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The influence of propionate supplementation on the splanchnic metabolism of amino acids (AA) and other N compounds (urea-N and
NH3-N) and the supply of AA and NH3-N to the hindlimb was investigated in growing lambs. Six rumen-cannulated and multicatheterised
lambs (32·2 kg) were fed frozen rye grass at 690 kJ metabolisable energy intake/d per kg average metabolic body weight. They were
infused intraruminally with a salt solution (control) or with propionate solutions at 0·23 mol/l (P1) or 0·41 mol/l (P2) infused at a maximal
rate of 1·68 (SD 0·057) ml/min according to a repeated Latin square design. The propionate infusion did not increase the net portal appear-
ance of total AA (TAA)-N but increased that of some branched-chain AA (valine and to a lesser extent isoleucine). Simultaneously, the
propionate treatment (especially P2) induced an increased TAA utilisation by the liver. This was due mainly to an increased (þ79 %;
P,0·07) utilisation of the essential AA and particularly the branched-chain AA. A stimulation of protein synthesis in the liver is hypoth-
esised since (1) propionate stimulated insulin secretion and (2) utilisation of non-essential AA were less influenced by the propionate treat-
ment in the liver (except for alanine), suggesting that the AA utilised by the liver were directed towards protein synthesis rather than
towards oxidation or urea synthesis. At the splanchnic level, the propionate treatment did not have any effect on the TAA, non-essential
AA and essential AA, except for a net splanchnic release that was decreased for leucine (P,0·02) and methionine (P,0·01) and increased
for threonine (P,0·05). The propionate treatment did not have any effect on the hindlimb uptake of AA (essential and non-essential). As a
consequence, even though the propionate treatment induced some major alterations in the splanchnic metabolism of AA, there were no
changes in the net AA balance in the hindlimb (and hence probably on muscle growth). The role of the splanchnic tissues in the regulation
of the AA supply to the peripheral tissues (such as muscle) therefore appears to be prominent in the regulation of muscle growth. Whether
the peripheral tissues regulate their own supply by interacting with the splanchnic tissues (and especially the liver) or the liver is the only
regulator of the AA supply to the muscle remains in doubt.

Propionate: Splanchnic tissues: Hindlimb: Amino acids: Net flux

Growing ruminants fed on fresh grass or grass silage are
characterised by an insufficient supply of energy and diges-
tible protein in the gut to satisfy high growth requirements
(Institut National de Recherches Agronomiques, 1978). To
improve the metabolisable energy (ME), N intake and
growth of animals fed fresh forages, a concentrate sup-
plementation is often applied. However, when such a sup-
plementation is applied, energy and N supply are increased
simultaneously. Consequently, it is hard to distinguish the
direct effect of N supplementation from the indirect
effect of energy supplementation (via sparing processes
of amino acids (AA) at the portal-drained viscera (PDV),

liver or peripheral tissues levels) on N metabolism in the
different tissues and organs.

An increase in propionate absorption from the rumen has
been previously shown to increase milk and milk protein
yield (Huhtanen et al. 1998), carcass protein deposition
(Hovell & Greenhalgh, 1978; Moloney, 1998) and protein
synthesis (Abdul-Razzaq & Bickerstaffe, 1989) in the
muscle of ruminants. An increase in propionate absorption
can be brought about by a direct intraruminal infusion of
propionate or after a diet manipulated in favour of a pro-
pionic fermentation profile. However, conflicting results
were found by Harmon & Avery (1987), who found a
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decrease in net portal flux of a-amino-N after the addition
of sodium propionate in concentrate-fed steers. Similarly,
Hovell & Greenhalgh (1978) did not find any effect of
propionate salts (22 % of the total ME intake) on lamb
growth. Most of the studies in growing ruminants or non-
ruminants supplemented with volatile fatty acids (VFA)
have examined (1) the net portal appearance (NPA) of
the N compounds using arterio-venous differences (Seal
et al. 1993; Nozière et al. 2000), (2) the utilisation of the
N compounds by the liver, particularly the effect of propio-
nate on ureagenesis (in vitro results; Demigné et al. 1991),
(3) N balance and the carcass composition (Moloney,
1998), or (4) protein synthesis and AA balance in the
muscle (Abdul-Razzaq & Bickerstaffe, 1989). No study
so far has examined these aspects together to obtain an
integrated view of the effects of VFA supplementation
on N utilisation by the tissues and organs that are the
major N consumers in growing, meat-producing ruminants;
the PDV, the liver and the muscle. Moreover, no data are
available on the net fluxes of N nutrients in growing rumi-
nants fed grass.

The PDV and the liver are two major sites of utilisation
of nitrogenous nutrients. Indeed, they represent up to
30–40 % of the whole-body protein synthesis (Lobley,
1994) and up to 50 % of the overall energy expenditure
(Ortigues & Doreau, 1995; Majdoub et al. 2003). These
two organs, because of their very active metabolism and
their anatomical position, influence the amount and the
pattern of AA supplied to the muscle (Lobley, 1994). In
a situation of limited supply of digestible protein in the
gut (in addition to a limited supply of energy), the use
of AA to cover the energy requirements of splanchnic
tissues (Lapierre & Lobley, 2001) would further penalise
the limited NPA of AA. In addition to the normal utilis-
ation of AA for protein synthesis in the liver, the hepatic
detoxification of large amounts of NH3 to urea (Milano
et al. 2000) could also create another drain on AA and
further limit AA availability to the peripheral tissues. In
the liver, the AA can also be used for gluconeogenesis,
particularly when glucose precursors (especially propio-
nate) are insufficient (Kelly et al. 1993; Van der Walt,
1993). The negative consequences of splanchnic N metab-
olism on AA availability to peripheral tissues might be
limited by an increased availability of energy-yielding sub-
strates. These might act by sparing the AA (Seal & Parker,
1996), which could then be used for protein synthesis
instead of for energetic purposes in the PDV and the
liver (Seal et al. 1993). This mechanism could then
improve AA availability to the peripheral tissues such as
muscle (Lapierre et al. 2000).

The present study is part of a larger research programme
on meat quality at grass. Thus the aim of the present study
was to investigate the effect of an exogenous propionate
supply in growing ruminants fed frozen rye grass on the
PDV release of N, the utilisation and net release of N by
the liver and the utilisation of the AA by the peripheral tis-
sues (and especially the muscle). This integrated view
could provide information on where (at the PDV or the
liver level) and how (via some sparing mechanism of the
AA or via hormonal regulation involving insulin, for
instance) the energy supply can help to improve muscle

growth. A companion paper has already shown that propio-
nate infusion alters the fluxes of energy compounds and
insulin (Majdoub et al. 2003).

Materials and methods

Animals, diet and treatments

Six INRA 401 lambs of 31 (SD 4·0) kg were surgically
fitted with a rumen cannula (12 mm internal diameter)
and chronic blood catheters in the portal vein, a hepatic
vein, an external iliac vein and a mesenteric artery.
Splanchnic catheters were introduced as described by
Ortigues & Durand (1995). The external iliac catheter
was introduced via the femoral vein and the tip was posi-
tioned just between the two bifurcations of the deep
femoral vein and circumflex iliac vein (Majdoub et al.
2003). Lambs were also fitted with two ultrasonic
blood-flow probes (Transonic Systems Inc., Ithaca, NY,
USA) around the portal vein (16A) and an external iliac
artery (3R) and the blood flows were recorded using a
flowmeter (T206; Transonic Systems Inc.). Animals
were housed in individual stalls with ad libitum access
to drinking water and salt lick, under continuous lighting.
After a recovery period from surgery of a minimum of
8 d, lambs were adapted to the basal diet during 2
weeks. Lambs received perennial rye grass (first cut, fer-
tilised at 80 kg N/ha), harvested at grazing stage, chopped
in 50 mm lengths, frozen at 2358C and stored at 2158C
at an estimated level of 690 kJ ME/kg average metabolic
body weight as twelve equal meals. Since the quality of
fresh grass varies temporally, the rye grass was frozen
in order to obtain a homogeneous batch of grass whose
properties (in terms of degradability and digestibility)
were as close as possible to fresh grass. Rye-grass ME
content was estimated at 11·6 MJ/kg DM (Institut National
de Recherches Agronomiques, 1978). The contents of rye-
grass-N, crude fibre and soluble sugars were 3·35 (SD

0·06), 21·22 (SD 0·55) and 10·89 (SD 0·85) % on a DM
basis, respectively (Majdoub et al. 2003). The rye-grass
DM content measured on a daily basis averaged 19·6
(SD 2·58) %. The content of soluble N was 25·6 % of
total N. Lambs received three treatments according to a
replicated 3 £ 3 Latin square design at an average exper-
imental weight of 32 (SD 2·2) kg. Treatments consisted of
8 d of continuous intraruminal infusion of a salt solution
(Na and K) for the control treatment, or of a propionate
solution at 0·23 M for the propionate 1 (P1) and at
0·41 M for the propionate 2 (P2) treatments as described
previously (Majdoub et al. 2003). All solutions were buf-
fered to pH 4·6, with HCl for the control treatment and
with NaOH (3 M) and KOH (1 M) for P1 and P2, and
supplied the same daily amount of Na and K (4·97 Na/d
and 2·82 K/d). Solutions were infused at a maximal rate
of 1·68 (SD 0·057) ml/min. The propionate infusions sup-
plied 69 and 110 kJ ME/kg average metabolic body
weight and represented 10 and 16 % of the daily ME
allowances from rye grass (for P1 and P2 respectively).
The treatment periods were separated by a transition
period of 7 d. The infusions had no effect on rumen pH
and osmolarity.
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The experiment was conducted in a manner compatible
with national legislation on animal care (Certificate of
Authorisation to Experiment on Living Animals, no.
004495, Ministry of Agriculture).

Sampling procedures and laboratory analyses

On the last day of infusion, blood flows in the portal vein
and in the external iliac artery were continuously recorded
over 4 h (over two feeding cycles, between 11.00 and 15.00
hours). Hepatic arterial blood flow was estimated at 5·3 %
of the portal blood flow based on the reported contribution
to hepatic blood flow (Barnes et al. 1986; Milano et al.
2000). Some of the net balances of metabolites (total AA
(TAA), non-essential AA (NEAA), essential AA (EAA),
branched-chain AA (BCAA), urea-N and NH3-N) have
been recalculated using a contribution of the hepatic arter-
ial blood flow of 15 % of the portal flow (data not shown).
In the present study, the influence of this contribution in
the calculation of the net hepatic and total splanchnic
tissue net fluxes is very low and the interpretation of the
data in terms of ‘propionate effect’ remains the same. Con-
sequently, the hepatic and total splanchnic tissue net fluxes
have been calculated using a contribution of the arterial
blood flow of 5·3 % of the portal flow. To facilitate the
interpretation of hindlimb blood flows (which fluctuate
depending on the position of the animal), visual obser-
vations were made of the behaviour of the animals
during this period and blood sampling was performed
only in quietly standing animals. Eight sets of blood
samples were taken from the portal vein, the hepatic
vein, the external iliac vein and from the mesenteric
artery every 30 min and starting 15 min postprandially.
Blood (2·5 ml) was taken in tubes containing 3 mM-
EDTA-K (10ml/ml blood) (Sigma, St Louis, MO, USA)
as anticoagulant and centrifuged at 48C. The packed cell
volume was determined on the blood before centrifugation.
Plasma was frozen at 2208C for the later analysis of NH3

(Bergmeyer (1985) according to the Berthelot method),
urea (KitS-1000; bioMérieux, Marcy l’Etoile, France) and
AA. The storage at 2208C of the plasma samples for
AA analysis induced a partial degradation of glutamine
into glutamate and asparagine into aspartate. Consequently,
the data for glutamate and glutamine (Glx) were combined
as well as the data for aspartate and asparagine.

The AA concentrations were determined on pooled
plasma samples after deproteinisation of 0·65 ml plasma
with 0·24 M-sulfosalicylic acid (0·65 ml) by ion-exchange
chromatography (Biotronik LC 5001; Biotronik, Pusheim
Banhof, Germany), with ninhydrin as the colorimetric
reagent.

Three samples of rumen fluid (20 ml) were taken every
30 min over one feeding cycle (between 15.00 and 17.00
hours). The analyses performed on the rumen fluid samples
are detailed in the companion paper (Majdoub et al. 2003).

Calculations and statistical analyses

Net nutrient fluxes through the PDV, the liver and the hind-
limb were calculated as described by Katz & Bergman
(1969). The net nutrient fluxes were calculated as

differences between the afferent flux and the efferent
flux. Consequently, a positive net flux indicates a net
release whereas a negative net flux indicates a net uptake.

The NPA of metabolites (MET) was calculated as
follows:

NPA ¼ ðconcentration of METPV

2 concentration of METAÞ £ PFp;

where PFp is the portal plasma flow, and METPV and
META are the metabolites in the portal vein and the
artery respectively. Since the AA were assayed in the
plasma, the blood flows were transformed into plasma
flows using the packed cell volume. The net hepatic flux
of AA, NH3 and urea was calculated as follows:

Net hepatic flux ¼ ðconcentration of METHV £ 1·053

2 ðconcentration of METPV

þ concentration of META £ 0·053ÞÞ

£ PFp;

where METHV is the metabolites in the hepatic vein. Last,
the net flux of AA, NH3 and urea across the hindlimb was
calculated as follows:

Net flux across the hindlimb

¼ ðconcentration of METI 2 concentration of METAÞ

£ PFI;

where PFI is the iliac plasma flow and METI the metab-
olites in the iliac vein. The fractional extraction was calcu-
lated as the net flux:total entry flow ratio to the tissue. EAA
included histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine and valine; NEAA included
alanine, arginine, asparagine þ aspartic acid, glutamic
acid þ glutamine, glycine, proline, serine and tyrosine;
BCAA included isoleucine, leucine and valine. TAA
were the sum of EAA and NEAA.

For the splanchnic tissues, the data were analysed
according to a replicated Latin square design with treat-
ment, square, animal (square) and period as the main fac-
tors, despite the fact that measurements could not all be
carried out on the same days. However, because of pro-
blems with catheter patency, the results for the hindlimb
are based on four animals only and the data were analysed
by ANOVA using treatment and animal as the main fac-
tors. Analyses were carried out using the general linear
model procedure of Statistica version 5.5 (1984–2000;
StatSoft, Tulsa, OK, USA). Means were compared by
orthogonal contrasts (contrast 1: control v. (P1þP2), and
contrast 2: P1 v. P2) to test responses to the presence of
propionate and to the level of propionate. Differences
were considered significant if P,0·05 and as a tendency
for 0·05,P,0·1.
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Results

Intake and ruminal fermentations

The experiment began a minimum of 3 weeks after sur-
gery. The DM as well as the N intake decreased by
approximately 10–15 % between the control and propio-
nate-infused animals (913, 823 and 811 g DM intake/d
and 31·6, 27·7 and 26·2 g N intake/d for the control, P1
and P2 animals respectively; P¼0·05). The drop in
intake measured with the P1 and P2 treatments was entirely
due to a high daily variability in the DM content of frozen
grass (Majdoub et al. 2003) and not to the propionate treat-
ment. The fermentation parameters were detailed in a com-
panion paper (Majdoub et al. 2003). Briefly, the amounts
of propionate infused were 0·55 (SD 0·027) and 0·98 (SD

0·033) mol/d, which induced increases of 36 and 71 % in
propionate concentrations in the rumen fluid for P1 and
P2 respectively (P,0·001). Acetate and butyrate concen-
trations in the rumen remained stable whereas the caproate
concentrations tended to decrease by 51 % (P,0·07) over
all the treatments. Consequently, the molar proportions of
acetate in the rumen dropped from 59·2 to 53·4 and
51·3 % (P,0·001) while those of propionate rose from
24·8 to 33·0 and 37·5 % (P,0·001) in the control, P1 and
P2 animals respectively (Majdoub et al. 2003). Rumen
fluid pH and NH3 concentrations were not altered by the
propionate infusion (6·38 and 10·49 mm on average
respectively).

Blood flows and amino acids concentrations

Blood flows in the portal vein and the external iliac artery
(Table 1) averaged 128·4 and 8·4 ml/min per kg0·75 respect-
ively and were not altered by the propionate infusion.
Packed cell volumes averaged 0·27 and were not modified
by the treatments. Packed cell volumes remained stable
throughout the sampling period (data not shown); conse-
quently, the plasma flows were not altered by the propio-
nate infusion (Table 1).

The TAA concentrations in the artery were not altered
by the propionate infusion (Table 1); similarly the arterial
concentrations of NEAA and EAA. Considering the EAA
individually, a decrease in arterial concentrations with
the propionate infusion was noted for the BCAA
(P,0·04) (isoleucine (P,0·03) and valine (P,0·03))
and threonine (P,0·05) by an average of 17 % (Tables 1
and 2). Consequently, the relative arterial concentrations
of BCAA to the TAA decreased (P,0·04) after the propio-
nate infusion (20·2, 18·7 and 16·8 % for the control, P1 and
P2 animals respectively). When considering other blood
vessels, treatment effects appeared as statistically signifi-
cant or as trends when arterial concentrations were signifi-
cantly modified by treatments (for example, for BCAA and
some NEAA such as serine and glycine; data not shown).
The plasma NH3-N and the urea-N concentrations in the
artery (as well as in the other vessels) were not altered
by the propionate treatments (data not shown).

Net fluxes of amino acids in the portal-drained viscera

Control animals. The net release of N as TAA-N and
NH3-N in the portal vein represented 15·7 and 13·5 %
respectively of total N intake and the NPA of N as EAA-
N, NEAA-N and BCAA-N amounted to 55, 45 and 17 %
respectively of that of TAA-N (calculated from Table 3).
On the other hand, a net transfer of urea-N was noted
(22·9 % daily N intake) from arterial blood to the lumen
of the gut (data not shown). On an individual basis
(Tables 4 and 5), all the AA showed either a net positive
release in the portal vein (all EAA) or a net flux, which
was not (P,0·04) different from zero (mostly NEAA).
However Glx were removed in substantial proportions by
the PDV (21·08 (SEM 0·24) mmol/h for Glx in comparison
with a NPA of TAA of þ13·45 (SEM 1·66) mmol/h).

Propionate effects. The infusion of propionate did not
significantly modify the NPA of TAA or even EAA,
BCAA and NEAA (Table 3). Taking the EAA individually,
the NPA of valine (P,0·04) and to a lesser extent isoleucine

Table 1. Blood and plasma flows in the portal vein and external iliac artery and amino acid concentrations in the mesenteric artery
in lambs fed frozen rye grass with intraruminal infusions of propionate*

(Mean values and standard errors of the mean)

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

Live weight (kg) 6 32·1 32·5 32·3 0·51 0·59 0·38 0·62
Blood flow (litres/h)

Portal vein 6 105·5 101·0 106·0 3·13 0·65 0·69 0·41
External iliac artery 4 6·9 6·9 6·8 0·24 0·80 0·56 0·83

Plasma flow (litres/h)
Portal vein 6 76·7 74·2 77·9 2·65 0·71 0·86 0·43
External iliac artery 4 5·0 5·0 4·8 0·18 0·88 0·65 0·88

TAA (mM) 6 2909 2629 2761 85·5 0·41 0·25 0·52
EAA (mM) 6 1090 928 919 41·0 0·13 0·05 0·91
NEAA (mM) 6 1819 1701 1842 58·3 0·54 0·69 0·31
BCAA (mM) 6 588 491 463 24·8 0·04 0·01 0·52

C, control treatment; P1, 0·23 M-propionate infusion; P2, 0·41 M-propionate infusion; TAA, total amino acids; EAA, essential amino acids; NEAA, non-
essential amino acids; BCAA, branched-chain amino acids.

* For details of diets and procedures, see p. 940.
† Contrast 1: C v. (P1þP2), contrast 2: P1 v. P2.
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Table 2. Amino acid concentrations (mM) in the mesenteric artery of lambs fed frozen rye grass with intraruminal infusions of
propionate*

(Mean values and standard errors of the mean)

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

EAA
Histidine 6 46·0 44·0 42·7 1·98 0·72 0·47 0·76
Isoleucine 6 134·7 115·7 104·0 5·50 0·03 0·02 0·25
Leucine 6 161·4 146·1 133·4 6·16 0·11 0·06 0·30
Lysine 6 161·8 148·6 139·8 7·27 0·50 0·29 0·64
Methionine 6 26·2 25·9 25·5 0·92 0·96 0·82 0·87
Phenylalanine 6 78·6 81·4 74·4 3·62 0·72 0·93 0·43
Threonine 6 189·4 137·9 174·0 13·34 0·05 0·06 0·08
Valine 6 292·1 228·7 225·15 13·93 0·03 0·01 0·88

NEAA
Alanine 6 231·5 226·5 255·5 9·69 0·45 0·65 0·25
Aminobutyric acid 6 4·5 3·7 3·6 0·45 0·69 0·41 0·92
Arginine 6 226·1 224·5 189·6 13·77 0·38 0·45 0·24
Aspartate þ asparagine 6 78·0 66·8 69·3 3·87 0·39 0·19 0·76
Citrulline 6 217·8 186·8 179·9 14·38 0·09 0·04 0·68
Cystathionine 6 1·1 1·8 1·7 0·19 0·33 0·15 0·85
Glycine 6 497·5 461·5 529·9 27·50 0·18 0·95 0·07
Glutamate þ glutamine 6 473·0 439·9 476·7 17·56 0·51 0·62 0·30
Hydroxyproline 6 25·3 20·7 23·0 1·88 0·53 0·34 0·56
Ornithine 6 133·7 110·8 110·7 7·07 0·20 0·08 0·99
Proline 6 99·0 89·2 101·3 3·18 0·26 0·56 0·13
Serine 6 116·4 101·8 118·1 4·56 0·08 0·31 0·04
Taurine 6 38·0 41·4 50·2 5·25 0·30 0·27 0·28
Tyrosine 6 97·1 97·4 101·8 4·51 0·90 0·81 0·71

C, control treatment; P1, 0·23 M-propionate treatment; P2, 0·41 M-propionate treatment; EAA, essential amino acids; NEAA, non-essential amino acids.
* For details of diets and procedures, see p. 940.
† Contrast 1: C v. (P1þP2), contrast 2: P1 v. P2.

Table 3. Splanchnic and hindlimb net fluxes of amino acids (mmol/h) in lambs fed frozen rye grass with intraruminal infusions of
propionate*

(Mean values and standard errors of the mean)

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

TAA
PDV 6 13·45 10·65 15·87 1·66 0·30 0·94 0·13
Liver 6 212·83 211·17 216·69 1·33 0·12 0·61 0·05
TSP 6 0·62 20·53 20·82 1·40 0·86 0·60 0·92
HL 4 20·78 20·95 20·51 0·16 0·45 0·93 0·23

EAA
PDV 6 6·38 6·09 8·17 0·63 0·30 0·53 0·16
Liver 6 22·72 23·60 24·87 0·48 0·07 0·06 0·15
TSP 6 3·66 2·50 3·31 0·64 0·69 0·53 0·56
HL 4 20·64 20·64 20·35 0·10 0·21 0·39 0·13

NEAA
PDV 6 7·08 4·56 7·70 1·14 0·37 0·63 0·19
Liver 6 210·11 27·58 211·82 0·94 0·12 0·80 0·05
TSP 6 23·04 23·02 24·13 0·85 0·71 0·69 0·48
HL 4 20·14 20·31 20·16 0·08 0·85 0·74 0·68

BCAA
PDV 6 2·52 2·41 4·05 0·34 0·11 0·31 0·06
Liver 6 0·08 20·89 21·49 0·27 0·05 0·03 0·30
TSP 6 2·60 1·52 2·56 0·37 0·40 0·47 0·26
HL 4 20·43 20·41 20·22 0·07 0·17 0·27 0·12

C, control treatment; P1, 0·23 M-propionate infusion; P2, 0·41 M-propionate infusion; TAA, total amino acids; PDV, portal-drained viscera; TSP, total
splanchnic tissues; HL, hindlimb; EAA, essential amino acids; NEAA, non-essential amino acids; BCAA, branched-chain amino acids.

* For details of diets and procedures, see p. 940.
† Contrast 1: C v. (P1þP2), contrast 2: P1 v. P2.
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(P,0·13) increased with the propionate infusion, and
especially for the P2 treatment (Table 4). When considering
NEAA, the propionate infusion led to significant increases
in the NPA of tyrosine (P,0·04) and decreases in the
NPA of aminobutyric acid (P,0·09), cystathionine
(P,0·01), glycine (P,0·07) and Glx (P,0·04) (Table 5).
Except for histidine and serine, whose NPA was decreased
in the P1-treated animals (Tables 4 and 5) in comparison
with the control and P2-treated animals, the NPA of the
AA for the P1 animals was intermediate between that for
the control and P2 animals. An important effect of the
propionate infusion was an increase (approximately
2-fold) in the net transfer of arterial plasma urea-N into

the lumen of the gut (P,0·06) with no differences between
propionate concentrations (data not shown).

Net fluxes of amino acids in the liver and the splanchnic
tissues

Control animals. Across the liver, net uptake of AA
occurred. For the control animals, 95 % of the NPA of
TAA-N was removed by the liver (Table 3). The net
uptake was more limited for the EAA-N (43 % of NPA
on average, and 3 % for the BCAA-N) than for the
NEAA-N (143 % of their NPA), implying a large uptake
of the arterial NEAA-N also. Taken individually, the net

Table 4. Splanchnic and hindlimb net fluxes of essential amino acids (mmol/h) in lambs fed frozen rye grass
with intraruminal infusion of propionate*

(Mean values and standard errors of the mean)

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

Histidine
PDV 6 0·26 0·09 0·24 0·03 0·07 0·14 0·06
Liver 6 20·11 20·14 20·14 0·03 0·94 0·73 0·95
TSP 6 0·15 20·05 0·10 0·04 0·24 0·23 0·23
HL 4 20·01 20·02 20·00 0·00 0·65 0·94 0·38

Isoleucine
PDV 6 0·72 0·71 1·22 0·11 0·13 0·29 0·08
Liver 6 0·00 20·26 20·39 0·07 0·10 0·05 0·45
TSP 6 0·72 0·45 0·83 0·12 0·33 0·71 0·16
HL 4 20·12 20·13 20·07 0·02 0·34 0·64 0·18

Leucine
PDV 6 1·61 1·28 1·73 0·12 0·33 0·67 0·16
Liver 6 20·03 20·43 20·61 0·09 0·02 0·01 0·29
TSP 6 1·58 0·85 1·12 0·15 0·04 0·02 0·29
HL 4 20·12 20·14 20·09 0·02 0·59 1·00 0·33

Lysine
PDV 6 1·14 1·12 1·43 0·12 0·44 0·55 0·27
Liver 6 20·23 20·64 20·87 0·09 0·01 0·01 0·20
TSP 6 0·91 0·48 0·57 0·13 0·14 0·06 0·67
HL 4 20·07 20·11 20·07 0·01 0·19 0·26 0·14

Methionine
PDV 6 0·41 0·25 0·34 0·05 0·15 0·11 0·25
Liver 6 20·26 20·24 20·34 0·03 0·20 0·52 0·10
TSP 6 0·15 0·01 0·00 0·03 0·03 0·01 0·93
HL 4 20·01 20·02 20·02 0·00 0·32 0·17 0·71

Phenylalanine
PDV 6 1·26 1·02 1·03 0·09 0·39 0·18 0·93
Liver 6 21·20 21·12 21·15 0·08 0·91 0·70 0·88
TSP 6 0·06 20·10 20·11 0·07 0·38 0·18 0·93
HL 4 20·02 20·03 20·01 0·01 0·48 0·70 0·28

Threonine
PDV 6 0·79 1·20 1·07 0·15 0·48 0·26 0·71
Liver 6 20·99 20·56 20·88 0·15 0·24 0·23 0·22
TSP 6 20·20 0·64 0·19 0·16 0·07 0·05 0·18
HL 4 20·10 20·07 20·03 0·02 0·30 0·15 0·74

Valine
PDV 6 0·18 0·42 1·11 0·15 0·04 0·06 0·05
Liver 6 0·11 20·20 20·50 0·14 0·24 0·15 0·39
TSP 6 0·29 0·22 0·61 0·16 0·69 0·77 0·43
HL 4 20·19 20·15 20·07 0·03 0·01 0·01 0·02

C, control treatment; P1, 0·23 M-propionate infusion; P2, 0·41 M-propionate infusion; PDV, portal-drained viscera; TSP, total
splanchnic tissues; HL, hindlimb.

* For details of diets and procedures, see p. 940.
† Contrast 1: C v. (P1þP2), contrast 2: P1 v. P2.

I. C. Savary-Auzeloux et al.944

https://doi.org/10.1079/BJN
2003987  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2003987


Table 5. Splanchnic and hindlimb net fluxes of non-essential amino acids (mmol/h) in lambs fed frozen rye grass
with intraruminal infusions of propionate*

(Mean values and standard errors of the mean)

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

Alanine
PDV 6 1·70 2·57 3·05 0·35 0·13 0·06 0·45
Liver 6 22·48 22·85 23·58 0·24 0·07 0·07 0·11
TSP 6 20·78 20·28 20·53 0·18 0·48 0·30 0·54
HL 4 20·045 20·05 20·00 0·02 0·77 0·84 0·52

Aminobutyric acid
PDV 6 0·04 20·02 0·01 0·02 0·09 0·06 0·25
Liver 6 0·02 20·02 20·01 0·03 0·57 0·34 0·68
TSP 6 0·06 20·04 0·00 0·02 0·14 0·08 0·34
HL 4 0·00 0·00 0·00 0·00 0·96 0·81 0·92

Arginine
PDV 6 0·04 20·03 0·33 0·11 0·19 0·52 0·09
Liver 6 20·85 20·76 21·12 0·20 0·59 0·77 0·34
TSP 6 20·80 20·79 20·79 0·14 1·00 0·95 1·00
HL 4 20·05 20·07 20·04 0·01 0·80 0·89 0·54

Asparagine þ aspartate
PDV 6 0·75 0·41 1·33 0·20 0·11 0·74 0·04
Liver 6 21·15 20·64 21·22 0·21 0·31 0·52 0·17
TSP 6 20·40 20·23 0·10 0·16 0·03 0·03 0·06
HL 4 20·05 20·11 20·02 0·02 0·04 0·29 0·02

Citrulline
PDV 6 0·30 0·19 0·57 0·12 0·38 0·73 0·19
Liver 6 20·13 0·21 20·34 0·12 0·18 0·79 0·07
TSP 6 0·17 0·40 0·23 0·11 0·71 0·58 0·56
HL 4 20·05 20·04 20·01 0·01 0·71 0·47 0·76

Cystathionine
PDV 6 0·03 20·03 20·02 0·01 0·01 0·00 0·82
Liver 6 20·02 0·00 0·02 0·01 0·06 0·04 0·16
TSP 6 0·01 20·03 20·01 0·01 0·12 0·08 0·23
HL 4 0·00 0·00 0·00 0·00 0·40 0·24 0·56

Glycine
PDV 6 2·85 0·65 1·64 0·41 0·07 0·04 0·25
Liver 6 23·02 22·34 23·78 2·95 0·24 0·95 0·10
TSP 6 20·17 21·69 22·14 0·39 0·08 0·03 0·58
HL 4 0·13 0·05 0·08 0·04 0·93 0·81 0·80

Glutamine þ glutamate
PDV 6 21·08 22·11 22·05 0·24 0·04 0·01 0·89
Liver 6 0·52 2·12 1·43 0·35 0·16 0·09 0·37
TSP 6 20·56 0·02 20·62 0·31 0·63 0·69 0·40
HL 4 20·02 0·04 20·06 0·03 0·63 0·99 0·37

Hydroxyproline
PDV 6 20·09 20·05 0·02 0·05 0·63 0·44 0·58
Liver 6 20·18 20·22 20·08 0·05 0·08 0·59 0·03
TSP 6 20·27 20·27 20·06 0·06 0·24 0·38 0·15
HL 4 0·01 20·00 0·01 0·00 0·72 0·95 0·45

Ornithine
PDV 6 0·17 0·23 0·37 0·06 0·47 0·37 0·41
Liver 6 0·39 0·60 0·24 0·11 0·27 0·88 0·12
TSP 6 0·56 0·84 0·61 0·09 0·40 0·39 0·30
HL 4 20·09 20·05 20·02 0·01 0·04 0·02 0·25

Proline
PDV 6 0·77 0·70 0·78 0·11 0·92 0·88 0·71
Liver 6 20·55 20·73 20·61 0·08 0·64 0·49 0·52
TSP 6 0·22 20·03 0·18 0·09 0·29 0·32 0·22
HL 4 20·00 20·02 20·02 0·01 0·17 0·08 0·61

Serine
PDV 6 1·65 1·22 1·88 0·16 0·10 0·66 0·04
Liver 6 21·86 21·68 21·81 0·10 0·33 0·28 0·30
TSP 6 20·21 20·46 0·07 0·14 0·25 0·96 0·10
HL 4 20·11 20·12 20·09 0·02 0·81 0·83 0·57
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hepatic flux of AA followed the same pattern as that of
TAA, except for Glx, which showed a net hepatic release
(0·52 (SEM 0·35) mmol/h). In terms of EAA, fractional
extraction (Table 6) was greatest for phenylalanine
(16·3 %) and methionine (10·4 %), moderate for threonine
(6·1 %) and minor for the other AA. As for the NEAA,
fractional extractions were generally higher, especially
for aspartate þ asparagine (15·2 %), serine (17·6 %) and
alanine (11·9 %). The majority of the NH3-N appearing
in the portal vein (96 %) was taken up by the liver.

Propionate effects. The effects of propionate on the net
hepatic fluxes of AA were not always clear-cut because of
variations in response to the different levels of propionate.
Briefly, the net hepatic uptake of EAA, in particular the
BCAA (isoleucine (P,0·10) and leucine (P,0·02)),
lysine (P,0·01) and methionine (P,0·10) (for P2 only),
increased in a dose-dependent manner (Table 4). This
effect was associated with increases in the fractional
extraction of these AA (Table 6). The net uptake of the
gluconeogenic alanine tended to increase by 15 % (P1)
and 44 % (P2) (P,0·07) as a consequence of the higher

NPA, since the hepatic fractional extraction was not modi-
fied. The net hepatic release of Glx tended to increase
(P,0·09) with the propionate infusion, but in this case
the effect was associated with a change in the hepatic
fractional extraction.

The net splanchnic release of leucine (P,0·02) and
methionine (P,0·01) was reduced by the propionate treat-
ment, whereas that of threonine tended to increase
(P,0·05) (Table 4). Of the NEAA, propionate supplemen-
tation did not clearly influence their splanchnic release
(Table 5). The net hepatic uptake of NH3-N was not signifi-
cantly modified by the propionate infusion, but net hepatic
urea-N release tended to be increased with the P1 treatment
(P,0·08) (data not shown).

Net fluxes of amino acids in the hindlimb

Control animals. In the hindlimb, AA were extracted
(20·78 mmol/h for TAA), mostly as EAA (20·64 mmol/
h) (Table 3). Taken individually, all AA were removed
by the hindlimb (this is the case for isoleucine, leucine,

Table 5. Continued

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

Taurine
PDV 6 0·43 0·33 0·26 0·04 0·40 0·22 0·60
Liver 6 20·27 20·44 20·51 0·09 0·47 0·26 0·71
TSP 6 0·16 20·11 20·25 0·10 0·11 0·05 0·45
HL 4 0·03 20·02 20·12 0·14 0·09 0·04 0·47

Tyrosine
PDV 6 0·39 0·67 0·74 0·08 0·04 0·02 0·57
Liver 6 20·72 20·72 21·14 0·09 0·12 0·27 0·08
TSP 6 20·33 20·05 20·40 0·09 0·04 0·32 0·02
HL 4 20·01 20·02 0·00 0·01 0·31 0·82 0·15

C, control treatment; P1, 0·23 M-propionate infusion; P2, 0·41 M-propionate infusion; PDV, portal-drained viscera; TSP, total
splanchnic tissues; HL, hindlimb.

* For details of diets and procedures, see p. 940.
† Contrast 1: C v. (P1þP2), contrast 2: P1 v. P2.

Table 6. Liver extraction rates (%) of amino acids in lambs fed frozen rye grass with intraruminal infusions of propionate*

(Mean values and standard errors of the mean)

Treatments Orthogonal contrasts†

n C P1 P2 SEM Treatment effect Propionate Level

TAA 6 25·28 25·62 27·28 0·70 0·08 0·14 0·08
EAA 6 22·93 24·72 26·29 0·70 0·02 0·01 0·11
NEAA 6 26·78 26·18 27·81 0·77 0·33 0·82 0·15
BCAA 6 0·15 22·40 23·97 0·77 0·05 0·02 0·29
Histidine 6 22·61 24·11 24·03 0·95 0·80 0·52 0·98
Isoleucine 6 20·11 22·83 23·99 0·81 0·12 0·06 0·51
Leucine 6 20·21 23·57 25·03 0·78 0·01 0·00 0·22
Lysine 6 21·81 25·22 28·43 1·23 0·08 0·05 0·23
Methionine 6 210·39 211·19 214·06 1·30 0·22 0·24 0·19
Phenylalanine 6 216·34 215·30 216·84 1·10 0·72 0·87 0·44
Threonine 6 26·14 24·37 25·86 0·88 0·54 0·49 0·39
Valine 6 0·48 21·36 23·28 0·84 0·18 0·11 0·32

C, control treatment; P1, 0·23 M-propionate infusion; P2, 0·41 M-propionate infusion; TAA, total amino acids; EAA, essential amino acids; NEAA, non-essential
amino acids; BCAA, branched-chain amino acids.

* For details of diets and procedures, see p. 940.
† Contrast 1: C v. (P1þP2), contrast 2: P1 v. P2.
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lysine, threonine, valine, arginine, citrulline, ornithine and
serine) or not removed (AA whose net balance was not sig-
nificantly different from zero: histidine, methionine,
phenylalanine, alanine, aminobutyric acid, aspartate þ
asparagine, cystathionine, Glx, hydroxyproline, proline,
taurine and tyrosine) (Tables 4 and 5). Glycine is the
only AA that showed a net release (0·13 mmol/h).

Propionate effects. No major effect of the propionate
treatment was observed for the net AA fluxes (TAA,
EAA and NEAA) across the hindlimb (Table 3). Indeed,
the decreases in net splanchnic release mentioned earlier
were partially compensated by increased fractional extrac-
tion in the hindlimb (for example, methionine (P,0·07)
and lysine (P,0·05)) (Table 4). Valine uptake decreased
(P,0·01) after the propionate infusion (Table 4). The net
hindlimb fluxes were not altered by the propionate infusion
for the other AA, except for taurine and ornithine (Table 5).

Discussion

The aim of the present study was to investigate how an
alteration of the VFA profile in the rumen (with an increase
in the propionate:acetate ratio) could alter the utilisation of
the N nutrients (AA, NH3 and urea) by tissues and organs
such as the digestive tract, the liver and muscle. The effect
of an increased energy supply on the protein metabolic pro-
cesses (direct effect) or via some sparing processes of the
AA by the energetic compounds (indirect effect) was also
investigated. Concerning the sparing effect of the AA by
the energetic compounds, a significant proportion of the
AA absorbed by the splanchnic tissues is used for purposes
other than protein accretion. Some NEAA (such as alanine,
glutamate and glutamine; Gate et al. 1999) and EAA (such
as leucine; Lapierre et al. 1997) are oxidised in the PDV to
sustain its energy requirements. The AA are also involved
in urea synthesis (for NH3 detoxification) and gluconeogen-
esis in the liver. Consequently, the fate of the AA in the
splanchnic tissues (which, as previously stated, are com-
plex and involve various metabolic routes) will influence
the AA supply to the peripheral tissues such as muscle
and will have an effect on growth.

Part of the research programme, of which the present
study is also a part, was focused on the effects of an intrar-
uminal propionate infusion on energy metabolism as well as
the utilisation and metabolism of the energy-yielding nutri-
ents (VFA, glucose, lactate) across the ruminant tissues.
These results are already published (Majdoub et al. 2003).

Absorption and utilisation of the nitrogenous compounds
by the portal-drained viscera

The NPA of N (as NH3-N and TAA-N) averaged 30–40 %
of the total N intake throughout the treatments (control, P1
and P2). This ratio takes into account the utilisation of N by
the digestive tract and underestimates the apparent N
digestibility. Despite this known underestimation, the
ratio that was obtained was still low compared with the
digestibility values normally found with a fresh rye grass,
namely, 70–75 % (Institut National de Recherches
Agronomiques, 1978). The NPA of NH3-N was very low
in the present experiment (13–17 % N intake) as in the

preliminary trial (also using frozen grass) (Majdoub et al.
1999). The NPA of NH3-N was low compared with the
values generally obtained in ruminant animals (30–80 %;
Huntington et al. 1996), especially when fed fresh grass
or grass silage (34–49 %; Journet et al. 1995; DeVisser
et al. 1997). The measurement of NH3-N in the plasma
instead of in the blood in the present study could have
induced an underestimation of its NPA (Nozière et al.
1998). On the contrary, NPA of TAA-N is consistent
with that obtained in the literature (about 20 % N intake)
but lower than previously measured in younger lambs
(57 %; Majdoub et al. 1999). The net positive release of
TAA by the PDV (13·45 mmol/h) of the control animals
is consistent with what has previously been observed in
sheep (46 kg) fed 1·25 £ maintenance with a pelleted
cereal grain–straw diet (17·46 mmol/h; Balcells et al.
1995). This release of TAA from the gut tissues is normally
expected in animals fed above maintenance (Huntington
et al. 1988; Van der Walt, 1993; Lapierre et al. 2000). A
comparison of the AA appearing in the portal vein in the
control lambs given frozen rye grass with the composition
of rumen microbial protein (Storm & Ørskov, 1983) was
made and the values were normalised relative to leucine.
Except for valine (and to a lesser extent threonine), the
AA profile of the EAA was in agreement with that reported
for rumen microbial protein (Van der Walt, 1993; Lobley
et al. 1996a). The deficit in the apparent uptake of valine
and threonine in the present study can be explained by
the relatively important proportion of these two AA in
the proteins secreted by the gut tissues, such as mucins
(Mukkur et al. 1985; Lien et al. 1997), which are poorly
reabsorbed by the hindgut and consequently lost in the
faeces. In summary, the freezing process of the rye grass
alters the N solubility of the feed but whether or not the
freezing increases or decreases the N digestibility remains
a matter of debate (MacRae et al. 1975; Hristov, 1998).
These results indicate that the absolute values of N absorp-
tion and utilisation by the PDV obtained in the present
study with frozen rye grass cannot be extrapolated to
fresh grass. The AA pattern absorbed by the digestive
tract is very close to that of rumen microbial protein, show-
ing that a small quantity of AA arising directly from the
diet actually reach the intestine. These AA are conse-
quently extensively utilised and metabolised by the
rumen microflora before reaching the intestine.

The EAA release by the PDV represented approximately
50 % of the release of the TAA and was not strongly altered
by the propionate treatments (47, 57 and 51 % for the con-
trol, P1 and P2 animals respectively). This proportion has
also been shown to be unresponsive to intake level (Lapierre
et al. 2000). However, the propionate infusion induced an
increase in the PDV release of BCAA (þ61 %) (valine
especially) and tyrosine, which is consistent with the results
from Nozière et al. (2000) in underfed ewes infused with
VFA. Seal et al. (1993) also showed an increase in portal
BCAA concentrations in lambs fed hay for a growth of
100 g/d and infused with propionate at a concentration
equivalent to the P1 treatment in the present experiment.
This suggests a decrease in the utilisation and catabolism
of these AA by the PDV and a greater availability for
other tissues and organs (Seal et al. 1993). Hence,
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an indirect effect of the propionate infusion on the BCAA
catabolism in the PDV can be hypothesised. The mechan-
isms responsible for the sparing effect of propionate on
the BCAA can be explained by either an alteration of the
rumen microbiota or a decreased utilisation of these AA
by the gut cells.

Concerning the NEAA, glutamate and glutamine are
removed by the PDV for energetic purposes (Gate et al.
1999; Reeds et al. 2000; Lobley et al. 2001; Reeds &
Burrin, 2001; for a review, see Van der Walt, 1993), and
in rodents, are partly transaminated to alanine (33 % of
the glutamine uptake; Windmueller, 1982). Glutamine
also plays an important role in EAA protection from oxi-
dation (and could explain the increased NPA of BCAA,
as shown earlier) (Lobley et al. 2001). The propionate infu-
sion induced an increase in the Glx net uptake by the PDV,
which was consistent with the numerical increase in the net
PDV release of alanine (þ79 % between the control and P2
treatments; P,0·13). These results differ from those of
Seal & Parker (1996) and Nozière et al. (2000), where
the propionate infusion had no effect on the net PDV
release or uptake of alanine, glutamate and glutamine,
despite similar propionate infusion rates. The infusion
rates were 1 mol/d in the reported studies v. 0·55 and
0·98 mol/d for the P1 and P2 treatments respectively in
the present study. The reasons for this discrepancy are
unclear. First, the rumen microbes seem to use important
amounts of propionate (Kristensen et al. 2000). In the pre-
sent study the propionate infusion may have altered the
profile of the nutrients used by the rumen microbes and
have spared some AA such as glutamate and glutamine.
This statement is reinforced by the fact that an increased
urea net transfer from the arterial blood to the gut has
been observed after the propionate infusion. Second, the
butyrate concentration in the rumen fluid tended to be
lower with the propionate infusion in the present study,
as previously noted by Moloney (1998), suggesting a
small drop in the protozoal population in the rumen (Jour-
net et al. 1995). A modification in the profile of the rumen
microbes can lead to an altered profile in the AA and
energy nutrients supplied to the intestine and possibly in
the AA profile appearing in the portal vein. Concerning
the utilisation of the propionate as a substrate by the
gastrointestinal cells themselves, propionate is known to
increase the proliferation of epithelial cells in vivo
(Sakata & Tamate, 1978) with a more complex action in
vitro (Baldwin, 1999). Glutamine is one of the possible
precursors for mucosal nucleic acid synthesis (Newsholme
& Carrie, 1994; Gate et al. 1999; Reeds et al. 1999).
Hence, it is possible that a stimulation of cell proliferation
by propionate could be partly responsible for the increased
net PDV Glx uptake (driven by an increased glutamine
uptake).

Another NEAA whose PDV release tended to be modi-
fied (decreased; P,0·07) by the treatment was glycine.
Rémond (2000a,b) showed that the rumen can be a net
user of glycine. Consequently, with the assumed modifi-
cations in rumen wall metabolism due to the propionate
infusion, the removal of glycine by the rumen could have
become more important in glycine utilisation in compari-
son with the rest of the PDV. The involvement of glycine

in nucleic acid production may also be responsible for the
alterations in its net PDV release.

Absorption and utilisation of the nitrogenous compounds
by the liver

The quantity of TAA-N utilised by the liver represented
about 10–20 % of the ingested N in the control animals.
This is in accordance to what was observed by Reynolds
et al. (1991), where 40–70 % of the NPA of TAA-N was
removed by the liver. The fate of the AA in the liver can
be 2-fold: (1) oxidation for energetic purposes and urea-
genesis in parallel or (2) synthesis of endogenous or
exported proteins in the liver (Lobley, 1994). The quantity
of TAA-N utilised by the liver was increased after the pro-
pionate treatments (20 and 31 % of N intake for the control
and P2 treatments respectively). For the P1 and P2 animals,
the TAA-N uptake by the liver was even greater than the
TAA-N appearing in the portal vein, showing a contri-
bution of the arterial supply of AA to the liver in this situ-
ation. To explain this result, several hypotheses can be
made. These are: (1) the peripheral tissues (such as
muscle) are in a catabolic state to supply AA to the
liver; (2) the liver synthesises more exported proteins,
which have not been measured in the present study; or
(3) some amino-N has not been taken into account in the
measurements in the present study (such as peptides). No
effect of the propionate treatment on the hindlimb net
TAA balance could be demonstrated; however, the net
BCAA uptake by the hindlimb tended to decrease
(P,0·07) after the propionate infusion. Hence, an
increased supply of AA from the peripheral tissues to the
liver (via arterial blood) cannot be excluded during the pro-
pionate infusion. An increase in the synthesis of liver pro-
teins can also be hypothesised, probably due to the
increased supply of energy to the liver (Lobley et al.
1999). The utilisation of the TAA-N by the liver is
increased after the propionate treatments in parallel with
the increased insulin secretion and uptake by the liver
measured in those same animals (Majdoub et al. 2003).
An increased insulin secretion was previously reported
after propionate treatment by Harmon (1992), Seal &
Parker (1994) and Casse et al. (1994). While no obvious
effect of insulin on protein synthesis in the liver has been
demonstrated (Ahlman et al. 2001), insulin does play a
role in the synthesis of exported proteins. Insulin induces
an increased synthesis of albumin (one of the major
exported proteins) (De Feo et al. 1991; Ahlman et al.
2001) and a decreased synthesis of fibrinogen (De Feo
et al. 1991; Ahlman et al. 2001). An increased synthesis
of exported proteins induced by insulin may be one of
the explanations for the increased AA uptake by the
liver. Last, the potential role of the peptides is much
more difficult to assess in the present study since there
was no direct measurement of these moieties. According
to Backwell et al. (1997) and Webb (1999), it seems that
intact peptides, whether appearing in the portal vein
(through the omasal epithelium) and utilised by the differ-
ent tissues and organs, are not the major form for N trans-
fer in the body. However, recent results from Rémond
(2000a,b) showed that 38 % of the total amino-N
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portal flux can be attributed to the peptides. Consequently,
even if minor, the importance of these peptides may vary
with the level of intake and the nature of the diet given
to the animals.

EAA utilisation by the liver represented 21, 32 and 29 %
of the TAA taken up by the liver for the control, P1- and
P2-treated animals respectively. Again, these values are
consistent with the values obtained by Koeln et al.
(1993; 34 %), Reynolds et al. (1994; 32 %), Bruckental
et al. (1997; 21 %) and Lapierre et al. (2000; 15 %). In con-
trast to what was observed in the PDV, the propionate
treatment (and especially P2) induced an increase in
TAA utilisation by the liver (þ30 % between the control
and P2 treatment). This was mainly the case for EAA
(þ79 %) and to a lesser extent for NEAA (þ17 %). The
response of EAA gives another reason to suggest an
increase in protein synthesis in the liver (Lobley et al.
1999). As previously discussed, the role of insulin in the
protein synthesis of exported proteins (such as albumin)
could play an important role in the utilisation of the
EAA in the liver. The utilisation of NEAA was not
strongly altered, except for alanine. Indeed, alanine
uptake tended to increase by 43 % (P,0·07). In vitro, pro-
pionate induced a decrease in alanine oxidation, which
could be explained by a substitution of alanine by propio-
nate for net glucose production (Mutsvangwa et al. 1997).
However, in the present experiment, net hepatic glucose
production was not altered (Majdoub et al. 2003),
suggesting changes in the relative contribution of each glu-
cose precursor. In the present case, the increased alanine
uptake could compensate for a decreased hepatic utilisation
of glutamate, which is commonly used in the liver as a glu-
coneogenic precursor (Van der Walt, 1993). For some
specific AA (BCAA, alanine), the increase in the liver
uptake occurred in parallel to the increase in PDV release.
The liver responds by increasing its protein synthesis rate
and inhibiting its protein degradation (Meijer et al. 1999)
or by modifying the contribution of the different AA to
gluconeogenesis. More specifically, the synthesis of
exported proteins (such as serum albumin) is more reactive
to a variation in the AA supply than the synthesis of
endogenous hepatic proteins in single-stomached animals
and in ruminants (Chiku et al. 1993; Barle et al. 1997;
Connell et al. 1997). From the results obtained in the
present study, the propionate infusion seems to have
more influence on liver protein metabolism (probably via
insulin) than on a sparing effect of propionate on AA
utilisation by the liver (especially since no increased
gluconeogenesis could be demonstrated when propionate
was infused; Majdoub et al. 2003).

The propionate treatment did not have any strong effect
on urea production by the liver. These results contrast with
those obtained with hepatocytes in vitro in sheep (Demigné
et al. 1991) or in rodents (Stewart & Walser, 1980), where
propionate induced an increased ureagenesis at a similar
NH3 supply. However, these in vitro effects were not con-
firmed in vivo by Kim et al. (1999), where abomasal pro-
pionate infusion in adult sheep did not inhibit
ureagenesis. However, the propionate concentration in the
hepatic blood of our sheep ranged between 0·13 and
0·19 mM for the control and P2 animals respectively

(P,0·01) (Majdoub et al. 2003). This is much lower
than the propionate concentrations used in the in vitro
studies; 5 mM (Garwacki et al. 1990), and from 0·31 to
1·25 mM (Mutsvangwa et al. 1997).

Absorption and utilisation of the nitrogenous compounds
by the splanchnic tissues (portal-drained viscera þ liver)

Generally, the utilisation of specific AA by the liver (Biolo
et al. 1992; Lobley et al. 1996b; Seal & Parker, 1996)
influences the AA profile offered to peripheral tissues,
especially muscle. In the present experiment, the tendency
for a greater release of AA (and especially the BCAA) by
the PDV observed after the propionate treatment was
entirely erased by the increase of the hepatic uptake of
these AA. This resulted in no changes to the splanchnic
AA balance by propionate.

With the propionate treatments, the net urea transfer
from the artery to the gut increased. This is consistent
with the data summarised by Rémond et al. (1996),
where supplementation of the feed by rapidly fermentable
energy sources doubled the daily flux of urea across the
rumen wall (Norton et al. 1982; Theurer et al. 2002). Simi-
lar results were found in sheep (Kim et al. 1999) where
propionate infusion in the abomasum induced a 40 %
increase in urea recycling. The mechanism by which pro-
pionate increases urea recycling may be an alteration of
the rumen microbial metabolism (when fermentable carbo-
hydrates are supplemented in the diet). The mechanism
may be from an alteration of the urea entry across the
rumen wall (when propionate itself is supplied in the
rumen) or from an alteration in the utilisation of the pro-
pionate by the gut or the liver (when propionate is supplied
in the abomasum) (Rémond et al. 1996; Kim et al. 1999;
Kristensen et al. 2000). Another factor that can influence
urea transfers between the blood and rumen is the NH3-N
concentration present in the rumen (Ferrel et al. 2001),
but in the present study it could not account for the
increase in the urea transfer observed. Indeed, the NH3-N
concentration in the rumen was not altered after the propio-
nate treatment (Majdoub et al. 2003).

Surprisingly, and contrary to what was previously
demonstrated by Seal & Parker (1996), the increased
urea net transfer from artery to the rumen after the propio-
nate infusion did not increase the NPA of AA; in fact the
NPA was decreased. However, because of the heterogen-
eity in the DM of the frozen grass given to the animals,
the N intake in the control (31·6 g/d) was higher
(P,0·05) than the N intake in the P1 (27·7 g/d) and P2
(26·2 g/d) periods. This result was not due to a decrease
in the total intake of frozen fresh grass after the propionate
treatment but was totally explained by a higher DM of the
grass given during the control period. When ingested N
was used as a cofactor in the statistical analysis, this
explained the decreased AA PDV net release (P,0·05).
NH3-N and urea-N were measured in plasma, based on
the Berthelot reaction (Berthelot, 1859) in the present
experiment and not in blood. Thus an underestimation of
the urea and NH3 fluxes occurred (Nozière et al. 1998).
Consequently, it is difficult to interpret further the data
concerning the urea-N and NH3-N.
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Nitrogen net uptake and release by the peripheral tissues
(hindlimb)

The effects of propionate (or glucose) treatments on N
metabolism (global N retention, protein synthesis in
muscle and milk production) in ruminants have been stu-
died extensively (Eskeland et al. 1973, 1974; Abdul-
Razzaq & Bickerstaffe, 1989; Seal et al. 1993; Huhtanen
et al. 1998; Moloney, 1998; Kim et al. 1999; Ørskov
et al. 1999; Obitsu et al. 2000). Whatever the mechanisms
underlying this process (the role of insulin is indisputable),
propionate or glucose infusions induce an increase in N
retention in the muscle (Abdul-Razzaq & Bickerstaffe,
1989; Moloney, 1998) or an increase in milk production
and protein content in the milk (Huhtanen et al. 1998).
However, in the present study, the propionate infusion
had no effect on the net hindlimb uptake of TAA, EAA
and NEAA. This is consistent with results at the splanchnic
level, where no effect of the propionate treatment on the
splanchnic release of AA was observed. Only the BCAA
showed a tendency for a decrease in hindlimb uptake
(249 % between the control and P2 animals). These results
differed from what occurred for the energy nutrients.
Despite an unchanged release of energy by the splanchnic
tissues, the energy uptake by the hindlimb (as glucose,
acetate and L-lactate) increased from 8 to 11 and 12 kJ/h
(Majdoub et al. 2003). An increased sensitivity and respon-
siveness of the hindlimb tissues to insulin has been hypoth-
esised to explain the increased energy uptake. However, in
terms of AA metabolism, the role of insulin is strongly cor-
related to the AA supply to the tissues (Grizard et al.
1995). In the present study, neither the AA nor the insulin
supply to the hindlimb was altered by the propionate infu-
sion. This could explain the lack of effect of the propionate
treatment on the hindlimb net AA balance.

When looking at the AA concentrations in the artery, a
decrease in EAA and BCAA concentrations (216 and
221 % respectively between the control and P2 animals)
occurred with the propionate treatment. Similar effects
have been observed after glucose or propionate infusion
in most studies (for example, Cappelli et al. 1997; Nozière
et al. 2000; Obitsu et al. 2000), in spite of a few conflicting
data where no change (Balcells et al. 1995) or an increase
(Seal et al. 1993; Seal & Parker, 1996) in EAA concen-
trations was observed. A decrease in AA concentrations
in systemic blood would tend to indicate an increase in
the utilisation of these AA by peripheral tissues (such as
muscle), which was not confirmed by the net hindlimb
fluxes measured.

In conclusion, although N utilisation by the digestive
tract and the liver was altered by the propionate infusion
(especially AA utilisation and release by the gut and the
liver), no strong effect on the peripheral tissues could be
demonstrated. In the present experiment, the regulation
of metabolism in the splanchnic tissues (involving insulin
and the nutrients themselves) had an effect on the relative
potential contribution of each gluconeogenic precursor to
the glucose synthesis in the liver without any strong
effect on the energy and N supply to the peripheral tissues.
However, even if no effect of propionate on muscle protein
metabolism could be demonstrated, the propionate infusion

induced an increased protein metabolism in the liver (via
insulin). The close interaction between the liver and the
muscle for AA utilisation plays a crucial role in the overall
AA metabolism in the whole body.
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des dépenses énergétiques entre le tube digestif, le foie et les
muscles chez des agneaux recevant du ray-grass, stade pâturage
(Distribution of nitrogenised nutrients and energy expenditure
between the digestive tract, the liver and muscles in lambs
receiving rye-grass, at the pasture stage). In Rencontres
Recherches Ruminant, 6th ed., pp. 119–122.

Majdoub L, Vermorel M & Ortigues-Marty I (2003) Intraruminal
propionate supplementation modifies hindlimb energy metab-
olism without changing the splanchnic release of glucose in
growing lambs. Br J Nutr 89, 39–50.

Propionate supplementation in lambs 951

https://doi.org/10.1079/BJN
2003987  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2003987


Meijer AJ, Blommaart EFC, Dubbelhuis PF & Van Sluijters DA
(1999) Regulation of hepatic nitrogen metabolism. In Proceed-
ings of the VIIIth International Symposium on Protein Metab-
olism and Nutrition, pp. 155–175 [GE Lobley, A White and
JC MacRae, editors]. Wageningen, The Netherlands: Wagenin-
gen Press.

Milano GD, Holston-Moore A & Lobley GE (2000) Influence of
hepatic ammonia removal on ureagenesis, amino acid utiliz-
ation and energy metabolism in the ovine liver. Br J Nutr 83,
307–315.

Moloney AP (1998) Growth and carcass composition in sheep
offered isoenergetic rations which resulted in different concen-
trations of ruminal metabolites. Livest Prod Sci 56, 157–164.

Mukkur TK, Watson DL, Saini S & Lascelles AK (1985)
Purification and characterization of goblet-cell mucin of high
Mr from the small intestine of sheep. Biochem J 229, 419–428.

Mutsvangwa T, Buchanan-Smith JG & McBride BW (1997)
Effects of ruminally degradable nitrogen intake and in vitro
addition of ammonia and propionate on the metabolic fate
of L-[1-14C]alanine and L-[15N]lysine in isolated sheep hep-
atocytes. J Anim Sci 75, 1149–1159.

Newsholme EA & Carrie AL (1994) Quantitative aspects of
glucose and glutamine metabolism by intestinal cells. Gut 35,
S13–S17.

Norton BW, Janes AN & Armstrong DG (1982) The effects of
intraruminal infusions of sodium bicarbonate, ammonium
chloride and sodium butyrate on urea metabolism in sheep.
Br J Nutr 48, 265–274.
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