversible loss rate.
* For details of diets and procedures, see pp. 458–460.
† ILR calculated using, as precursor pool, leucine (leu) or 4-methyl 2-oxopentanoate (MOP), from the arterial

(a), the portal (p) or the hepatic (h) sampling site.
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Splanchnic tissue metabolism

Both portal and hepatic plasma flows increased linearly
(P, 0⋅05) with increasing intake (Table 2). There was net
appearance of leucine across the PDV at all intakes
(Table 4), although at low intake, the portal–arterial differ-
ence was not significantly different from zero (P. 0⋅10,
results not shown). The net appearance increased (P, 0⋅01)
between each intake by approximately equal amounts, 6–
7 mmol/h. In contrast, there was only a small extraction of
leucine by the liver which was unaffected (P. 0⋅10) by
intake. In consequence, net appearance of leucine across the
splanchnic bed increased linearly (P, 0⋅01) with intake.
The increased net entry rate into the post-splanchnic circu-
lation was reflected by increases (P, 0⋅01) in arterial plasma
leucine concentration, which averaged 118, 138 and 167 (SEM
8⋅5) mmol/l for low, medium and high intakes respectively.

Leucine kinetics across the TSP are presented in Table 5.
Mean leucine ILR through the PDV, in absolute terms,
increased with intake (P, 0⋅05, based on portal vein
leucine as precursor;P=0⋅08, based on arterial leucine or
on venous MOP). This response was not detected (P=0⋅22)
when arterial MOP was selected as precursor. Again, when
including the various precursors as repeated measurements,
there was an effect (P, 0⋅01) of the precursor selected, but
the interaction was only significant (P=0⋅02) for ‘treatment
× precursor pool’ when comparing arterial and portal
leucine. As observed for whole-body values, this indicates
that the choice of the precursor pool affected the numerical
estimation of ILR but did not introduce a bias when testing
the treatment means. Leucine PDV ILR represented 28, 26
and 24 (SEM 3⋅0) % of whole-body ILR for low, medium and
high intakes respectively.

Although leucine ILR through the liver and the TSP
increased numerically with intake, these were not signifi-
cantly different (P. 0⋅10). Means calculated with the
various precursor pools differed (P, 0⋅01), but there was
no interaction (P. 0⋅10) between treatments and the pre-
cursor pools used for calculations. Liver and TSP ILR
represented 20, 23 and 16 (SEM 3⋅2) % and 45, 50 and 37
(SEM 4⋅4) % of whole-body ILR respectively, as intake
increased.

IE values of leucine and MOP are presented in Table 6.
Leucine and MOP IE decreased linearly (P, 0⋅05) with
increasing intake. There was substantial dilution (21–28 %;
P, 0⋅001) of leucine enrichment across the PDV, reflecting
both net absorption of unlabelled amino acid and turnover of
digestive tract tissues. Much smaller leucine dilution
occurred (3–8 %;P, 0⋅01) across the liver. In arterial
plasma, MOP enrichments were lower (P, 0⋅001) than
those of leucine, averaging fairly similar proportions,
between 71 and 77 %, across intakes. The IE of arterial
MOP was not changed (P. 0⋅10), however, by transit
across the PDV and it even increased (P=0⋅001) during
its passage across the liver. As a result, MOP enrichment
was greater (P, 0⋅01) than leucine enrichment in the
hepatic venous plasma.

Discussion

Whole-body irreversible loss rate

Whole-body ILR obtained in the present study in animals
fed on the high intake, using [13C]leucine infusion
(57 mmol/h with plasma arterial MOP as the precursor
pool; 45 mmol/h with plasma arterial leucine as the pre-
cursor) is similar to those obtained in studies using [14C]leu-
cine infusion (average: 49 mmol/h; with blood or plasma
leucine as the precursor pool) in beef cattle of similar size
and intake (Lobleyet al. 1985, 1987; Hammondet al.1987;
Eisemannet al. 1989b). Although the ILR technique has
limitations, it does provide a relatively simple non-invasive
approach to determine semi-quantitatively the effect of
treatments on whole-body protein metabolism. This can
be extended to tissue level using catheterized animals.
One of the most important limitations of this technique is
the choice of the pool that would represent best the pre-
cursor used within the cell to form the aminoacyl-tRNA.
This limitation, and its impact, have been extensively
discussed (e.g. Lobleyet al. 1992; Schaefer & Scott,
1993). The problem is particularly serious in studies such
as the current one, where measurements of ILR at the tissue
level by veno–arterial difference involve various sources of
blood inflow (e.g. arterial for the PDV and portal plus
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Table 6. Isotopic enrichment (atom % excess) of plasma leucine and of 4-methyl 2-oxopentanoate (MOP)
measured during [1-13C]leucine infusion in growing beef steers fed at different intake levels*

(Values are least squares means with their maximal standard errors)

P value
for treatment effect

Intake… n Low Medium High SEM linear quadratic

Leucine
arterial 6† 3⋅87 3⋅34 2⋅34 0⋅122 0⋅001 0⋅59
portal 5 3⋅06 2⋅50 1⋅69 0⋅114 0⋅001 0⋅94
hepatic 4 2⋅83 2⋅40 1⋅64 0⋅113 0⋅002 0⋅71

MOP
arterial 6† 2⋅75 2⋅38 1⋅81 0⋅057 0⋅001 0⋅90
portal 5 2⋅74 2⋅37 1⋅68 0⋅072 0⋅001 0⋅61
hepatic 4 3⋅00 2⋅65 1⋅96 0⋅077 0⋅001 0⋅50

* For details of diets and procedures, see pp. 458–460.
† Except for medium intake where n 5.
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arterial for the liver). Selection of a common value with a
fixed basis is therefore inappropriate. Any plasma pool will
probably underestimate the correct ILR or protein synthesis,
as the enrichment of the plasma amino acid or its oxo-acid
will probably be greater than that of the aminoacyl-tRNA
(Airhart et al.1974; Quinn Baumannet al.1994). Providing
these limitations are borne in mind, the technique can
provide useful information on the changes induced by
treatments or physiological status.

Increasing intake elevated whole-body ILR, a pattern
reported in many species including cattle (Hammondet al.
1987; Lapierreet al. 1996), but as in the observations of
Lobley et al. (1987), the increment was more than twice as
great between medium and high intakes compared with that
between low and medium intakes. Whole-body leucine
oxidation, as well as fractional oxidation, also increased
with intake, although for the latter, the numerical increment
was smaller between medium and high intakes than between
low and medium intakes. Fractional oxidation rates for
steers fed on the medium and high intakes were in the
range of values previously reported for cattle given maize-
based diets (15–19 %; Eisemannet al. 1986, 1989b; Ham-
mondet al.1987; Lapierreet al.1996). Lobleyet al. (1987)
reported lower absolute fractional oxidation values for
steers fed on a barley straw ration, a diet with a lower
leucine content. In the current experiment, a decreased
fractional oxidation with a lower intake indicates that
leucine was spared from oxidation to allow a greater
proportion of whole-body ILR to be directed towards
protein synthesis. Thus, a larger proportion of leucine turn-
over is recycled back to tissue metabolism. As the difference
between absorption and oxidation determines accretion, any
decrease in amino acid catabolism would lead to an
improvement of animal performance, at a similar N
intake. This was exactly the effect of somatotropin treat-
ment in growing steers, where protein accretion was
increased with no effect on whole-body ILR but a conco-
mitant decrease in leucine oxidation (Eisemannet al.
1989b). This indicates, again, the importance of measuring
oxidation of an amino acid when using ILR to calculate
protein synthesis, as it may represent up to 20 % of whole-
body ILR, and this proportion might be altered by treatment.
If respiratory chambers are not available, the infusion of
[ 13C]-sodium bicarbonate, conducted on a separate day to
amino acid infusion, will allow the estimation of this
important variable.

Decreasing intake below maintenance level slightly
decreased protein synthesis while increasing protein degra-
dation. Thus, the required net mobilization of body protein
reserves was achieved by augmentation of the catabolic
process rather than depression of protein synthesis. These
results corroborate those observed in cattle (Lobleyet al.
1987) and sheep (Harriset al. 1992), where changes in N
retention below maintenance appeared to involve primarily
modulation of proteolysis. Increasing feed intake above
maintenance altered both synthesis and degradation, but
with greater stimulation of the former and increased protein
retention as the result. Again, these findings are comparable
with previous reports in cattle (Lobleyet al. 1987) and
sheep (Harriset al. 1992). The apparent efficiency of protein
accretion over protein synthesis between high and medium

intakes averaged 0⋅36, which is in the same range as
estimations calculated by Lobleyet al. (1987) and Ham-
mond et al. (1987). These low values indicate that, above
maintenance, the equivalent of 64 % of the increment in
protein synthesis is degraded which, if partly inhibited,
could result in substantial increments in protein accretion.
There are limits, however, to such dynamic improvements
in that net gain cannot exceed net uptake.

Splanchnic net fluxes

Net portal leucine absorption increased with intake, as
already observed in cattle (Hammondet al. 1987) and
sheep (Pellet al. 1986). Net leucine hepatic uptake was
unaffected by intake, as was the case for fasted or fed sheep
(Pell et al. 1986). Even at high intake, the ratio hepatic
removal : portal absorption of leucine averaged only 0⋅12,
which is lower than the 0⋅58 reported for totala-amino N
(Reynoldset al. 1992). In pregnant dry cows, leucine had
the smallest hepatic fractional extraction of essential amino
acids, with less than 1 % of the absorbed leucine being
removed by the liver in basal conditions (Wray-Cahenet al.
1997). These values may reflect different metabolic require-
ments of rapidly growing steers compared with mature,
albeit pregnant, animals. Similarly, in sheep, leucine had the
smallest ratio hepatic removal : portal appearance of essen-
tial amino acids, with an average value of 0⋅35 (Lobleyet al.
1996). Therefore, it appears that, on a net basis, leucine, as
with the other branched-chain amino acids, must be mainly
utilized in peripheral tissues (Pellet al. 1986).

Net portal absorption represented 1, 16 and 23 % of
whole-body leucine ILR, for low, medium and high intakes
respectively. These values are similar to those reported for
beef heifers fed at slightly above maintenance (18 %) or at a
high intake (25 %; Hammondet al. 1987). This ratio might
be slightly underestimated because portal absorption does
not account for leucine absorbed from the intestine and used
(oxidation plus accretion) by the gut before reaching the
portal vein. Based on an average 27⋅5 % of whole-body
leucine oxidation occurring at PDV level (Lapierreet al.
1997), a better estimation of leucine absorbed from the diet
would be 1⋅22, 9⋅00 and 16⋅81 (SEM 1⋅55) mmol/h. On the
other hand, the whole-body leucine ILR estimated using
arterial MOP as the precursor pool is also an underestima-
tion. The relatively small contribution of leucine absorbed
from the diet to the total flux also emphasizes the magnitude
of protein degradation and its importance in protein turnover
as whole-body ILR can be increased by as much as twice the
incremental portal absorption. As much as 84 % of adjusted
leucine portal absorption was oxidized at the medium intake,
and 69 % at the high intake, indicating that leucine oxidation
forms an important component of amino acid metabolism,
although it represents less than 20 % of whole-body ILR. At
the low intake, leucine oxidation exceeded net leucine portal
absorption, indicating that the animals used body proteins
liberated from tissue mobilization.

Splanchnic irreversible loss rate

The contribution of splanchnic metabolism to variations
observed in whole-body protein metabolism has received
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limited attention in ruminants, particularly in cattle, despite
the intense metabolic activity associated with these tissues.
The ILR through the PDV increased with intake, to a greater
extent numerically in steers given mediumv. high compared
with low v. medium intakes. In calves under a cold envir-
onment (−58), the absolute rate of protein synthesis of the
gastrointestinal tract (GIT) compartments (rumen, omasum
and intestine) increased non-significantly with feed intake
(Scott et al. 1993). Similarly, in sheep there was a non-
significant trend for an increased fractional synthesis rate for
most components of the GIT when intake increased from 1⋅2
to 2 times maintenance (Lobleyet al.1994). In other studies
conducted in sheep, increasing feed intake increased protein
synthesis in the small intestine (Neutzeet al. 1997) and
across the PDV (McRaeet al. 1997). These findings indicate
that increasing intake increases the absolute rate of protein
synthesis by the GIT. In the current study, however, the
relative contribution of the PDV to whole-body ILR,
numerically decreased with increasing intake, from 28 to
26 to 24 %. In sheep, increasing intake did not markedly
affect the PDV contribution to whole-body leucine flux
(MacRaeet al. 1997), with an estimated average value of
about 38 % when considering only sequestration of arterial
leucine. In contrast, in another sheep study, the proportional
contribution of the small intestine to whole-body protein
synthesis tended to increase from 13 % at a low intake to
21 % at a high intake (Neutzeet al.1997). Although values
obtained in sheep in these two last experiments, which both
used the veno-arterial technique, seem to indicate a higher
contribution of the GIT to whole-body protein metabolism
in sheep compared with cattle, another study conducted in
sheep with the same technique yielded a PDV contribution
to whole-body protein metabolism of approximately 24 %
(Lobley et al. 1996), closer to that observed here for cattle.

In the present study, the liver did not show a significant
increment in ILR with increasing intake. In sheep, increas-
ing intake did not affect liver fractional synthesis rate, but
hepatic weight increased with intake (Lobleyet al. 1994),
which would have resulted in a higher absolute synthesis
rate in animals fed on the higher intake. Intake was reported to
differentially affect protein synthesis by the ovine liver:
constitutive protein was unaffected but export protein
increased (Connellet al. 1997). There is probably an upper
limit to the plasma protein synthesis, as increased supply of
amino acids does not increase the rate further (Lobleyet al.
1998). These reasons might account for the lack of response to
intake of liver ILR, especially above maintenance.

The important contribution of the splanchnic tissue to
whole-body protein metabolism is in agreement with a
similar contribution of TSP to whole-body O2 consumption
(Reynoldset al. 1992) and reinforces the metabolic impor-
tance of the TSP. Although the proportional contributions of
the TSP to whole-body ILR were not affected by intake, on
an incremental basis, the TSP contributed between 71 and
73 % of the change in whole-body leucine ILR when intake
was raised from 0⋅6 to 1×maintenance, but less than 13 %
when intake increased above maintenance, depending on
which precursor pool was chosen. This reduced contribution
at the higher intake indicated that the metabolic activity of
peripheral tissues increased as the animal moved into
positive protein balance.

Values reported previously for the contribution of the
splanchnic tissue to whole-body ILR or whole-body protein
synthesis in cattle were estimated from fractional synthesis
rates calculated based on incorporation of a radiolabelled
amino acid into tissue proteins after a continuous infusion.
This technique requires biopsies or slaughter of the animals
and the data were calculated using either a peripheral
vascular or homogenate (intracellular) pool. Previous stu-
dies with cattle, based on use of [14C]leucine have indicated
that the contributions of GIT and liver protein synthesis to
whole-body protein synthesis in growing cattle averaged
32⋅4 and 4⋅0 % (Lobley et al. 1980), 22⋅4 and 4⋅5 %
(Early et al. 1990) respectively. Values obtained in the
present study based, for comparative purposes, on arterial
[ 13C]leucine as the precursor pool, are similar for the GIT to
these reported values, while the estimations of liver con-
tribution are substantially higher. The veno–arterial differ-
ence technique estimates the synthesis of both constitutive
and export proteins, while the incorporation techniques
account for constitutive proteins plus the fraction of
export proteins still present in the cells at the time of
sampling. As synthesis of export proteins can represent
between 17 and 43 % of hepatic protein synthesis in rumi-
nants (e.g. Connellet al. 1997), this needs to be accounted
for either by use of a short-term large dose technique
(Lobley et al. 1994) or measurement of isotopic incorpora-
tion into the plasma protein pool (Connellet al.1997). Even
when this additional accounting is applied, values obtained
with the veno–arterial difference technique are still higher,
by approximately 20 %. As a result of this higher estimated
hepatic amino acid flux with the veno–arterial technique,
the liver contribution relative to the GIT in our study is
higher than that reported using the incorporation technique.
The liver contribution to whole-body protein metabolism
was estimated to be only one-third of the GIT contribution
in sheep (Daviset al. 1981; Attaixet al. 1988; Lobleyet al.
1994), and even less in the cattle studies (Lobleyet al. 1980;
Early et al. 1990). In our present study, the proportional
contribution of the liver to whole-body leucine flux was
75 % that of the PDV. Lobleyet al. (1996), using the veno–
arterial difference, reported that liver contribution to whole-
body leucine flux was approximately half of the PDV
contribution.

In many studies, the IE of the arterial MOP, which is
formed intracellularly from deamination of leucine, is used
and assumed to be closer to the IE of the leucine bound to
tRNA than the IE of arterial leucine. In the current study, at
whole-body level, the use of MOP enrichment yielded
higher ILR values than data based on arterial leucine,
which yielded probably the lowest underestimation of
whole-body ILR. There was, however, no interaction
between treatment and precursor pool, indicating that no
bias was introduced by the selection of one precursor pool or
another. In human subjects, reciprocal pool analyses based
on infusions of [1-13C]MOP have shown plasma oxo-acid
enrichment to be a good reflection of intracellular leucine
enrichment in muscle (Chinkeset al. 1996). Similarly, in
pigs, plasma MOP predicted leucyl-tRNA with high accu-
racy in skeletal muscle but the relationship was not as close
for the liver (Quinn Baumannet al. 1994). The stability of
MOP enrichment across both the PDV and the liver supports
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earlier suggestions that MOP isotopic activities do not
reflect well leucine transfers across the splanchnic tissues.
Thus, plasma MOP IE is dominated, probably, by muscle
metabolism and the oxo-acid enrichment does not reflect
leucine intracellular metabolism within visceral tissues.

These data confirm the major contribution that the
splanchnic tissues make to whole-body protein metabolism,
similar to the well-defined situation for energy expenditure.
The use of a veno-arterial approach has allowed, however,
the proportional contribution to be examined under different
dietary regimens. Previous studies, based on slaughter and
tissues analyses, suffered from the difficulties in resolving
inter-animal from inter-treatment effects, but the repeated
measurements on the same animal have reduced some of
these problems. In response to higher intakes, there is
clearly a decrease in the proportional contribution of the
splanchnic tissues to whole-body protein metabolism,
although both are increased in absolute amounts. The
current data do not permit discrimination of specific synth-
eses, e.g. constitutivev. export protein or secreted proteins,
and these may change in response to particular nutritional or
physiological demands (fibrous feed, infection, etc.). None-
theless, the priority of the animal to maintain high rates of
metabolism of the functional organs comprising the diges-
tive tract and the liver, even at reduced intake, is counter-
balanced by a reduced proportional (but not absolute)
role when intake is sufficient to support peripheral tissue
metabolism.
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