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Hepatic response to increased exogenous supply of plasma 
amino acids by infusion into the mesenteric vein of Holstein- 

Friesian cows in late gestation 
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The hepatic responses of late gestation, dry dairy cows to acute (6 h) infusions of an amino acid (AA) 
mixture (Synthamin; 0.0, 1.1, 2.2, 4.4, 8.8 and 17.6mmoVmin) into the mesenteric vein were 
determined. Neither blood flow nor 0 2  consumption across the portal-drained viscera (PDV) and 
liver was significantly altered by infusion. Similarly, there were no effects on net absorption, or 
hepatic removal, of acetate, propionate, butyrate or NH3. Glucose PDV appearance was unchanged 
but hepatic glucose production increased (P = 0.032) by 0.2 mmoVmin per mmoVmin of AA infused. 
Additional extraction of alanine, glycine (both infused) and glutamine (not infused) by the liver was 
sufficient to account for most of the extra C required for glucose synthesis. The N that would be 
liberated from these glucogenic AA would also account for a large proportion of the increase in 
urea-N produced in response to the AA infusion. This supports the concept of a correlation between 
gluconeogenesis and ureagenesis. Furthermore, the amide-N liberated from the extracted glutamine 
would contribute up to 0.17 of hepatic NH, flux and assist in balancing N inputs into the carbamoyl 
phosphate and arginosuccinate entry points of the ornithine cycle. Rates of fractional extraction of 
the various AA by the liver were best fitted by linear equations, indicating that even at the highest 
rates of administration (approximately twice maximal physiological absorption) the transport 
systems were not saturated. Hepatic fractional extractions of infused essential AA were highest for 
methionine (083) and phenylalanine (0.87) with the lowest proportion removed observed for valine 
(0.25), leucine (0.30), lysine (0.31) and isoleucine (0.49). For the non-essential AA, the highest 
apparent fractional extractions were for glycine (0.73), arginine (0.79) and tyrosine (0.63) followed 
by alanine (0.54), proline (0.47) and serine (0.37). Hepatic removal of AA-N exceeded the increase in 
urea-N formation such that, at the highest rate of infusion, approximately 10mmoVmin of the 
extracted AA was apparently available for hepatic anabolism, more than is required to account for 
assumed increases in liver mass and export protein synthesis. Similarly, the amount of AA available 
for peripheral tissue protein gain, when assessed against phenylalanine supply as the limitation, 
would be the equivalent of a maximum of 0.5 g protein retainedmin (6 mmol AA-N/min). This would 
provide suNicient AA for replenishment of peripheral (muscle) protein stores plus support of the 
placenta and fetus. 

Amino acids: Urea: Liver: Cattle 

Only a small proportion of the total amino acids (AA) absorbed from the small 
intestine into the hepatic portal vein reaches the peripheral circulation in free form because 
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substantial amounts are removed by the liver (e.g. Wolff et al. 1972; Rdrat et al. 1992; 
Lobley et al. 1995, 1996). The proportion which the liver extracts varies between AA 
and, although probably influenced by several factors, including nutrition, there are some 
general trends which are exhibited across species. These include a greater proportion of 
glycine, alanine and the aromatic AA removed by the liver compared with the branched- 
chain amino acids (BCAA). In ruminants, although removal of non-essential AA may 
provide substrates for synthesis of other metabolites, notably glucose (Bergman, 1973), 
complete removal of essential AA (e.g. histidine and phenylalanine; Wolff et al. 1972) may 
leave inadequate quantities of these to support peripheral tissue gain. Unfortunately, the 
data available on hepatic transfers of individual AA are limited and often restricted to 
animals maintained either below or close to N equilibrium (Elwyn et al. 1972; Wolff et al. 
1972; Lobley et al. 1995) where peripheral tissue net requirements may be small. Under 
these circumstances, AA catabolism, with urea of hepatic origin as the major end product, 
will balance with net absorption and equal the endogenous losses. Thus, the absorp- 
tion : hepatic extraction ratio will, of necessity, approach unity. For growing, lactating, 
or pregnant animals extra amino acids must be available beyond the liver, but exactly how 
this supply is regulated is unclear. For example, the amino acids available to the periphery 
may be a simple consequence of supply exceeding the ability of the liver to metabolize 
AA. Such limitations may involve saturation of AA transporters, restricted oxidative 
(ureagenic) capacity or maximization of anabolic synthesis of hepatic constitutive and 
export proteins. Some, or all, of these systems may be regulated by nutrient-hormone 
interactions, possibly involving signals transmitted between anabolic peripheral tissues and 
the liver. 

Such mechanisms are difficult to unravel in vivo but the capacity of the liver to 
extract and metabolize AA can be examined by graded additions of AA, within the 
physiological range, in situations where the net requirements of the peripheral tissues are 
limited. In the current study, this was investigated using pregnant, dry dairy cows. The 
acute responses (6 h) of these cows to intra-mesenteric-vein infusions of six levels of a 
commercial parenteral AA mixture were examined by use of a hepatic arterio-venous 
preparation. 

MATERIALS AND METHODS 

Animals and diet 

Three multiparous, lactating Holstein-Friesian cows, at 6 months of gestation were 
prepared surgically with mesenteric (2), hepatic-portal, hepatic vein and mesenteric artery 
catheters as described by Huntington et al. (1989). A carotid artery was elevated 
subcutaneously at the same time, to provide, if required, an alternative source of arterial 
blood; in the event, the excellent catheter patency made this precaution unnecessary. 
Following surgery, the animals were allowed to cease milk production. Catheter patency 
was maintained by flushing with sterile physiological saline (8.9 g NaCM) containing 
heparin (250 IU/ml) every 21 d. The portal-drained viscera (PDV) preparation included the 
combined venous drainage from the reticulo-rumen, abomasum, small and large intestines 
plus the pancreas. The hepatic vein catheter drained one lobe of the liver, which was 
assumed to have similar metabolism to the other lobes; values reported are for the total 
liver. The splanchnic measurements represent the combined metabolism across the PDV 
and liver. 

Animals were fed on a diet of grass silage (8 kg DM/d) and rolled barley (2 kg DWd). 
The daily ration was divided into twelve equal portions and offered every 2 h by means of 
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automated feeders. The diet was calculated to provide daily 1230g crude protein (N x 6.25) 
and 105MJ metabolizable energy. Cows were adjusted to the diet 3 weeks before the 
experimental protocol and to the frequent feeding regimen for 7 d  before the study. Any 
refusals were recorded daily. 

Experimental design and protocol 

In the last month of gestation each cow received six separate levels of an AA mixture 
(Synthamin 17, Baxter Healthcare Ltd, Thetford, Norfolk) to provide either 0, 1.1,2.2,4.4, 
8.8 or 17.6 mmol ANmin infused into the mesenteric vein (the highest rate of infusion was 
the equivalent of 24 mmol AA-N/min). The composition of the most concentrated infusate 
(mmolA) was: alanine 207, arginine 59, glycine 122, histidine 28, isoleucine 41, leucine 50, 
lysine 28, methionine 24, phenylalanine 30, proline 53, serine 43, threonine 31, tryptophan 
8, tyrosine 1.8, and valine 43 (total 769 mmolA). Each infusion lasted for 6 h and was 
preceded by a 3.5h period during which physiological saline was infused and blood 
samples were taken for covariate analyses. For each animal at least 38 h were left between 
consecutive infusions and no more than three infusions were performed in any 7 d period. 
The same rate of fluid infusion (22.9 mumin) was maintained by appropriate dilution with 
physiological saline. During the covariate infusion period and the last 3.5 h of AA infusion 
period sodium p-amino hippurate (pAH; 0.107 g infusedmin) was added to the infusate so 
that splanchnic bed plasma flows could be quantified. The order of infusions for the three 
animals was an incomplete randomization of the 0,4.4, 8.8 and 17.6 mmoVmin rates, with 
the 1.1 and 2.2mmoVmin as the last two infusions. 

Blood collection and analyses 

Blood samples (17 ml) were withdrawn simultaneously into heparinized syringes from the 
artery plus hepatic portal and hepatic veins at 30 min intervals during the last 2.5 h of each 
infusion period. One portion was frozen as whole blood (-20") and the remainder was 
centrifuged at lOOOg at 4" for 20min. The plasma obtained was divided into several 
portions and either stored frozen or kept at 4" for analysis on the same day of pAH, urea, 
and NH3 on a Cobas Mira Analyser (Hoffman-La Roche, Switzerland) as described 
previously (Metcalf et al. 1994). A further 1 ml blood sample was taken under anaerobic 
conditions, stored on ice and within 1 h the p02 was measured (L 1306 Blood Gas 
Analyser, Instrument Laboratory Spa, Milan, Italy). This sub-sample was then stored at 
-20" until haemoglobin (g/l) was determined by a Haemoglobin Test Combination kit 
(Boehringer Mannheim Ltd, Lewes, Sussex). Packed cell volume (PCV) was determined 
by haematocrit. 

Plasma samples were thawed at 4" and analysed, by enzymic procedures, for glucose, 
2-hydroxybutyrate and lactate on a Cobas Mira Analyser (Hoffman-La Roche) as described 
previously (Metcalf et al. 1994). During the last 2 h of either the covariate or infusion 
period equal amounts of blood or plasma samples were combined to yield composite 
samples for analysis. Plasma concentrations of insulin (Tindall et al. 1978), insulin-like 
growth factor-1 (IGF-1) (Brier et al. 1991) and cortisol (Symonds et al. 1986) were 
determined on arterial samples. Volatile fatty acids (VFA) were analysed as described by 
Seal et al. (1992). Plasma (1 g) was mixed with 0-15 by weight of a 1 mM-L-norleucine 
solution and then 0.15 by volume of 480gA sulfosalicylic acid added. The supernatant 
fraction obtained by centrifugation at 135OOg for 10min was further clarified through 
microcentrifuge filters (Sigma Chemical Co., Poole, Dorset) and then 100gA NaOH 
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(normally 50 pl) added to yield pH 2-3. This latter step improved separation in the acidic 
region during the subsequent ion-exchange-based analysis on an Alpha Plus Amino Acid 
Analyser (Pharmacia LKB, Uppsala, Sweden) equipped with a ninhydrin detection system 
and using buffer combinations appropriate for physiological fluids. 

Calculations 

The blood O2 content (mmov1) was calculated from 

0.446 x 1.34 x Hb x (% saturation 02)/100, 

where Hb is haemoglobin concentration (g/lOOml), 1.34 is O2 binding at complete Hb 
saturation (mV100 g) and % saturation O2 (Sigaard-Anderson, 1974) equals 

100 x ( ~ 0 2 / 3 4 . 1 ) ~ . ~ ~ / (  1 + (po2/34.1)2.68). 

Plasma flows were calculated as described by Huntington et al. (1989) and 
corresponding blood flows were derived based on the appropriate PCV data. PDV, hepatic 
and splanchnic transfers (mmoUmin) of plasma metabolites were calculated as follows: 

PDV appearance (PA) = (MP - Ma) x Fp, 

hepatic removal (HR) = ((Mh - MP) x Fp) + ((Mh - Ma) x Fa), 

splanchnic transfers = (Mh - Ma) x Fh, 

hepatic inflow (HI) = (MP x Fp) + (Ma x Fa), 

net PA = PA under infusion conditions - PA under basal, pre-infusion conditions, 

net HI = HI under infusion conditions - HI under basal, pre-infusion conditions, 

where M is metabolite concentration (mmolA), F represents plasma flow (litredmin) and 
the subscripts ‘a’, ‘p’ and ‘h’ refer to arterial, hepatic portal and hepatic venous samples. 
Positive values indicate net production across the tissues and negative values net uptake. 

Statistical procedures 

Variables that were not deliberately varied by the experimental design (i.e. all 
measurements except those relating to AA concentrations and transfers) were compared 
by one-way ANOVA with animals as blocks and levels of AA infusion as treatment 
(Genstat for Windows Release 3.2, 1996; Lawes Agricultural Trust, IACR-Rothamsted, 
Harpenden, Herts.). The net mass transfers of individual AA across the PDV for each cow 
and infusion rate were corrected for the pre-infusion covariate value (i.e. to yield the 
appearance above the ‘basal’ rate which was due to diet alone) and the combined data for 
all animals analysed as the dependent value against the corresponding rate of infusion 
(independent variable) using regression analyses for linear and quadratic constraints 
(Genstat for Windows Release 3.2). Hepatic transfers of each AA were analysed by similar 
regression approaches, with removal across the liver as the dependent variable v. the 
increased net inflow to the liver above that observed for the covariate period. For AA 
which were not in the infusate the average appearance and removal were calculated. For a 
variety of reasons, mainly of a technical nature, a small number of individual 
measurements (two or less from a total of eighteen possible) were identified as outliers 
for each AA and eliminated from the data sets for statistical analysis. 
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RESULTS 

All infusions and collections were successfully completed and there were no refusals on the 
days of infusion except the last infusion (2.2mmoUmin) for one animal. Data for this 
infusion were removed from the analysis. Furthermore, blood flows, arterial AA 
concentrations and PDV uptakes of metabolites were not significantly different between 
any of the pre-infusion periods, indicative of a rapid return to basal conditions and with no 
detectable carry-over effects. Hepatic and hepatic portal venous blood flows were not 
significantly different between the various levels of AA infusion (Table 1). Calculated 
hepatic artery inflow contributed, on average, 0.1 (range 0.02-0.17) to hepatic venous flow. 
Plasma flow represented 0.72 of corresponding blood flows. 

Non-amino acid metabolite transfers 

Although there was net production of glucose across the splanchnic tissues (Table 1) the 
PDV was a net consumer, accounting for the equivalent of 0-14 (range 0.02-0.25) of 
hepatic output. Hepatic (P  < 0.05) and splanchnic ( P  < 0.10) output of glucose increased at 
the higher rates of AA infusion rate although the PDV extraction remained unchanged. In 
contrast, lactate removal by the hepatic tissues was unaltered by AA infusion (mean 
1 -4 mmoVmin) while PDV appearance (1.2 mmollmin) was approximately 0.6 the C 
balance of glucose disappearance (results not shown). There was net absorption of NH3 
across the PDV but all of this, plus a proportion of that supplied via the hepatic artery, was 
removed by the liver (Table 1). There were no significant effects either on PDV 
appearance, hepatic clearance or splanchnic uptake of NH3 as the rate of AA infusion 
increased. In the case of urea, net uptake by the PDV accounted for 0.81 (range 0-72-0.91) 
of liver production (Table 1). Although PDV urea uptake was unaltered by increased AA 
provision, hepatic ureagenesis was significantly elevated (P  < 0.01; Table 1) at the higher 
infusion rates of AA, as was net splanchnic infusion (P<O.O2), compared with pre- 
infusion values. 

Transfers of VFA across the PDV and liver were not influenced by rate of AA infusion 
and the data across all treatments were therefore combined (Table 2). There was net 
production of acetate and 2-hydroxybutyrate by the liver under all circumstances while 
hepatic extractions of propionate, isobutyrate and butyrate were 0.87, 1.02 and 0-79 of net 
PDV appearance (Table 2). O2 consumptions across the PDV and liver were of similar 
magnitude but not influenced by the rate of AA infusion (Table 2). 

The AA infusions in this study did not alter insulin-like growth factor-1 or cortisol 
concentrations (results not shown). However, plasma arterial insulin concentrations did 
increase (from 0.6 to 3 pgA) with increasing AA infusion rate (mmoVmin). The linear 
equation describing this response was: 

insulin concentration = 0.58 + (0.13 x AA infusion rate), 2 0.91. 

Amino acid transfers 

The results from the plasma exchanges of individual AA are presented in Tables 3 and 4. 
Although a reasonable number of data points (up to eighteen) were available for the 
regression analyses the variance associated with such arterio-venous information meant 
that for some AA both linear or quadratic equations were significant but, in all cases, the 
linear regressions for PDV appearance were superior. 

https://doi.org/10.1079/BJN
19970209  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN19970209


Ta
bl

e 
1.

 B
lo

od
fl

ow
s a

nd
 m

et
ab

ol
ite

 tr
an

sf
er

s 
ac

ro
ss

 th
e p

or
ta

l-
dr

ai
ne

d 
vi

sc
er

a 
(P

D
V

), 
liv

er
 a

nd
 s

pl
an

ch
ni

c 
re

gi
on

 of
 d

ry
, p

re
gn

an
t c

ow
s f

or
 

gl
uc

os
e,

 u
re

a-
ni

tr
og

en
 a

nd
 a

m
m

on
ia

 d
ur

in
g 

6 
h 

in
fu

si
on

s o
f 

an
 a

m
in

o 
ac

id
 (A

A
) m

ix
tu

re
 (S

yn
th

am
in

) a
t v

ar
io

us
 r

at
es

 in
to

 th
e 

m
es

en
te

ri
c 

ve
in

 
(M

ea
n 

va
lu

es
 f

or
 th

re
e 

an
im

al
s)

 

A
A
 in

fu
si

on
 r

at
es

 (
m

m
oY

m
in

) ...
 

Pr
e*

 
0 

1.
1 

2.
2 

4.
4 

8.
8 

17
.6

 
SE

D
 

Pt
 

~~
 

B
lo

od
 f

lo
w

s 
(l

it
re

sh
in

) 
H

ep
at

ic
 p

or
ta

l v
ei

n 
22

.8
 

19
.9

 
23

.6
 

20
.2

 
18

.9
 

18
.6

 
19

.7
 

1.
90

 
0.

13
5 

H
ep

at
ic

 v
ei

n 
25

.2
 

24
.0

 
24

.8
 

28
.0

 
20

.5
 

21
.4

 
22

.7
 

2.
68

 
0.

19
0 

p 
H

ep
at

ic
 a

rt
er

y1
 

2.
4 

4.
1 

1.
2 

7.
8 

1.
6 

2.
8 

3.
0 

3.
49

 
0.

59
2 

s 

U
re

a-
N

 
@ 

M
et

ab
ol

ite
 tr

an
sf

er
s 

(m
m

oV
m

in
) 

G
lu

co
se

 
PD

V
 

-
 0.

76
 

-3
.0

0 
-0

.8
0 

-0
.0

7 
-
 0.

09
 

-1
.1

7 
-
 1.

29
 

0.
99

5 
0.

14
7 

Li
ve

r 
5.

33
 

6.
28

 
5.

78
 

5.
50

 
4.

65
 

6.
25

 
8.

38
 

0.
89

6 
0.

03
2 

9 
Sp

la
nc

hn
ic

 
4.

57
 

3.
28

 
4.

98
 

5.
43

 
4.

56
 

5.
08

 
7.

09
 

1.
05

6 
0.

09
7 

PD
V

 
-1

1.
14

 
-1

1.
33

 
-1

1.
21

 
-1

1.
32

 
-
 12

.0
5 

-
 12

.4
4 

-
 13

.3
4 

0.
89

0 
0.

10
2 

Li
ve

r 
12

.0
9 

12
.6

1 
13

.4
4 

13
.7

6 
14

.2
6 

15
.9

0 
17

.5
4 

1.
02

7 
0.

00
5 

Y
 

Sp
la

nc
hn

ic
 

1.
15

 
1.

96
 

2.
23

 
2.

77
 

2.
21

 
3.

46
 

4.
20

 
0.

71
1 

0.
01

9 
$ 

A
m

m
on

ia
 

PD
V

 
6.

58
 

5.
64

 
6.

38
 

4.
99

 
7.

26
 

5.
14

 
6.

14
 

1.
03

9 
0.

35
8 

Li
ve

r 
-
 6.

63
 

-5
.6

9 
-
 6.

45
 

-5
.3

4 
-
 6.

97
 

-5
.3

2 
-
 6.

61
 

1.
11

6 
0.

63
2 

Sp
la

nc
hn

ic
 

-0
.0

6 
-
 0.

05
 

-
 0.

07
 

-0
.3

6 
0.

29
 

-0
.1

9 
-
 0.

47
 

0.
2 1

8 
0.

08
1 

* R
ep

re
se

nt
s 

m
ea

n 
va

lu
es

 f
or

 a
ll 

pr
e-

in
fu

si
on

 p
er

io
ds

 (
n

 1
8)

. 
?B

y 
on

e-
w

ay
 A

N
O

V
A

 w
ith

 a
ni

m
al

s t
re

at
ed

 a
s 

bl
oc

ks
, 

(n
 2

1,
 1

2 
re

si
du

al
 d

eg
re

es
 o

f 
fr

ee
do

m
). 

$O
bt

ai
ne

d 
as

 th
e 

di
ff

er
en

ce
 b

et
w

ee
n 

he
pa

tic
 a

nd
 h

ep
at

ic
 p

or
ta

l 
ve

in
 b

lo
od

 f
lo

w
s. 

https://doi.org/10.1079/BJN
19970209  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN19970209


HEPATIC REMOVAL OF AMINO ACIDS 919 

Table 2.  Transfers across the portal-drained viscera (PDV) and liver of dry pregnant cows for 
volatile fatty acids and oxygen during 6 h infusions of an amino acid (AA) mixture (Synthamin) 

at different rates (0, 1.1, 2.2, 4.4, 8.8 and 176mmol/min) into the mesenteric vein 
(Mean values and standard deviations for eighteen observations.) 

Transfers (mmoYmin) 

PDV* Liver* 

Mean SD Mean SD 

Acetate 17.30 
Propionate 6.03 
Isobutyrate 0.30 
n-Butyrate 1.45 
2-Hydroxybutyrate 2.28 
Oxygen 32.1 

1.47 4.22 1.98 
0.66 - 5.22 0.67 
0.03 - 0.30 0.03 
0.19 - 1.14 0.19 
0.37 2.48 0.54 
1.87 31.4 4.91 

*As there were no significant effects between the levels of AA infusions (nor against the pre-infusion values) all the 
data are combined (n 18). 

Portal-drained viscera appearance. For the non-essential AA (NEAA, Table 3) there 
were large PDV appearances of alanine, glycine, arginine and proline during the pre- 
infusion period while glutamate and glutamine showed net removal by the gastrointestinal 
tissues. There was net absorption of all the essential AA (EAA, Table 4) under basal 
conditions. Under the basal dietary conditions net appearance of AA-N in plasma across 
the PDV amounted to 3.29 mmol/min, equivalent to 66 g N/d. This represented 34 % of 
dietary N intake compared with 63% absorbed as NH3 (without correction for urea-N 
recycled to the digestive tract). 

During the pre-infusion periods the relative amounts of the absorbed EAA can be 
compared with their proportions in rumen microbial protein. If the molar proportion of 
phenylalanine either absorbed or present in rumen microbial protein is used as a relative 
basis then the appearance of absorbed AA compared with that expected from microbial 
sources was histidine 1.40, isoleucine 1.05, leucine 1.28, lysine 0.83, methionine 0.90, 
threonine 0-79, valine 1-03. If the agreement were perfect all the values would equal unity 
so a reasonable match was obtained for isoleucine, valine, methionine and, of course, 
phen ylalanine. 

During infusion of the AA the recoveries of alanine, isoleucine, methionine and 
threonine in the portal venous plasma, after subtraction of the appropriate pre-infusion 
PDV appearance, were close to the increment administered. Recoveries greater than 
theoretical were observed for glycine, proline and valine. Data for the latter two AA are 
compromised by the presence of co-eluting or overlapping peaks during chromatography. 
For certain AA, notably the basic lysine, histidine and arginine, low recoveries were 
recorded. The recoveries of phenylalanine and leucine were similar to the PCV value. 
Regardless of the fractional ‘recovery’, all regression equations had gradients significantly 
different from zero. 

For those AA not included in the infusate, values of mean transfers are presented and 
these can be compared with the pre-infusion values. Only for glutamine was there a 
substantial change, with a reduced extraction by the PDV in response to the AA infusion. 

Hepatic removal. Under the basal conditions, the liver removed more than 0.9 of the 
absorbed alanine and glycine with substantial extraction also of serine and tyrosine (Table 
3). In contrast, less than 0-5 of absorbed arginine and proline were extracted during passage 
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across the hepatic bed while there was net appearance of aspartate and, in particular, 
glutamate, the release of which exceeded the removal of glutamine (Table 3). For the 
essential AA the lowest proportional extractions were for the BCAA and lysine, with 
highest values for threonine, methionine and phenylalanine (Table 4). 

None of the infused AA was completely extracted by the liver, as manifest by increases 
in arterial plasma concentrations (results not shown). In general, the data were more 
variable for hepatic removal than portal appearance, as might be expected from inclusion 
of another set of measurements (hepatic artery inflow and AA concentration). Strong linear 
regression equations were obtained for alanine, arginine, glycine and methionine (Tables 3 
and 4). The other AA gave significant responses as both linear and quadratic functions but, 
with the exception of histidine, the linear equations were superior. For comparative 
purposes, the linear functions of histidine are presented in Table 4. 

For all the NEAA the fractions of net hepatic inflow extracted during AA infus- 
ions were lower than for the pre-infusion period (dietary AA supply only), except for 
arginine which was increased and proline which was unchanged. The arginine com- 
parisons may be confounded by low PDV appearance during the infusions, plus the 
problems related to the presence of arginase (EC 3.5.3.1) in cattle blood (Covolo & 
West, 1947). The fractional extractions ranged from -0-37 to -0.73 in the order 
serine < proline < alanine < tyrosine < arginine < glycine. Of those not included within 
Synthamin there was a substantial elevation ( P  < 0.01) in glutamine removal by the liver in 
proportion to the rate of AA infusion (mmoVmin), i.e. 68 pmoVmin (3 0-98, P < 0.001) 
with a corresponding increase in glutamate output from the liver of 63 pmoUmin (2 0.91, 

In contrast to the NEAA, the EAA had either maintained or increased fractional 
extractions compared with the pre-infusion periods, except for threonine. Removal of net 
hepatic inflow of phenylalanine and methionine exceeded 0.8, with approximately 0-5 of 
histidine, threonine and isoleucine removed. The lowest extractions, - 0.25 to - 0-3 1, 
were observed for valine, leucine and lysine. 

P < 0.04). 

DISCUSSION 

General considerations 

Although intra-mesenteric infusion of AA is an artificial situation compared with 
conventional feeding, it does reduce the number of variables that occur in response to food 
intake and which may confound metabolic interpretations. For example, additional 
metabolizable energy intake stimulates blood flow in a quantifiable manner (see Lindsay, 
1993) but in the current study AA had no significant effect on either PDV or hepatic flows; 
thus the metabolic responses can be assessed against changes in concentration alone (see 
Hanigan et al. 1998). Furthermore, it would appear that the signals which lead to 
substantial changes in splanchnic blood flows are not associated with the quantities of AA 
presented to, or extracted by, the liver. 

In this paper, the complete analysis of the AA data has been restricted to plasma 
exchanges, although comparisons for blood transfer of some AA will be reported elsewhere 
(Hanigan et al. 1998). Various studies have suggested that transport of absorbed AA to the 
liver occurs mainly within plasma (Elwyn et al. 1972; Houlier et al. 1991; Lobley et al. 
1996) and the current observation that, for many of the AA, recovery of infused material in 
the hepatic portal venous plasma exceeded the proportion of plasma water : blood water 
would indicate that the erythrocytes are unlikely to be major carriers of absorbed AA. The 
situation with respect to hepatic mass transfers is more complex, with claims that the 
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erythrocytes play a major role in transport from the liver to peripheral tissues (dogs, Elwyn 
et al. 1972; cattle, Houlier et al. 1991), although this has not been substantiated in other 
ruminant studies (sheep, Lobley et al. 1996). If the erythrocyte does play an important role, 
then this would lead to a decrease in the fractional extractions reported herein although, 
based on limited changes in free AA enrichments within erythrocytes during transit across 
the liver, evidence would suggest this is not a major concern in sheep (Lobley et al. 1996). 
It seems reasonable, in the light of such evidence, to assume that the bulk of splanchnic bed 
transport and exchange occurs through the plasma compartment. 

In this study, analysis of the data has been based against the incremental appearances 
at the liver (i.e. net absorption) which is the traditional approach. In reality the liver 
receives total supplies from the hepatic portal vein plus hepatic arteries, which include AA 
recycled from endogenous and exogenous sources. An alternative approach based on the 
fractional removal of the total hepatic inflow is described in the companion paper (Hanigan 
et al. 1998). 

Amino acid transfers across the liver 

There are a limited number of reports in farm animals which detail removal of specific AA 
across the liver in the fed state (see Table 5). The earlier studies suffer from the drawback 
that, although the fraction of the absorbed AA removed by the liver may be substantial, this 
measurement is conducted against a large basal inflow from the arteries supplying the 
gastrointestinal tract. As an example, bovine arterial plasma contained glycine at 180 pmov1, 
under basal conditions, with total inflow to the liver of 4.6mmol/min, of which net 
hepatic removal accounted for approximately 5 %. For AA with lower fractional 
extractions the problem becomes more acute and concentration differences of only 2- 
3 % need to be determined. Such precision is at the limit of the best AA analyser systems 
and this leads to considerable variance and probably accounts for some of the differences 
between experiments, as illustrated in Table 5. The approach adopted here partially 
overcomes this difficulty by elevating the inflow of AA, under conditions where blood flow 
is unaltered; the increased concentration differences help to improve the analytical 
precision. 

Two specific problems can be perceived with such an infusion approach. First, the rates 
of infusion may exceed normal physiological inputs and, second, competition between AA 
for transporters may result in lower extractions than is feasible if provision of only a single 
AA is augmented. The AA infusion at 8.8 mmol/min, which was superimposed on a basal 
net absorption of approximately 2.5 mmol/min, was calculated to provide similar quantities 
at the hepatic portal vein as for dairy cows consuming sufficient ration to produce 30 kg 
milk/d. Thus, the highest input of 17.6mmoVmin would be less than twice the expected 
physiological maximum achieved by nutritional means. 

The second problem is more difficult to assess but infusion of a mixture of AA avoided 
imbalances which might occur from the use of a single AA and should better simulate the 
response to absorption from protein sources. The uptake of tyrosine, present in the infusate 
at low concentrations and which is transported by the L-system, in conjunction with 
phenylalanine and the BCAA, did exhibit a slightly reduced hepatic extraction, although 
this may be due to synthesis de novo from the added phenylalanine rather than an 
indication of metabolic competition for transporter activity. In contrast, although the 
fractional removal of alanine (transported primarily by the A and ASC systems which are 
shared by many other dipolar AA; Christensen, 1990) was less during the higher rates of 
infusion than for the basal periods, the value (-0.57) was similar to the incremental 
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uptakes (-0.59 to -0-71) observed by Reynolds & Tyrrell (1991) when that AA alone 
was infused into non-pregnant heifers at 75 mmolh (similar to the 4.4 mmoVmin infusion 
of Synthamin used in the current study). Perhaps the strongest argument against transport 
competition comes from the data for phenylalanine, which shares the L-transporter with the 
BCAA and where extraction rates for all four AA during the infusions were similar to, or 
greater than, the basal period. 

Overall, the amount of AA extracted by the liver is small compared with the total 
transporter capacity, e.g. in these animals liver mass was probably 10 kg and, at the highest 
rate of infusion, net hepatic threonine removal would approximate to 40 pmoVmin per kg 
liver wet weight, less than 0.3 % of the transport rate observed for isolated rat hepatocytes 
( M. R. Hayes and J. D. McGivan, cited by McGivan, 1992). Extraction rates for other AA 
also appear low ( < 1 %) compared with values observed with hepatocytes isolated from 
rodents (McGivan et al. 1977). In terms of hepatic regulation in vivo of peripheral supply, 
the general linear response to increased AA inflow, under conditions which probably 
exceeded maximum physiological supply, would indicate that saturation of the uptake 
systems does not appear to occur. This was unequivocally so for alanine, arginine, glycine 
and methionine. This suggests two positive consequences; first, that the differences 
between fractions of absorbed AA removed are probably determined by metabolic 
reactions and fates within the liver rather than at the level of entry into the hepatocytes; and 
second, the fractional uptakes can be used in mathematical models designed to predict 
either tissue or whole body responses to variations in nutrient supply (see Hanigan et al. 
1998). 

Metabolic fate of amino acids 

Absorbed AA have four potential fates: (1) retention in the free form as expanded pools in 
intra- and extravascular fluid; (2) conversion to specific nitrogenous metabolites (e.g. 
aromatic forms to neurotransmitters, glycine to hippurate, synthesis of di- and tripeptides 
such as carnosine, glutathione etc.); (3) oxidation to produce energy and non-nitrogenous 
intermediary metabolites; and (4) production of constitutive and export proteins. 
Estimation of the first two of these options is outwith the current investigation, but AA 
oxidation leads eventually to the synthesis of urea. Hepatic ureagenesis increased with rate 
of AA infusion (Table 1) and, if the apparent contribution from NH3 is subtracted, then the 
probable source of the remaining urea-N is AA. One known requirement for AA in 
ruminants is to provide C sources for gluconeogenesis, with alanine, glycine and glutamine 
(converted to glutamate within the periportal hepatocytes) as major precursors (Wolff & 
Bergman, 1972). Indeed, if the hepatic uptake of these three AA is assumed to be directed 
totally to this fate, then this would provide, at the greatest rate of infusion, 5.8 mmoVmin of 
three-C units, nearly enough to account for the extra 3mmoVmin of glucose produced. 
Similarly, the total N released from these three AAs would provide a major contribution to 
the increased ureagenesis (Fig. 1). 

The situation with glutamine is of further interest in ureagenesis as two mechanisms 
exist within the ornithine cycle to ensure that the two N inputs (NH3 to carbamoyl 
phosphate and aspartate to arginosuccinate) are maintained in balance. Thus, in situations 
of excess NH3 a proportion of the N can be diverted to mitochondrial aspartate (Cooper et 
al. 1987) via the actions of glutamate dehydrogenase (EC 1.4.1.2) and aspartate 
aminotransferase (EC 2.6.1.1). In contrast, when AA dominate absorption of N products 
then additional NH3 can be generated through mitochondrial glutaminase (EC 3.5.1.2) 
activity (Meijer et al. 1985). The progressive increase in hepatic uptake of glutamine, 
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Fig. 1. Contribution of plasma alanine and glycine nitrogen (W) plus the amido-nitrogen of glutamine (W) to the extra 
hepatic urea-nitrogen produced in response to graded levels of amino acid (AA) nitrogen (as Synthamin) infused into 
the mesenteric vein. Differences between nitrogen uptake of the three AA and urea-nitrogen output are classified as 
‘unaccounted’ (17). 

which is available only from dietary or endogenous sources, with rate of AA infusion 
could, via amide-N, contribute up to 0.17 of total NH3 entry into ureagenesis. 

With the AA infusions, urea production failed to match either net inflow of AA or 
uptake by the liver so, presumably, the excess became available for additional hepatic and/ 
or peripheral tissue protein anabolism (Fig. 2). The amount available to net liver protein 
synthesis (of either a constitutive or export nature), including uptake of glutamine, rose 
progressively to 43 % (10 mmol AA-N/min) of that infused. This increase in hepatic AA 
uptake could be due to stimulation of hepatic protein synthesis by either hyperamino- 
acidaemia (Tauveron et al. 1994) or hyperinsulinaemia (Mosoni et al. 1993; Davis et al. 
1996). In sheep, hepatic synthesis of export proteins is sensitive to intake (Abbott et al. 
1985; Connell et al. 1997) and if those data are scaled to the cow, serum albumin 
production may be increased from an estimated 35 g/d to 60g/d, or the equivalent of 
0.2 mmol AA-N/min. In addition, hepatic mass is sensitive to nutrition and can double over 
21 d in sheep (Burrin et al. 1990) and, again if such observations can be extrapolated to 
cattle, then liver protein gain could equal lOOg/d, which would require an uptake of 
043mmol AA-N/min. Even when combined, these values are still below the amount 
extracted by the liver and suggest that other fates are involved. Given the acute nature of 
this study, perhaps there was either expansion of the intracellular free AA pools, transient 
increases in ‘storage’ or ‘reserve’ liver proteins, an increase in the synthesis of export 
proteins other than albumin, and/or a suppression of liver proteolysis (Mortimore & 
Surmacz, 1984). 

The final considerations relate to the amount, pattern and fates of the AA which escape 
extraction by the liver. The total AA which entered the peripheral circulation reached a 
maximum of 11 mmol N/min (Fig. 2), which gives an apparent ‘protein’ availability of 
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Fig. 2. Fates of amino acids (AA) allotted to either urea-nitrogen synthesis (W), protein synthesis (and other fates) 
within the liver (W) and available to peripheral tissues (13) in response to graded levels of AA-nitrogen (as Synthamin) 
infused into the mesenteric vein. Data based on plasma transfers and corrected for metabolite movements during 
infusion of saline (zero AA infusion rate). 

60 g/h. Such AA would be used for replenishment of muscle protein stores and support of 
uterine metabolism, including fetal growth. In late gestation cows, the requirements of the 
fetus and the total uterus have been estimated as 2 and 5mmol AA-N/min respectively 
(Bell, 1995). Data for rates of restoration of muscle mass are not available but these are 
probably substantially below the ‘residual’ 4 mmol AA-N/min (80 g N/d). These 
considerations assume that the pattern of available AA is matched to the needs for tissue 
growth and fetal metabolism, but in practice, the AA entering the periphery are imbalanced 
and, for growing wethers, there is a theoretical anabolic limitation based on the relative 
availability of phenylalanine and histidine (Wolff et al. 1972; Lobley et al. 1995, 1996). In 
the current study the pattern of infused EAA which reached the peripheral circulation was 
also limited for phenylalanine supply, at least with respect to mixed muscle protein 
retention (Fig. 3), with subsequent restrictions in the order methionine, lysine threonine, 
while histidine and the BCAA were not limiting (excess of the latter can be oxidized by 
non-hepatic peripheral sources; Pel1 et al. 1986). Based on phenylalanine availability the 
potential net peripheral protein gain (muscle plus gestation components) decreases to 28 g/h, 
i.e. 5 mmol AA-N/min, a value within the needs of the conceptus tissues and the capacity for 
transient expansion of other peripheral body protein stores, although the latter are difficult to 
quantify experimentally. 

Of course, for all these AA any N not used for anabolic purposes in the peripheral 
tissues must eventually be converted to urea so the effects must be considered as 
temporary, including increased pool (vascular) sizes. The ‘constant’ fractional removal of 
AA by the liver (see also Hanigan et al. 1998) does allow sufficient of the absorbed 
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metabolites to reach the periphery and for mechanisms to operate (or be induced) to effect 
peripheral anabolism and a new homeorhetic condition. 

The contribution of Dr C. K. Reynolds towards successful surgical preparations is grate- 
fully acknowledged. The enthusiasm and expertise of Ms s. Roberts also contributed 
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