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Urea production may be impaired in intrauterine growth restriction (IUGR), increasing the risk of toxic hyperammonaemia after
birth. Arginine supplementation stimulates urea production, but its effects in IUGR are unknown. We aimed to determine the
effects of IUGR and arginine supplementation on urea production and arginine metabolism in the ovine foetus. Pregnant ewes
and their foetuses were catheterised at 110 days of gestation and randomly assigned to control or IUGR groups. IUGR was
induced by placental embolisation. At days 120 and 126 of gestation, foetal urea production was determined from [14C]-urea
kinetics and arginine metabolism was determined from the appearance of radioactive metabolites from [3H]-arginine, both at
baseline and in response to arginine or an isonitrogenous mixed amino acid supplementation. Urea production decreased with
gestational age in the embolised animals (13.9 ^ 3.1 to 11.2 ^ 3.0mmol/kg per min, P # 0.05) but not in the controls
(13.3 ^ 3.5 to 14.8 ^ 6.0mmol/kg per min). Arginine supplementation increased urea production in both groups, but only at
126 days of gestation (control: 15.0 ^ 8.5 to 17.0 ^ 9.4mmol/kg per min; embolised: 11.7 ^ 3.1 to 14.3 ^ 3.1mmol/kg per
min, P # 0.05). Embolisation reduced foetal arginine concentrations by 20% ( P # 0.05) while foetal arginine consumption was
reduced by 27% ( P # 0.05). The proportions of plasma citrulline and hydroxyproline derived from arginine were reduced in the
embolised animals. These data suggest that foetal urea production and arginine metabolism are perturbed in late gestation after
placental embolisation.
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Introduction

Intrauterine growth restriction (IUGR) is associated with
many changes in foetal and neonatal amino acid metab-
olism. Plasma concentrations of most amino acids are
higher in the foetus than in the mother, indicating an
active transport of amino acids across the placenta against
a concentration gradient (Cetin et al., 1996). In the growth
restricted foetus, concentrations of total a-amino nitrogen
are reduced, mainly due to reduced concentrations of the
branched-chain amino acids (Cetin et al., 1990). In
addition, concentrations of many maternal amino acids are
elevated in IUGR pregnancies, resulting in reduced foetal-
to-maternal concentration differences (Cetin et al., 1996).
These changes in plasma amino acid concentrations are
associated with a reduction in in vivo placental amino acid
transport (Paolini et al., 2001). In vitro studies have shown

reduced activities of system A and taurine transporters in
the plasma membranes of placentas from human IUGR
pregnancies (Glazier et al., 1997; Norberg et al., 1998).
This decrease in substrate supply to the foetus not only
results in impaired growth, but may also affect foetal sub-
strate metabolism.

Urea is produced to dispose of excess ammonia, a neu-
rotoxin, which is a by-product of protein oxidation.
Although ammonia produced by foetal protein oxidation
can be cleared by the mother before birth, after birth
impairments in urea production may lead to hyperammo-
naemia at high protein intakes, associated with neurologi-
cal damage, lethargy and coma (Msall et al., 1984).
Several studies have shown indirect evidence of impaired
urea production in both IUGR neonates and foetuses. IUGR
neonates are reported to have elevated plasma and urinary
a-amino nitrogen levels, increased urinary ammonia
excretion and decreased urinary urea excretion when com-
pared to normally grown preterm infants (Boehm et al.,
1988b and 1991). The differences between the two groups
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are more pronounced with increasing protein intake
(Boehm et al., 1988b) and are related to the degree of
growth restriction (Boehm et al., 1988a). Furthermore, the
normal postnatal development of urea production is
delayed in growth restricted infants (Boehm et al., 1991).

Experimental evidence for impaired urea cycle function
in IUGR was originally found in guinea-pigs made IUGR by
uterine artery ligation, where activities of hepatic urea
cycle enzymes were markedly reduced (Lafeber et al.,
1979). This was associated with increases in plasma and
liver ammonia levels and decreased urea production rates.
These data suggest a delay in maturation of the urea cycle
associated with IUGR. However, no studies have directly
shown in vivo kinetic evidence for reduced urea production
in IUGR foetuses or neonates.

One of the key components of the urea cycle is arginine,
an amino acid with several anabolic functions. As part of
the urea cycle it is a potent stimulator of urea production,
and as such it is often administered to patients with inborn
errors of the urea cycle to reduce the hyperammonaemia
that is symptomatic to the disorder (Leonard, 2001). It may
therefore also be useful as a treatment for urea cycle
impairment in IUGR. Furthermore, arginine is a metaboli-
cally active amino acid which plays a key role in the devel-
opment of the foetus and placenta (Wu et al., 2004). It is
a precursor for many physiologically important compounds
such as nitric oxide and polyamines (Wu et al., 2004) and
a secretagogue for anabolic hormones such as insulin (Mil-
ner et al., 1972; Fowden, 1980), growth hormone (Meri-
mee et al., 1967) and glucagon (Palmer et al., 1975).

This study was designed to investigate the hypotheses
that urea production is impaired in the growth-restricted
ovine foetus and that production can be stimulated by argi-
nine supplementation. We also investigated the effects of
growth restriction on arginine metabolism in the ovine
foetus.

Material and methods

Animal preparation
Twenty-two pregnant Romney ewes carrying Dorset cross-
breed singleton foetuses were housed in individual cages
with free access to water. Feed intake was standardised at
a maximum of 2.5 kg pelleted food (65% lucerne, 30% bar-
ley with the balance composed of molasses, trace elements
and limestone. Country Harvest Stockfeeds, Cambridge,
NZ) per day. All experiments were approved by the Univer-
sity of Auckland Animal Ethics Committee.

The ewes were randomly assigned to control and embo-
lisation groups and underwent surgery under halothane
anesthesia at 110.8 ^ 0.6 days gestation (dGA, term
¼ 145 days). Catheters were placed in blood vessels
sampling blood supplying and draining both the maternal
side of the placenta (a maternal artery (MA) and the utero-
ovarian vein draining the pregnant horn of the uterus
(UOV)) and the foetal side of the placenta (foetal femoral

arteries (FA) and the common umbilical vein (UV)). Cath-
eters were also placed in the foetal femoral veins (FV), and
a maternal tarsal vein and jugular vein (MV) for adminis-
tration of infusions and drugs. Growth catheters were
inserted subcutaneously around either side of the foetal
chest (Harding, 1997). Foetal girth and hock-hoof length
were measured. In the IUGR group, the uterine arteries
supplying both maternal uterine horns (UA) were also
catheterised to allow embolisation of the placenta.

All catheters were flushed with sterile saline containing
10 U per ml heparin daily for the first 3 days after surgery,
and then every other day until post mortem. Foetal chest
girth increments were measured twice daily. Ewes were
allowed to recover for at least 3 days after surgery before
experiments were started.

Embolisation
In the IUGR group, placental embolisation was begun at
113.8 ^ 0.9 dGA. Microspheres (Superose 12, Pharmacia
Biotech, Uppsala, Sweden, diluted 1:100, 1 ml per injec-
tion) were injected once or twice daily into the uterine
arteries. Embolisation was stopped 2 days before the first
tracer study, or if the foetal arterial pO2 was ,14 mm Hg,
foetal blood lactate concentration was .2 mmol/l, or if
chest girth had not increased for two consecutive days.

Experimental protocol
Each animal underwent two tracer studies, one on
120 dGA and one on 126 dGA. During each study, foetal
urea production and arginine metabolism parameters were
measured at baseline, and then during the last hour of a
4-h infusion of either arginine or a mixed amino acid infu-
sion. The order of studies was randomly assigned in each
animal. As arginine is a high nitrogen containing amino
acid, the isonitrogenous mixed amino acid infusion was
used as the control infusion to differentiate the effects of
arginine from that of the increased nitrogen load.

For each study, a baseline blood sample was taken from
MA and FA catheters. A primed, constant infusion of [14C]-
urea (0.3mCi/min), L-[2,3,4,5-3H]-arginine (3.8mCi/min,
American Radiolabelled Chemicals Inc., St Louis, MO, USA)
and antipyrine (0.4 mg/min) was then infused into one of
the FV catheters for a total duration of 8 h. Priming doses
were equivalent of 100 min of infusate. Steady-state was
reached for all tracers at 180 min, after which five sets of
blood samples were simultaneously taken from FA, UV, MA
and UOV catheters at 15-min intervals. Immediately after
the fifth set of samples an infusion of L-arginine
(12.2mmol/min) or an isonitrogenous control infusion of a
mixed amino acid solution (an 89% dilution of 10% FreA-
mine III, Braun Medical Inc., Irvine, USA; control infusion
contained 2.44mmol/min arginine; Table 1) was added to
the tracer infusions via the same FV catheter. Both infu-
sates contained 0.98 mmol/l nitrogen. A new steady-state
was reached after another 180 min, after which five
additional sets of blood samples were taken. Blood and
plasma aliquots were frozen and stored at 2808C until
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further analysis. An additional aliquot was kept on ice for
measurement of blood gases on a Chiron M845 blood gas
analyser (Chiron Corp. Emeryville, USA) within 15 min of
sampling. At 127 dGA ewes were killed with an overdose
of pentobarbitone. The foetus and placenta were removed
and weighed and all catheter positions were checked.

Assays
Antipyrine concentrations were analysed in whole blood by
high-performance liquid chromatography (HPLC) as
described previously (Pimentel et al., 1986). Urea concen-
trations were measured by a standard enzymatic colori-
metric assay (Kerscher and Ziegenhorn, 1984). Activity of
[14C]-urea was measured in duplicate aliquots of blood
deproteinised with H2SO4 and a 10% tungstate solution.
The supernatant was counted in a dual-channel liquid scin-
tillation counter (Rackbeta 1219, LKB Wallac, Turku, Fin-
land).

Amino acid concentrations were measured in plasma by
HPLC using the Waters AccQ.Tag method (Waters Associ-
ates, Milford, USA). Our previously published method
(Bloomfield et al., 2002) was adapted to allow for collec-
tion of glutamate, hydroxyproline, citrulline, arginine, pro-
line and ornithine fractions with a Gilson FC204 fraction
collector. Briefly, 100ml plasma was deproteinised with
800ml 0.02 mol/l H2SO4 containing 7.5mmol/l norvaline as
internal standard, and 100ml 5% tungstate. The super-
natant was tagged with borate buffer and AccQ-fluor
reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate)
in acetonitrile. The mixture was incubated at 50 8C for
10 min, frozen at 280 8C and dried down by vacuum evap-
oration. The residue was resuspended in the mobile phase
buffer used for the HPLC method, injected onto the HPLC
column and run as described previously (Bloomfield et al.,
2002). The collected fractions of arginine metabolites were
measured for 3H activity by liquid scintillation counting.

Calculations
Umbilical and uterine blood flows (ml/min) were calculated
from measured antipyrine concentrations according to the
Fick principle, as the quotient of the infusion rate and the
arterio-venous concentration difference across the placenta
(Meschia et al., 1966). Plasma flows were calculated as
the product of the blood flow and (1 – fractional haemato-
crit).

Placental [14C]-urea clearance was calculated by the
steady state diffusion technique, based on the net loss of
[14C]-urea across the placenta relative to the transplacental
[14C]-urea gradient

½14C��urea clearance ¼ ½ðdpmFA 2 dpmUVÞ =

ðdpmFA 2 dpmMAÞ� £ UmBF
ð1Þ

where dpmFA, dpmUV and dpmMA are the counts
(dpm/ml) in FA, UV and MA blood, respectively and UmBF
is the umbilical blood flow (ml/min) (Gresham et al.,
1972).

Foetal urea production rates were calculated as the pro-
duct of the [14C]-urea clearance and the transplacental FA –
MA urea concentration gradient (Gresham et al., 1972).

Percentages of arginine metabolites (glutamate, hydroxy-
proline, proline, citrulline and ornithine) derived from argi-
nine, were calculated as follows:

conversion ¼ðAA*UV=ARG*FAÞ £ 100 ð2Þ

where AA* are the specific activities (dpm/mmol) of the
arginine metabolites in plasma from the FA or UV catheters
and ARG* is the specific activity of arginine in plasma
from the indicated catheter.

Foetal arginine consumption (mmol/min) was determined
as follows:

arginine consumption ¼ðI 2 ððdpmFA 2 dpmUVÞ

£ UmPFÞÞ=ARG*FA
ð3Þ

where dpmFA and dpmUV are the 3H counts (dpm/ml) in
the arginine fraction of FA and UV samples, respectively,
UmPF is the umbilical plasma flow (ml/min) and I is the
infusion rate of the [3H]-arginine tracer (dpm/min).

Daily chest girth increment was determined from the
slope of the increment curve using linear regression (Hard-
ing, 1997). Daily hock-hoof increment was determined
from the difference in hock-hoof length between surgery
and post mortem. To estimate foetal weight at 120 dGA in
individual foetuses, we used individual foetal growth rates
measured as the daily increment in foetal chest girth by
the growth catheters. At post mortem there was a strong
relationship between foetal chest girth and foetal weight
for all animals taken together (r 2 ¼ 0.608, P # 0.0001) as
well as for embolised (r 2 ¼ 0.600, P # 0.01) and control
groups (r 2 ¼ 0.638, P # 0.01) separately. Furthermore,
foetal chest girth increment was linear over the experimen-
tal period. Thus for each foetus the total girth increment

Table 1 Composition of the amino acid infusate as stated by the
manufacturer (10% FreAmine III, Braun Medical Inc., Irvine, USA)
made to an 89.3% solution with sterile saline

g/l

Alanine 6.34
Arginine 8.49
Cysteine ,0.14
Glycine 12.51
Histidine 2.50
Isoleucine 6.16
Leucine 8.13
Lysine 6.52
Methionine 4.73
Phenylalanine 5.00
Proline 1.00
Serine 5.27
Threonine 3.57
Tryptophan 1.34
Valine 5.90
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from 120 dGA to post mortem measured by the growth
catheters was used to extrapolate back to foetal weight at
120 dGA, assuming the same relationship between foetal
girth and weight at this age.

Statistical analysis
The results are presented as mean ^ s.e. For each animal
the means of the measurements were calculated during
saline infusion and during arginine or amino acid infusion.
Baseline differences between the embolised and control
groups were analysed with student’s t-tests. The effect of
gestational age was analysed for baseline measurements
(saline infusion) only, using repeated measures ANOVA

taking into account gestational age (120 dGA and
126 dGA), group (embolised and control), and group £
gestational age interaction. Similarly, the effects of arginine
or amino acid infusion were analysed using repeated
measures ANOVA taking into account infusion (before and
after), group (embolised and control) and infusion £ group
interaction. For those parameters that were not affected by
gestational age, data for both days were combined and
presented as such. Correlations were determined by simple
regression analysis. P-values of #0.05 were determined to
be statistically significant. All statistical analyses were
done using Statview Software (SAS Institute, Cary, NC).

Because complete data were not obtained from all animals
at both gestational ages, due to technical problems such
as catheter failure and inadequate plasma volumes, num-
bers vary for different results and are specified where
appropriate in the tables.

Results

Foetal characteristics and blood flows
Gestational ages were the same in both groups on both
study days and at post mortem (Table 2). Embolisation did
not significantly affect foetal weight at post mortem. How-
ever, the foetal growth rate was lower in the embolised
group, as indicated by 14% and 20% reductions in the
daily increments in chest girth and hock-hoof length,
respectively. Placental weight was also 17% lower in the
embolised group, although this did not reach statistical sig-
nificance (P ¼ 0.06). Baseline uterine blood flow was 27%
lower in the embolised group, but umbilical blood flow
was not changed. However, when expressed per kg foetal
weight, the uterine blood flow was still significantly lower
while the umbilical blood flow was higher in the embolised
animals. Placental embolisation significantly reduced foetal
arterial and umbilical vein pO2 and increased foetal haema-
tocrit but did not cause hypercapnia or acidaemia at the

Table 2 Gestational ages, placental and foetal measurements, blood flows and foetal blood gases

Control Embolised

Mean s.e. n Mean s.e. n

Gestational ages (day)
Day 120 120.5 0.5 (11) 120.3 0.5 (11)
Day 126 126.4 0.5 (9) 126.1 1.1 (8)
Post mortem 127.0 0.9 (10) 127.1 1.1 (10)

Measurements
Foetal weight (g) 3585 456 (10) 3347 668 (11)
Hock-hoof length at surgery (cm) 13.8 0.9 (11) 13.8 0.7 (11)
Hock-hoof increment (mm/day) 2.6 0.5 (10) 2.1a 0.4 (10)
Chest girth at surgery (cm) 24.5 1.8 (11) 25.4 1.9 (11)
Chest girth increment (mm/day) 5.1 0.6 (11) 4.3b 0.7 (11)
Placental weight (g) 432 83 (10) 358 73 (10)

Blood flows†

Uterine (ml/min) 1431 215 (14) 1041c 306 (15)
Uterine per kg foetus (ml/kg per min) 408 44 (13) 316b 98 (14)
Umbilical (ml/min) 571 130 (18) 651 141 (18)
Umbilical per kg foetus (ml/kg per min) 167 40 (17) 197a 43 (17)

Blood gases†

pO2 (mm Hg)
FA‡ 19 3 (20) 16b 3 (19)
UV‡ 29 5 (19) 23d 4 (18)
UOV‡ 45 7 (15) 44 4 (15)
UOV-UV 15 3 (14) 21d 3 (14)
FA pCO2 (mm Hg) 55 3 (20) 54 3 (19)
FA haematocrit (%) 36 6 (17) 42a 7 (19)
FA pH 7.35 0.02 (20) 7.35 0.04 (19)

a P # 0.05; b P # 0.01; c P # 0.001; d P # 0.0001 for comparison between embolised and control animals.
† Values for blood flows and blood gases are the baseline results for both study days taken together.
‡ FA is foetal artery, UV is umbilical vein, UOV is maternal utero-ovarian vein.
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time of study. The transplacental pO2 gradient (UOV – UV)
was 40% higher in the embolised animals.

Arginine infusion reduced umbilical blood flows
to a similar extent in both groups (controls 576 ^
87 to 499 ^ 79 ml/min, embolised 650 ^ 144 to
570 ^ 185 ml/min, infusion effect P # 0.01). Uterine blood
flows were not changed by arginine infusion in either group
(controls 1390 ^ 243 to 1325 ^ 519 ml/min, embolised
1028 ^ 396 to 1006 ^ 370 ml/min). Amino acid infusion
did not affect umbilical or uterine blood flows (umbilical:
controls 559 ^ 155 to 602 ^ 122 ml/min, embolised
652 ^ 147 to 628 ^ 159 ml/min; uterine: controls
1504 ^ 188 to 1452 ^ 269 ml/min, embolised 1056 ^ 185
to 1059 ^ 207 ml/min). The results were the same when
expressed per kg foetus (data not shown)

Urea
Both foetal and maternal arterial blood urea concentrations
tended to be increased in the embolised animals, although
they did not reach statistical significance (P # 0.06 and
P # 0.08, respectively, Table 3). The foetal/maternal con-
centration ratio was not different between the two groups.
There were also no differences between the groups in pla-
cental urea clearance or foetal urea production, either in
absolute value or when expressed per kg foetal weight.
However, foetal urea production rates decreased between
study days in embolised but not control animals (controls
13.3 ^ 3.5 to 14.8 ^ 6.0mmol/kg per min, embolised
13.9 ^ 3.1 to 11.2 ^ 3.0mmol/kg per min, group £
gestational age interaction P # 0.05).

Arginine infusion reduced foetal and maternal arterial
blood urea concentrations in both groups (Table 4). The
effect on maternal urea concentration was greater in the
controls than in the embolised animals. There were no
effects of arginine infusion on foetal/maternal concen-
tration ratio, placental urea clearance or foetal urea pro-
duction rates in either group when the results for both
study days were pooled. However, arginine infusion signifi-
cantly increased foetal urea production in both groups at

126 dGA, but not at 120 dGA. Amino acid infusion reduced
both foetal and maternal arterial blood urea concentrations
(Table 4) but significantly increased the foetal/maternal
concentration ratio in both groups. Amino acid infusion did
not affect placental urea clearance or foetal urea pro-
duction rates in either group.

There were no significant correlations between foetal
urea production and foetal girth or weight.

Plasma concentrations of arginine metabolites
Baseline foetal arterial plasma arginine concentrations
were 21% lower in the embolised animals than in the con-
trols (Table 5). There was a significant correlation between
umbilical vein arginine concentrations and umbilical vein
pO2 for all animals together (r 2 ¼ 0.375, P # 0.0001) as
well as for control and embolised groups separately
(r 2 ¼ 0.478, P # 0.001 and r 2 ¼ 0.278, P # 0.05,
respectively). Hydroxyproline concentrations also tended to
be lower in the embolised foetuses (P ¼ 0.07). There were
no baseline concentration differences between the two
groups for any of the other arginine metabolites.

Arginine infusion increased foetal arterial plasma argi-
nine and ornithine concentrations in both groups (Table 6).
Citrulline, glutamate, hydroxyproline and proline concen-
trations were unchanged. The increase in ornithine concen-
trations was greater in the embolised animals than in the
controls. In both embolised and control animals, infusion of
amino acids increased the foetal arterial plasma concen-
trations of arginine and proline, which were components of
the amino acid mixture. Concentrations of citrulline and
ornithine also increased in both groups, while glutamate
concentrations decreased.

Arginine metabolism
The percentage of citrulline derived from arginine was sig-
nificantly reduced and that of hydroxyproline derived from
arginine also tended to be reduced (P ¼ 0.07) in the
embolised foetuses (Table 7). Arginine consumption was
also lower in embolised foetuses (control 37 ^ 17mmol/
min, embolised 27 ^ 10mmol/min, P # 0.05). Arginine
consumption did not correlate with plasma arginine
concentrations.

Arginine infusion increased the percentages of hydroxy-
proline, citrulline and proline derived from radiolabeled
arginine in both groups (Table 8). Arginine infusion also
increased foetal arginine consumption in both groups (con-
trols 37 ^ 10 to 48 ^ 14mmol/min, embolised 25 ^ 7 to
34 ^ 9mmol/min, group effect P # 0.01, infusion effect
P # 0.001). Amino acid infusion increased the percentages
of foetal hydroxyproline and citrulline derived from arginine
in both groups while reducing the percentage of proline
derived from arginine (Table 8). Foetal arginine consump-
tion did not change after amino acid infusion (controls
38 ^ 23 to 32 ^ 13mmol/min, embolised 25 ^ 6 to
24 ^ 7mmol/min).

Table 3 Baseline values for foetal and maternal blood urea concen-
trations, foetal urea clearances and foetal urea production rates

Control Embolised

Mean s.e. n Mean s.e. n

[FA] (mmol/l)† 4.7 0.8 (20) 5.3 1.0 (17)
[MA] (mmol/l)† 3.8 1.0 (20) 4.4 0.8 (18)
[FA]:[MA] 1.3 0.3 (20) 1.2 0.2 (17)
Cl (ml/min)‡ 42.5 11.7 (18) 47.1 13.2 (17)
Cl (ml/kg/min) 12.3 2.9 (17) 14.1 3.4 (17)
FUP (mmol/min)‡ 48.3 15.5 (18) 43.7 13.9 (17)
FUP (mmol/kg per min) 14.0 4.7 (17) 12.6 3.2 (17)

† [FA] and [MA] are the urea concentrations in foetal and maternal arterial
blood, respectively.
‡ Cl ¼ placental urea clearance; FUP ¼ foetal urea production.
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Discussion

Urea production in the growth restricted foetus
Our study is the first to show direct in vivo kinetic evidence
of impaired urea production in the growth-restricted foetus.
In embolised animals foetal urea production decreased
between 120 and 126 dGA whereas urea production in
control animals did not. Urea production is a function of
amino acid oxidation and urea cycle function and our study
was not designed to distinguish between the two. How-
ever, arginine supplementation is known to stimulate urea
production, and we observed an increase in foetal urea
production after arginine infusion at 126 dGA. The increase
in foetal urea production was similar in the control and

embolised animals, suggesting that the foetal capacity for
urea production was not rate limiting in the embolised
animals.

This is in contrast with the original observations by Lafe-
ber et al. (1979) who found a marked decrease in foetal
urea cycle enzyme activities in vitro in growth restricted
guinea pig foetus. Although our embolised animals showed
signs of growth restriction such as changes in growth par-
ameters, hypoxia and an increased transplacental pO2 gra-
dient (Wilkening and Meschia, 1991), there was no
reduction in foetal weight at post mortem. The growth
restriction in the guinea pig foetuses was very severe
(,60% of control weight). Thus it is possible that the
growth restriction in our animals was too moderate to
detect any in vivo changes in hepatic urea production
capacity. Alternatively, there may have been reduced
capacity for urea production, but this may still exceeded
foetal requirements in vivo.

Due to limited foetal blood volume, only selected com-
pounds could be analysed. Both the foetus and placenta
produce ammonia (Holzman et al., 1977), which is largely
cleared by the foetal liver via ureagenesis. However, both
urea and ammonia also cross the placenta to the maternal
circulation, so that in prenatal life, foetal ammonia status
is largely determined by maternal rather than foetal
capacity for urea production. Maternal urea production
was not changed by our experimental procedure. Though it
is not implausible that placental embolisation and our

Table 4 Effects of arginine or amino acid infusion on foetal and maternal blood urea concentrations, foetal urea clearance and foetal urea pro-
duction rates

Control Embolised

Before After Before After

Mean s.e. Mean s.e. n Mean s.e. Mean s.e. n Significance

Arginine infusion
[FA] (mmol/l)† 5.0 0.9 4.7 0.9 (9) 5.5 0.9 5.2 0.9 (8) c

[MA] (mmol/)† 4.1 0.9 3.5 0.9 (9) 4.6 0.9 4.3 0.9 (8) c*
[FA]:[MA] 1.3 0.2 1.4 0.2 (9) 1.2 0.1 1.2 0.1 (8)
Cl (ml/min)‡ 40.7 8.3 34.9 7.7 (6) 45.8 8.9 44.9 7.7 (8)
Cl (ml/kg per min) 12.6 2.8 10.9 2.3 (5) 13.8 2.6 13.4 2.0 (8)
FUP (mmol/min)‡ 47.1 19.1 50.6 22.9 (6) 42.4 12.1 44.0 16.6 (8)
FUP (mmol/kg per min) 13.6 6.0 14.5 6.7 (6) 12.7 3.7 12.8 4.0 (8)
120 dGA 12.3 3.5 12.0 2.1 (3) 13.6 4.4 11.3 4.2 (4)
126 dGA 15.0 8.5 17.0 9.4 (3) 11.7 3.1 14.3 3.6 (4) a

Amino acid infusion
[FA] (mmol/l)† 4.9 1.0 4.6 1.0 (9) 5.6 0.9 5.3 0.8 (8) a

[MA] (mmol/l)† 3.7 1.0 3.4 0.9 (9) 4.6 0.7 4.3 0.7 (8) c A

[FA]:[MA] 1.3 0.1 1.4 0.1 (9) 1.2 0.1 1.3 0.1 (8) c A

Cl (ml/min)‡ 35.4 7.5 35.3 7.7 (6) 46.7 17.3 40.2 15.4 (8)
Cl (ml/kg per min) 11.4 1.8 10.4 2.1 (5) 13.5 3.4 11.5 2.6 (8)
FUP (mmol/min)‡ 42.4 9.6 45.2 8.7 (6) 41.4 12.7 41.4 15.2 (8)
FUP (mmol/kg per min) 14.4 3.7 13.2 3.2 (6) 12.1 2.9 12.0 3.4 (8)

aP # 0.05; c P # 0.001 for infusion effect in embolised and control animals taken together. A P # 0.05, for group effect (embolised v. control). * P # 0.05 for
infusion £ group interaction.
† [FA], [MA] ¼ foetal and maternal arterial blood urea concentrations, respectively.
‡ Cl ¼ foetal urea clearance; FUP ¼ foetal urea production.

Table 5 Baseline concentrations (mmol/l) of arginine metabolites in
foetal arterial plasma

Control
(n ¼ 20)

Embolised
(n ¼ 18)

Mean s.e. Mean s.e.

Arginine 108 30 85a 31
Citrulline 167 33 165 38
Glutamate 73 31 75 35
Hydroxyproline 68 16 58 17
Ornithine 62 17 63 19
Proline 163 31 185 60

aP # 0.05 for comparison between control and embolised animals.
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treatments would have an effect on foetal ammonia status,
foetal urea production rates were deemed to be a more
important outcome than foetal ammonia concentrations. It
was therefore decided that foetal ammonia levels would
not be measured.

Arginine infusion increased foetal urea production at
126 dGA, but not at 120 dGA. Arginine might increase urea
production in two ways: firstly, the supplemented arginine
can directly be hydrolysed into ornithine and urea by argi-
nase activity, an enzyme that is present in many tissue
types (Wu and Morris, 1998). Secondly, the additional
ornithine produced in this reaction also stimulates the for-
mation of new urea from ammonia. Our study was not
designed to distinguish between the two pathways. One
recent study has shown that placental arginase activity
peaks relatively early in ovine gestation, around 60 dGA
(Kwon et al., 2003) but others have reported increasing
foetal hepatic arginase activity with increased gestation
(Rattenbury et al., 1980). In human foetuses, urea cycle
enzyme activities also increase throughout gestation
(Mukarram Ali Baig et al., 1992). Thus increased urea pro-

duction in response to arginine infusion between 120 and
126 dGA might be due to increased activity of either or
both of these pathways. However it is unlikely that all of
the infused arginine was directly hydrolysed via the argi-
nase pathway in the foetus even at 126dGA, since the
increase in foetal urea production would account for only
approximately one-third of the arginine infusion rate.

Foetal urea concentrations
Embolisation tended to increase both foetal and maternal
urea concentrations, in spite of the lower foetal urea pro-
duction rates in the embolised group. As urea crosses the
placenta by simple diffusion down a concentration gradi-
ent, the maternal urea concentrations are an important
determinant of foetal urea concentrations, regardless of
foetal urea production. It can be hypothesised that in the
embolised pregnancies there was a decreased foetal
demand for amino acids due to a reduced foetal growth
rate as well as impaired placental amino acid transport,
reducing the amount of amino acids transported to the
foetus. This may have resulted in increased maternal
amino acid oxidation and urea production and thus a
decrease in the foetal to maternal concentration gradient
and an increase in foetal urea concentrations, consistent
with our findings.

In contrast, arginine infusion reduced foetal and
maternal urea concentrations in spite of an increase in foe-
tal urea production. Again, the change in maternal urea
concentrations was greater than the change in the foetal
concentrations and the resulting increase in the foetal
to maternal concentration ratio suggests that the change
in foetal urea concentration is secondary to the change in
the maternal concentration, independent of foetal urea
production. This change in maternal urea concentrations
may again reflect altered demand for maternal amino

Table 6 The effects of arginine and amino acid infusions on arterial plasma amino acid concentrations (expressed in mmol/l)

Control Embolised

Before After Before After

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Significance

Arginine infusion (n ¼ 10) (n ¼ 10)
Arginine 108 36 198 74 87 40 182 60 d

Citrulline 174 48 169 41 174 50 178 37
Glutamate 69 30 60 33 72 37 76 35
Hydroxyproline 68 21 66 21 59 20 58 16
Ornithine 66 24 112 17 63 17 141 54 c*
Proline 161 41 152 29 188 56 189 41

Amino acid infusion (n ¼ 9) (n ¼ 9)
Arginine 109 18 131 21 94 26 117 45 c

Citrulline 176 23 190 27 175 36 187 28 c

Glutamate 79 36 67 33 89 35 83 37 b

Hydroxyproline 73 9 72 6 63 16 65 14
Ornithine 63 12 77 17 67 17 88 34 b

Proline 173 19 255 35 177 35 271 59 d

bP # 0.01; c P # 0.001 and d P # 0.0001 for infusion effect in both control and embolised animals together. * P # 0.05 for infusion £ group interaction.

Table 7 Effects of placental embolisation on baseline conversions of
arginine into its metabolites, expressed as the percentage of the
metabolite derived from arginine (expressed in mmol/l)

Controls
(n ¼ 19)

Embolised
(n ¼ 16)

Mean s.e. Mean s.e.

Glutamate 1.7 3.0 2.4 2.5
Hydroxyproline 17.6 14.5 10.6 4.4
Citrulline 20.2 12.0 13.2a 2.4
Proline 7.2 2.9 6.0 2.0

a P # 0.05 for comparison between embolised and control animals.
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acids. Arginine infusion stimulates protein accretion in both
control and embolised animals (de Boo et al., 2005) which
would increase foetal demand for amino acids from the
maternal circulation, thus potentially decreasing maternal
amino acid oxidation and urea production. Amino acid
infusion had similar effects.

Arginine metabolism
Arginine concentrations were approximately 20% lower in
the embolised animals than in the control animals. Studies
in human IUGR pregnancies have shown no reduction in
the placental microvillous membrane activity of the two
transporter types, yþ and yþL, that are responsible for the
transplacental transport of arginine (Ayuk et al., 2002).
However, yþL transporter activity is dependent on the oxy-
genation of the uteroplacental unit (Radaelli et al., 2002).
The embolised foetuses in our study had lower arterial pO2

values and we found a strong correlation between umbili-
cal venous pO2 and arginine concentrations. The lower
arginine concentrations in the embolised group were there-
fore likely to be the result of reduced placental transport
associated with reduced placental oxygenation.

Total foetal arginine consumption rates were 27% lower
in the embolised animals, and the fractions of citrulline
and hydroxyproline derived from arginine were also lower.
Hydroxyproline is formed from proline during the synthesis
of collagen, the main structural protein in the body (Yang
et al., 2004), thus the reduction in the proportion of hydro-
xyproline synthesis from arginine in the embolised animals
may indicate reduced collagen synthetic rates.

Citrulline can be produced from arginine in two ways.
Firstly, it can be produced through activity of the urea cycle
enzymes arginase, which produces ornithine from arginine
and is universally present in many tissue types, and carba-
moylphosphate synthase and ornithine carbamoyltransferase,
which produce citrulline from ornithine. Secondly, citrulline is
a by-product of the synthesis of nitric oxide (NO) from argi-
nine, a reaction that is catalysed by nitric oxide synthase. NO

is an endothelium derived vasodilator, and as such is involved
in the distribution of blood flow throughout the body. Due to
the presence of trace amounts of labeled ornithine in the
arginine tracer, which was not metabolised (unpublished
observations), we have no reliable results for ornithine pro-
duction rates. Therefore we cannot speculate on the extent of
citrulline production from ornithine. However, we found
increased umbilical blood flows in the embolised animals,
which may indicate a reduction in foetal NO production, caus-
ing vasoconstriction in the foetal blood vessels and redistribu-
tion of blood flow away from the foetus towards the
placenta. This may be a means of compensation for the
reduced nutrient supply caused by the reduced uterine blood
flow after embolisation.

Similarly, arginine infusion caused an decrease in umbili-
cal blood flow and an increase in the proportion of foetal
citrulline produced from arginine, which may indicate an
increase in foetal NO production, causing vasodilation in
the foetal blood vessels and redistribution the blood flow
away from the placenta and towards the foetus.

Summary
This study provides the first in vivo kinetic evidence of
decreased foetal urea production in late gestation after
placental embolisation. Arginine infusion increased urea
production to a similar extent in both control and embo-
lised animals at 126 dGA but not at 120 dGA, suggesting
that the foetal capacity for urea production increased with
gestation, but was not limiting in the embolised animals.
Production of citrulline and hydroxyproline from arginine
was reduced in the embolised animals. These data suggest
that foetal urea production and arginine metabolism are
perturbed in late gestation after placental embolisation.
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