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Effects of Insulin on Ovine Fetal Leucine Kinetics and Protein Metabolism
J. Ross Milley
Division of Neonatology, Department of Pediatrics, University of Utah School of Medicine, Salt Lake City, Utah 84132

Abstract
Fetuses of eight pregnant ewes (114-117 d of gestation) were
used to study whether fetal insulin concentration affects fetal
protein accretion and, if so, whether such changes are caused by
effects on protein synthesis or protein breakdown. Fetal leucine
kinetics were measured by infusion of I1-'4Clleucine during
each of three protocols: (I) low vs. normal insulin concentra-
tion; (II) low vs. high insulin concentration; and (III) low vs.
high insulin concentration during amino acid infusion to keep
leucine concentration constant. Fetal leucine concentration
(233±20 vs. 195±18 ,uM) and clearance (48.3±4.4 vs.
54.2±5.5 ml/ kg per min) were the only aspects of fetal leucine
kinetics that changed during protocol I. During protocol II,
insulin infusion decreased fetal leucine concentration (222±22
vs. 175±22), decreased fetal leucine disposal (11.63±0.89 vs.
12.55±0.89 gmol/kg per min), increased leucine clearance
(48.0±4.2 vs. 57.6±6.5 ml/kg per min), decreased leucine de-
carboxylation (1.77±0.17 vs. 2.04±0.21 gmol/kg per min),
decreased nonoxidative leucine disposal (9.81 ±0.78 vs.
10.51±0.74 ,umol/kg per min), decreased release of leucine
from fetal protein (7.43±1.08 vs. 8.38±0.84 ;mol/kg per
min), but did not change the accretion of leucine into protein. In
contrast, when leucine concentrations (205±25 vs. 189±23)
were maintained (protocol III), insulin infusion did not change
fetal leucine disposal, decarboxylation, or nonoxidative dis-
posal although leucine clearance still rose (55.4±5.0 vs.
64.4±5.9 ml/kg/min). Fetal release of leucine from protein,
however, decreased (7.46±0.83 vs. 8.57±0.71 ,umol/kg per
min) and the accretion of leucine into protein increased
(3.27±0.30 vs. 1.80±0.32 gtmol/kg/min). These findings
show that insulin decreases fetal protein breakdown. If insulin-
induced hypoaminoacidemia occurs, protein synthesis de-
creases so that no net accretion of protein occurs. If fetal amino
acid concentrations are maintained, however, insulin itself does
not affect protein synthesis, and fetal protein accretion in-
creases. (J. Clin. Invest. 1994. 93:1616-1624.) Key words:
fetus * fetal growth * protein breakdown * protein synthesis.
insulin

Introduction
In adults, insulin plays an important anabolic role in the regula-
tion of protein and amino acid metabolism. In vitro studies
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have shown that insulin promotes both amino acid uptake (1)
and protein breakdown in rat muscle (2). In vivo, however,
insulin's effects are somewhat different. Insulin infusion into
adult dogs (3) or adult human volunteers (4-7) decreases leu-
cine turnover and oxidation, and depresses protein synthesis
and degradation. Protein balance (synthesis minus break-
down) was minimally affected by hyperinsulinemia in these
experiments (7), an effect seemingly at variance with insulin's
role as an anabolic hormone. However, these studies have con-
sistently also shown that insulin infusion not only increases
insulin concentration but markedly decreases leucine concen-
tration (3-7). When, concomitant with insulin infusion,
amino acids are infused to keep leucine concentration con-
stant, neither protein synthesis nor leucine oxidation decline
(4, 6). In contrast, protein degradation decreases even more
when leucine concentration is maintained than when insulin
alone is infused. Because protein degradation decreases while
synthesis remains constant, protein balance, i.e., the accretion
of leucine into proteins, increases during hyperinsulinemia at
constant leucine concentration (4), an effect contrasting to
that of insulin infusion alone.

Insulin has long been felt to be an important promoter of
fetal growth, a conviction fostered by the associations of fetal
growth retardation with fetal insulin deficiency (8) and of fetal
overgrowth with fetal hyperinsulinism (9). If the manner of
insulin action in fetal life were analogous to that in adults,
insulin should augment protein balance primarily by decreas-
ing fetal protein degradation. However, the few studies of the
effect of insulin on fetal protein metabolism in vivo provide
results that contradict this supposition. Young and her col-
leagues (10) showed that fetal lamb amino acid concentrations
decreased and cardiac muscle protein synthetic rates increased
in response to insulin infusion. Johnson et al. (11) measured
protein turnover in fetal rat tissues and concluded that the
major effect of fetal hyperinsulinemia was to increase protein
synthesis in certain tissues without affecting protein break-
down. Most recently, Liechty et al. (12) found that, in their fed
ewes, fetal hyperinsulinemia had no effects on fetal protein
synthesis, breakdown, or accretion. They concluded from their
experiments that the mode of action of insulin in fetuses is
different from that in adults. However, in these experiments,
fetal leucine concentrations fell by 19%in association with fetal
insulin infusion. They did not account for the concomitant
effect that this hypoaminoacidemia might have had on fetal
protein metabolism.

Therefore, before the response of fetal protein metabolism
to hyperinsulinemia is deemed unique, the effect of hypoami-
noacidemia on the response of fetal protein metabolism to in-
sulin must be investigated. This study was undertaken to dis-
cover if fetal protein accretion is indeed affected by fetal insulin
concentration alone in non-fasted ewes and, if so, whether such
changes are the result of changes in protein breakdown, as in
adults, or changes in protein synthesis, a mode of action that
would be uniquely fetal.
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Methods
Animals. The eight pregnant ewes (six singleton pregnancies, two twin
pregnancies) used for this study weighed 62.6±3.5 kg and had gesta-
tional ages between 1 4 and 1 7 d (Torell Ranch, Ukiah, CA). They
were premedicated with intravenous ketamine ( 10 mg/kg), intubated,
and placed under general anesthesia (about 2% isofluorane). The ma-

ternal abdomen was incised in the midline and a hysterotomy was

performed over the neck of the fetus, the fetal skin was incised and two
catheters were placed in one jugular vein. The fetal and uterine inci-
sions were closed and a second incision was made over the region of the
fetal abdomen. The fetal skin was incised 2-3 mmfrom the umbilical
ring and a catheter was placed in the umbilical vein. The fetal and
uterine incisions were again closed and the uterus reopened over the
fetal hindlimbs. Each fetal hindlimb was withdrawn and catheters were

placed via a hindlimb artery and two hindlimb veins to the abdominal
aorta and inferior vena cava, respectively. The hysterotomy and mater-
nal abdominal incisions were closed, and the catheters tunneled to the
maternal flank where they were stored in a pouch until needed.

Before operation and for 3 d postoperatively, each animal received
intramuscular antibiotics (2.5 ml of Di-Trim, 48% injection, contain-
ing 80 mg/ml trimethoprim and 400 mg/ml sulfadiazine, Syntex Ani-
mal Health, Inc., West Des Moines, IA). The animals were allowed to

recover for 6 d before experiments were started. Catheter patency was

ensured by filling the catheters with saline (0.9%) containing heparin
( 100 U/ml) every other day. Animals had free access to food and water

during recovery and throughout all experiments. On completion of
study protocols, the ewe and fetus were killed by barbiturate overdose
(Beuthanasia-D Special, Schering, Kenilworth, NJ). The fetus was

then weighed and all catheter positions confirmed at autopsy. Fetal
weights were 2.95±0.14 kg at autopsy. To allow comparison of the data

from this report to other published data, variables are normalized to the
weight of the fetus at autopsy. Wedid not correct for growth over the

41/3 d of study (- 380 g or 18% of original fetal body weight) as the
amount of growth for a specific fetus on any given day could not be
known. However, this lack of correction for fetal growth could not have
influenced the conclusions of this study because we made no compari-

sons between days.
Experimental design. Three experimental protocols detailed below

(Fig. ) were performed in each of the eight animals. Each protocol was

separated from the next by at least 36 h of recovery. Each animal was
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Figure 1. Outline of experimental design. Each protocol consisted of
somatostatin and glucagon infusions throughout the entire experi-
ment. The control measurements for all three protocols were made
after 3 h of radioactive leucine infusion and I h of antipyrine infusion.
To make measurements during hyperinsulinemia, insulin infusion
was begun, followed by a variable glucose infusion to maintain euglyce-
mia. Insulin was infused during protocol I to return fetal plasma in-
sulin concentration to normal (i.e., not infused with somatostatin and
glucagon) values. During protocols II and III, insulin was infused at
a rate causing hyperinsulinemia. During protocol III, Trophamine, a
commercial amino acid mixture, was infused to maintain constant
leucine concentration.

represented by each of the desired comparisons: protocol I, low vs.
normal insulin concentration; protocol II, low vs. high insulin concen-
tration; and protocol III, low vs. high insulin concentration during
amino acid infusion to keep leucine concentration constant. To reduce
variation of endogenous pancreatic hormone secretion, experiments
were initiated by beginning venous infusions of somatostatin (Sigma
Chemical Co., St. Louis, MO) at 1.5 jg/kg per min after a loading
bolus of 15 Ag/kg and glucagon (Eli Lilly & Co., Indianapolis, IN) at
10 ng/kg per min after a loading bolus of infusion of 10 ng/kg into the
fetus. Weight was estimated based on intrauterine growth curves for the
sheep fetus ( 13). Preliminary experiments showed that by 90 min of
such infusion, fetal plasma insulin and glucagon concentrations were
constant. Consequently, after 90 min of somatostatin and glucagon
infusion, we began infusion of [1- '4C]leucine in sterile saline into the
fetal inferior vena cava catheter at 5.5 x 106 dpm/min. This infusion
was continued for 180 min, sufficient time for leucine specific activity
to become constant ( 14). 2 h after starting the [ 1- '4C]leucine infusion,
an infusion of antipyrine (24 mg/kg in sterile 0.9% saline) at 0.2 ml/
min was started into the fetal inferior vena cava catheter. 1 h later,
blood was drawn simultaneously from the fetal umbilical vein and
aorta for analysis of whole blood contents of glucose, antipyrine, leu-
cine, and a-ketoisocaproate, and also for radioactivity as 14C02, [ 14C]-
leucine, and ['4C] a-ketoisocaproate. In addition, arterial plasma was
analyzed for a-ketoisocaproate specific activity. Two additional similar
sets of blood samples were drawn at - 15-min intervals. Values from
these three samples were averaged before calculations. Arterial blood
was taken for analysis of hematocrit, pH, Pco2, P02, and plasma insu-
lin and glucagon concentrations as the last set of samples was obtained.
After the blood sampling procedure, the fetus was transfused with an
amount of maternal blood equal to that removed.

To increase fetal insulin concentration, insulin (U 100 Iletin, Eli
Lilly & Co.) was infused ( 10 mU/ml, protocol I or 40 mU/ml, proto-
cols II and III in 90% sterile 0.9% saline: 10% maternal plasma) into a
fetal vein at 0.25 (protocol I) or 1.25 mU/kg per min (protocols II and
III) after a 10-min priming infusion ( 15 ). Samples of fetal serum were
analyzed for glucose concentration at the beginning of the insulin infu-
sion and every 15 min until the sampling process was again performed.
Glucose (as 5% dextrose, protocol I or 10% dextrose, protocols II and
III) was infused intravenously (15) as needed to maintain constant
fetal glucose concentration (Fig. 2). When fetal glucose concentration
was consistently within 0.0 12 mMof its value before insulin infusion,
the [1- '4C ] leucine infusion was restarted as described above followed 2
h later by the antipyrine infusion. After an additional hour, three sets of
blood samples identical to those previously described were obtained.
For protocol III, fetal serum leucine concentration was measured be-
fore beginning the insulin infusion and every 15 min after that until the
end of the protocol. Once fetal glucose concentration had become
stable during the insulin infusion, an intravenous infusion of 10% Tro-
phamine (Kendall McGawLaboratories, Irvine, CA; leucine concen-
tration, 10.67 mM)was begun and adjusted to maintain constant fetal
leucine concentration (Fig. 3). Fetal [1-'4C]leucine infusion was
started when fetal serum leucine concentration had stabilized during
the Trophamine infusion. The remainder of the protocol was as de-
scribed for protocol II.

Chemical analyses. Methods for measurement of fetal whole-blood
concentrations of leucine and a-ketoisocaproate, leucine and a-ketoiso-
caproate whole-blood radioactivity, and fetal plasma specific activities
of a-ketoisocaproate have been described ( 14). Blood '4CO2 was mea-
sured by a modification ( 14) of the method of Hinks et al. ( 16).
Whole-blood antipyrine was measured by a previously described ( 14)
modification of the HPLC method of Teunissen et al. (17). Whole-
blood concentration of glucose was measured using previously de-
scribed methods ( 18 ). Fetal serum glucose was analyzed with a glucose
analyzer (glucose analyzer model 23A, Yellow Springs Instruments,
Yellow Springs, OH). Rapid measurements of fetal serum leucine were
by the method of Brown et al. ( 19). Blood oxygen concentration was
calculated from measurements of oxygen saturation and hemoglobin
content (Hemoximeter OSMIII, Radiometer, Copenhagen, DK).

Effects of Insulin on Ovine Fetal Leucine and Protein Metabolism 1617
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Blood gases and pH were measured at 390C with standard electrodes
(ABL30 acid-base analyzer, Radiometer). Hematocrits were measured
by the microhematocrit method. Insulin and glucagon were measured
by radioimmunoassay (ICN Biomedicals Inc., Costa Mesa, CA). Inter-
assay and intrassay coefficients of variation were 15 and 5% respec-
tively for insulin assays, and 10 and 3%, respectively, for glucagon
assays. To reduce the effect of interassay variability on the results of this
experiment, all samples from each experiment were analyzed together.

Calculations. Umbilical blood flow was calculated by the steady-
state diffusion method. Oxygen and glucose uptake were calculated by
the Fick principle (umbilical blood flow times the umbilical venoar-
terial blood glucose or oxygen difference).

Evaluation of fetal protein metabolism requires measurement of
two of the three variables related as follows:

Synthesis = breakdown + accretion (growth) (1)
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Figure 3. The rate of leucine infusion to the fetus and fetal serum
leucine concentrations during insulin infusion in the protocol III
portion of the experiments. Serum leucine concentration (shown as
mean±SEM)was measured prior to the insulin and leucine infusions.
Leucine was infused at the rates shown in an effort to keep serum
leucine concentration at this concentration (shown as a dashed line).
Throughout the infusion, serum leucine concentration was measured
every 15 min until the sampling procedure (see Methods) began.

Figure 2. Fetal serum glucose con-
centrations for eight fetuses during
the insulin infusion portion of each
of the three experimental protocols.
Samples (shown as the mean±SEM)
were taken before insulin infusion
began. The euglycemic clamp tech-
nique (see Methods) was designed
to return the serum glucose concen-
tration to this value (shown as a
dashed line) during the insulin infu-
sion. Serum glucose values were
monitored every 15 min until the
sampling procedure (see Methods)
began.

The following formulas were therefore used to estimate the rate of fetal
protein synthesis.

Synthesis (nonoxidative disposal)

= leucine disposal - leucine decarboxylation,

where leucine disposal was defined as:

Leucine disposal

= (infusion rate - transumbilical loss)/specific activity.

(2)

(3)

The specific activity used for these calculations was that of plasma
a-ketoisocaproate, the transamination product of leucine. This specific
activity has been used to estimate intracellular leucine specific activity
(20, 21 ). In formula 3, transumbilical loss was:

Transumbilical loss = UBF{ (dpmLeu-u. - dpmLeu-u,)
(4)

where UBF was umbilical blood flow and dpmL,..-., dpmLcu-uv,
dpmKiLC. and dpmL-.UV represented the radioactivity as leucine and
a-ketoisocaproate in the umbilical artery and vein. In formula 2, leu-
cine decarboxylation was:

Leucine decarboxylation

= { UBF(1'2- . -14- C2uv.)f /specific activity, (5)
where 14CO2. and '4CO2uv were the blood CO2 radioactivity in the
umbilical artery and vein, respectively.

Because the only fates for leucine are either metabolism or accre-
tion into protein, the difference between the uptake of leucine across
the placenta and its rate of metabolism (oxidation) was the rate of
leucine accretion into protein.

Accretion = leucine uptake - leucine decarboxylation,

where leucine carbon uptake was:

Leucine uptake

= UBF{([LeuLv - [Leu].) + ([KicIu, - [Kic].)}

(6)

(7)

where [Leu]u., [Leu]u, [Kic]J,, and [Kic]ua were leucine and a-ketoi-
socaproate concentrations in the umbilical vein and artery.
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Table I. Arterial Hematocrit, pH, Blood Gas, and Oxygen Content Values

Protocol I Protocol II Protocol III

Control Insulin Control Insulin Control Insulin

Hematocrit(%) 31±1 31±1 29±1 29±1 28±1 28±1
pH 7.36±0.01 7.34±0.01 7.35±0.01 7.33±0.01 7.36±0.01 7.33±0.02*
Pco2 (torr) 47.9±0.7 49.8± 1.5 48.9±0.5 50.7±0.7t 48.8±0.5 51.2±0.6*
P02 (torr) 17.1±0.8 16.2±0.9 17.7±0.7 16.4± 1.0 16.7±0.5 15.2±0.6
Base excess (meq/liter) 0.8±0.6 0.4±0.6 0.6±0.5 0.3±0.5 1.3±0.5 0.4±0.4*
Oxygen content (mM) 2.72±0.27 2.37±0.29* 2.78±0.20 2.34±0.19$ 2.31±0.13 1.84±0.15*

All data are given as means±SEM. * Significance at P < 0.01; $ Significance at P < 0.05.

Also calculated was fetal leucine clearance:

Leucine clearance = leucine disposal / [ Leu ]a, (8)

where leucine disposal was as calculated above and [LeujI was arterial
leucine concentration.

Statistics. The paired t test was used to compare each variable with
the control measurement made during that protocol. Differences were
considered significant at P < 0.05. All data are expressed as the
mean±the standard error. Linear regression was by standard least
squares techniques. Two lines were used instead of a single line when
the broken line was a significantly better fit to the data than a single
straight line (22).

Results

Fetal hematocrit, pH, blood gas and oxygen content values.
There were no changes in fetal hematocrit coincident with fetal
insulin infusion (Table I). Fetal blood gas analysis (Table I)
showed a slight decrease in fetal pH during protocol III, a de-
crease that was coincident with a small increase of fetal Pco2
(protocols II and III), although arterial base excess fell slightly
as well during protocol III. Fetal arterial oxygen content fell by
13%, 16%, and 20% during insulin infusion in protocols I, II,
and III, respectively (Table I).

Fetal glucose and leucine concentrations. In spite of insulin
infusion, fetal euglycemia was maintained by infusion of glu-
cose; i.e., in none of the three protocols was a change of fetal
glucose concentration associated with the fetal infusion of insu-
lin (Table II). Changing fetal insulin concentration from low
to normal physiologic values (protocol I) was associated with a
16% decrease of fetal whole-blood arterial leucine concentra-
tion (Table II). The greater rate of insulin infusion used in
protocol II was associated with a slightly greater (21%) decrease
of fetal leucine concentration. The same rate of insulin infu-

sion was used in protocol III, but with the addition of an infu-
sion of a mixture of amino acids including leucine the fall in
leucine concentration was ameliorated (8%) but not entirely
prevented.

Fetal insulin and glucagon concentrations. The infusion of
insulin to the fetus at a rate estimated to be - 0.25 mU/kg/
min (protocol I), increased fetal plasma insulin concentrations
to values (Table II) that were indistinguishable from those of
fetuses of normal ewes in our laboratory ( 14.2±2. 1 gU /ml, as
measured in 17 fetuses 6 d after catheterization and before any
experimental procedures). Both protocol II and protocol III
resulted in increases of fetal insulin concentration that were 6
and 7.5, respectively, times the increase noted during protocol I
(Table II). Fetal infusion of somatostatin and glucagon during
the control periods resulted in glucagon concentrations that
were also indistinguishable from those of fetuses of normal
ewes (259±30 pg/ml, as measured in 17 fetuses 6 d after cathe-
terization and before any experimental procedures). There
were no changes in fetal glucagon concentration during any of
the three experimental protocols (Table II).

Fetal leucine infusion. Of the radioactive leucine infused to
the fetus, between 20% and 24% was lost across the umbilical
circulation as leucine (Table III). However, a small amount
(0-6%) of this loss returned to the fetus via the umbilical circu-
lation as a-ketoisocaproate. Wecorrected the loss of radioactiv-
ity as leucine for this small amount of return of radioactivity as
a-ketoisocaproate to give the total transumbilical radioactivity
lost. No differences attributable to insulin infusion were found
in the radioactivity that remained in the fetus in any of the
three experimental protocols.

Fetal leucine kinetics. Fetal plasma a-ketoisocaproate spe-
cific activity was not changed during insulin infusion in any of
the three experimental protocols (Table IV). Fetal leucine dis-

Table II. Arterial Plasma Concentrations of Glucose, Leucine, and Hormones

Protocol I Protocol II Protocol III

Control Insulin Control Insulin Control Insulin

Glucose (mM) 1.35±0.09 1.33±0.08 1.20±0.07 1.23±0.09 1.23±0.08 1.24±0.08
Leucine (AM) 233±20 195±18* 222±22 175±22* 205±25 189±23*
Insulin (XU/ml) 9.2±2.1 17.2±2.5* 7.7±1.9 56.2±6.1* 7.3±1.7 68.0±10.3*
Glucagon (pg/ml) 229±19 253±52 279±36 289±32 374±55 399±55

All data are given as means±SEM. * Significance at P < 0.001; * Significance at P < 0.02.

Effects of Insulin on Ovine Fetal Leucine and Protein Metabolism 1619



Table III. ['C]Leucine Infusion and Transumbilical Loss before and after Insulin Infusion during Each of Three Protocols

Protocol I Protocol II Protocol III

Control Insulin Control Insulin Control Insulin

dpm/kg per min

Infused 135,100±6,100 135,100±6,100 137,700±6,100 137,700+6,100 135,700±6,500 135,700±6,500
Lost as

Leucine 29,500±3,800 28,500±1,300 31,700±2,100 32,900±3,600 26,600+2,100 27,400±3,300
a-Kic -1,600±500 -1,100+300 -1,600+700 -1,000±300 -100±400 -1,700±300
Total 27,900±3,500 27,400±1,300 30,100+2,200 31,800±3,500 26,500±2,400 25,600±3,300

Remainder 107,300±6,200 107,700±5,500 107,600+6,400 105,800+7,400 109,200+7,400 110,100±7,000

All data are given as means±SEM. Abbreviation: a-Kic, a-ketoisocaprote.

posal fell by 7% during insulin infusion in protocol II (higher
insulin concentrations and lower leucine concentrations), but
was unaffected by the experimental conditions of the other
protocols. As expected from the leucine disposal and concen-
tration results presented above, fetal leucine clearance in-
creased by 12%, 20%, and 16% in protocols I, II, and III, respec-
tively (Table IV). The uptake of leucine across the umbilical
circulation by the fetus was unaffected by any of the experimen-
tal conditions (Table IV). There was also uptake of a-ketoiso-
caproate across the fetal circulation that ranged from 6% to
12% of the total uptake of the leucine carbon skeleton. Al-
though the uptake of a-ketoisocaproate fell during one experi-
mental condition (protocol II), the total uptake of leucine car-
bon skeleton remained unaffected by the conditions during
insulin infusion in any of the three protocols. The rate of fetal
leucine decarboxylation was also unaffected by the experimen-
tal conditions of protocols I and III. However, decarboxylation
decreased during the period of higher insulin concentration
and lower leucine concentration of protocol II (Table IV).
When all 48 measurements of fetal decarboxylation rate are
related to fetal leucine concentration, fetal decarboxylation
rate is related to fetal leucine concentration < 190 kLM, but not
above that concentration (Fig. 4).

Fetalprotein metabolism. The nonoxidative disposal of leu-
cine (protein synthesis) was unaffected by the variation of in-
sulin and leucine concentrations of the protocol I (Table V).

The rate of protein synthesis did however decrease under the
conditions of protocol II (a greater increase of insulin concen-
tration and a greater decrease of leucine concentration). Infu-
sion of leucine to maintain more consistent leucine concentra-
tions (protocol III) ameliorated the changes in protein syn-
thetic rate induced by higher insulin concentrations. Wewere
unable to detect any effect of changing fetal insulin concentra-
tion from low to normal values (protocol I) on the release of
leucine from fetal protein breakdown. When fetal insulin con-
centration was varied over a wider range (protocol II) fetal
protein breakdown decreased (Table V), even when fetal leu-
cine infusion ameliorated the fall of fetal leucine concentration
(protocol III). The accretion of leucine into fetal protein was
unaffected by the infusion of insulin into the fetus when fetal
leucine concentration was allowed to fall (protocols II and III).
However, when fetal leucine concentration was maintained by
fetal leucine infusion, there was a marked increase in accretion
of leucine into protein (Table V).

Discussion

The role of insulin as an important regulator of fetal growth (9)
has been suggested by the association of hypoinsulinemia with
intrauterine growth deficiency in infants with pancreatic agen-
esis (8) and of hyperinsulinemia with increased fetal growth in
infants of diabetic mothers (9). Moreover, increased protein

Table IV. Fetal Leucine Metabolism in Fetuses before and after Insulin Infusions for Each of Three Protocols

Protocol I Protocol 11 Protocol III

Control Insulin Control Insulin Control Insulin

a-Kic sp act (dpm/nm) 8.42±0.59 8.64±0.40 8.76±0.66 9.26±0.59 8.99±0.74 8.76±0.59
Clearance (ml/kg per min) 48.3±4.4 54.2±5.5t 48.0±4.2 57.6±6.5§ 55.4±5.0 64.4±5.9"1
Disposal 12.96±0.61 12.60±0.70 12.55±0.89 11.63±0.89* 12.38±0.78 12.75±0.77
Uptake as

Leucine 3.91±0.41 3.92±0.24 3.68±0.42 3.87±0.45 3.59±0.33 3.62±0.31
a-Kic 0.28±0.07 0.26±0.04 0.49±0.10 0.27±0.071 0.22±0.05 0.38±0.14
Total 4.19±0.46 4.18±0.26 4.17±0.47 4.14±0.45 3.82±0.36 3.99±0.43

Decarboxylation 1.89±0.19 1.77±0.13 2.04±0.21 1.77±0.17* 2.02±0.21 2.01±0.17

All values are given as ,umol/kg per min with the exception of a-Kic sp act and leucine clearance. All data are shown as means±SEM. Abbrevi-
ation: a-Kic, a-ketoisocaprote. Significance * at P < 0.05; * at P < 0.02; § at P < 0.01; 11 at P < 0.001; ' at P < 0.005.
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Figure 4. Fetal leucine decarboxylation rate as a function of fetal
blood leucine concentration. Shown are all 48 data points from the
eight animals. The data can be fit by a straight line (not shown),
leucine decarboxylation = 0.00354 (leucine concentration) + 1.20; r
= 0.44. However, the data are significantly (P < 0.05) better fit by
the two straight lines shown, leucine decarboxylation = 0.00990
(leucine concentration) + 0.21; r = 0.61; P < 0.001; from 107 to 206
,uM leucine, and leucine decarboxylation = 0.00023 (leucine concen-
tration) + 2.05; r = 0.02, P = NS; from 206 to 332 ,uM leucine. These
two lines have less residual variance than any other two lines and
meet at 190 ,gM leucine.

content occurs in infants of diabetic mothers (23), suggesting
that insulin could be important in regulating fetal protein ac-
cretion. Experimental confirmation that insulin regulates fetal
protein accretion has given inconsistent results, however.
Therefore, this study was undertaken to show whether varia-
tions of fetal insulin concentration affect fetal protein accretion
and, if so, whether such changes in accretion are mediated pri-

marily by changes in protein synthesis or changes in protein
breakdown. Changing insulin concentration from low to nor-
mal caused no effect on leucine metabolism except blood leu-
cine concentration fell. When insulin concentration was raised
from low to high concentrations, fetal protein accretion was
unaffected. As in adults (4, 6), however, leucine concentration
fell and, concomitantly, both protein synthesis and breakdown
decreased. In contrast, during amino acid infusion to maintain
leucine concentration, insulin increased fetal protein accre-
tion. This increased accretion was due to decreased fetal pro-
tein breakdown while fetal protein synthesis remained con-
stant.

The limitations of the methods used in this investigation to
measure fetal leucine and protein metabolism have been re-
cently reviewed (24, 25). Probably the most fundamental as-
sumption is that the specific activity of leucine is measured at
the site of all its metabolic fates. Clearly, such a measurement is
not possible in experiments such as this in which more than
one in vivo measurement is planned. To best represent the
general intracellular leucine specific activity, we chose to use
the plasma specific activity of a-ketoisocaproate (20, 21 ). An-
other factor that must be considered in studies such as this is
the presence, unique to fetal life, of the umbilical circulation, a
circulation that can lead to the loss or gain of both tracer and
tracee to or from the placenta (and so the mother). Wemea-
sured the net gain of tracee (both as leucine and as a-ketoisoca-
proate) across the umbilical circulation, i.e., umbilical uptake.
Wehave also found that between 20%and 24% of the radioac-
tive leucine infused into the fetus was lost across the umbilical
circulation. Wehave elected, as have others ( 12), to correct the
fetal radioactive infusion rate for this loss before calculating
fetal leucine disposal rate. Other investigators (26-28) have,
however, elected to consider this loss of radioactivity part of the
fetal disposal of leucine and calculate fetal leucine disposal be-
fore correction for transumbilical loss. In addition, the fetus
receives a small amount of tracer (0-6% of the leucine lost)
back across the umbilical circulation as a-ketoisocaproate, an
amount that is in keeping with previous reports (27, 29) and
that, though minimal, we included in our calculation of leucine
disposal. Finally, the loss of labeled CO2across the umbilical
circulation is not corrected for retention in the bicarbonate
pool of the fetus because Van Veen et al. (30) have shown that
99.6% of '4CO2 infused into the sheep fetus is excreted across
the umbilical circulation.

These experiments were designed to study only the effect of
variations of fetal insulin and leucine concentrations. Wein-
fused glucose ( 15 ) so that glucose concentration did not change
during insulin infusion. Neither fetal hematocrit nor arterial
oxygen tension changed during insulin infusion. As expected,
fetal oxygen content fell during insulin infusion, an effect we

Table V. Fetal Protein Metabolism before and after Insulin Infusion for Each of Three Protocols

Protocol I Protocol II Protocol III

Control Insulin Control Insulin Control Insulin

Synthesis (imol/kg per min) 11.07±0.51 10.83±0.62 10.51±0.74 9.81±0.78* 10.36±0.64 10.73±0.65
Breakdown (,umol/kg per min) 8.77±0.68 8.41±0.67 8.38±0.84 7.43±1.08* 8.57±0.71 7.4610.83t
Accretion (,gmol/kg per min) 2.30±0.33 2.42±0.21 2.13±0.33 2.39±0.40 1.80±0.32 3.27±0.30§

All data are means±SEM. Significance * at P < 0.05; * at P < 0.005; § at P < 0.00 1.
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and others have noted previously (31, 32). Wealso noted a
mild respiratory acidosis during insulin infusion (protocols II
and III), a finding also noted during other studies of fetal hy-
perinsulinemia (32). These latter changes, though statistically
significant, were of minimal magnitude and unlikely to be con-
sequential in the present experiments. To avoid the possibility
that changes of fetal glucagon concentration that may occur
with fetal insulin infusion (33) would independently affect
protein metabolism (34, 35), we infused somatostatin to mini-
mize endogenous glucagon release and infused exogenous glu-
cagon to maintain normal glucagon concentrations through-
out the experiments. Somatostatin also decreases fetal growth
hormone secretion (36), but this fact should not influence the
present study for two reasons. First, fetal growth is not depen-
dent on growth hormone (37). Second, any effects of somato-
statin (either primary or secondary) on fetal protein metabo-
lism should be equally present during both control and experi-
mental conditions.

Estimates of fetal leucine disposal using the reciprocal pool
model (i.e., calculated from a-ketoisocaproate specific activ-
ity) have ranged from 10 to 14 Amol/min per kg ( 12, 14, 27,
29), which are in excellent agreement with our control mea-
surements. Wefound that fetal leucine disposal was unaffected
by changing insulin concentrations from low to normal. How-
ever, disposal decreased during hyperinsulinemia when leucine
concentration was allowed to fall (protocol II). Although two
other laboratories ( 12, 38) found no effects of insulin on leu-
cine disposal, in both studies, fetal leucine disposal was less
during hyperinsulinemia but the change was not statistically
significant. Thus their data are actually compatible with the
present result, i.e., decreases in leucine disposal in response to
insulin have occurred in each report. However, in these other
experiments, as in protocol II of the present report, fetal leucine
concentrations fell. The infusion of leucine to ameliorate the
insulin-induced decrease of fetal leucine concentration (proto-
col III) prevented the fall in fetal leucine disposal. These
changes in fetal disposal rate of leucine, therefore, are due to
decreased fetal leucine concentration and are not the direct
result of fetal hyperinsulinemia.

Another way to express substrate turnover or disposal is to
use the concept of clearance of a substrate, in this case leucine.
Leucine clearance is the total leucine disposal rate divided by
its concentration, thereby normalizing the rate of disposal to
the prevailing leucine concentration. In all of the protocols of
the present experiment, fetal leucine clearance rose during hy-
perinsulinemia, a finding in keeping with the fall in leucine
concentration commonto each of the protocols. Because these
changes in leucine clearance were associated with both hyper-
insulinemia and decreased leucine concentration, it is not possi-
ble to determine if there is the same lack of effect of insulin on
leucine clearance in fetuses as has been reported in adults (39).

One possible anabolic role for insulin might be to increase
fetal uptake of amino acids, including leucine. Indeed, fetal
amino acid nitrogen uptake significantly increases during hypo-
glycemic hyperinsulinemia (31 ). Estimates of normal fetal leu-
cine uptake have ranged from 3.7 to 4.7 Atm/kg per min ( 12,
14, 27, 29, 40), values that agree with the control measure-
ments of this study. The contribution of a-ketoisocaproate to
the uptake of leucine carbon skeleton has been less well stud-
ied. Loy et al. (27) found significant a-ketoisocaproate uptake
(0.92±0.22 gm/kg per min) representing about - 19% of the
total leucine carbon uptake. Our findings suggest a lower frac-

tion of leucine carbon uptake as a-ketoisocaproate (6-12%) a
finding more in concert with data (4%) from Leichty et al.
(29). Euglycemic hyperinsulinemia did not affect leucine up-
take in one previous study (12) and our data, regardless of
whether or not leucine was infused, agree with this conclusion.

If insulin does not increase transplacental leucine uptake
(the only known source of exogenous leucine), how might it be
anabolic? Amino acids in general, including leucine in particu-
lar, are taken up by the fetus in amounts greater than needed
for accretion into protein. These findings, together with docu-
mentation of urea production by normal fetuses, led to the
conclusion that amino acid oxidation provides a significant
portion of the oxidative substrate for normally growing ovine
fetuses. Fetal urea production decreases markedly during hypo-
glycemic hyperinsulinemia (40), suggesting that insulin may
act to decrease fetal amino acid oxidation. In studies of eugly-
cemic hyperinsulinemia in fetuses of well-fed ewes, however,
insulin did not decrease leucine oxidation ( 12). Our data show
that variation of insulin concentration from low to normal val-
ues (protocol I) did not affect fetal leucine oxidation, but that
fetal hyperinsulinemia (protocol II) was associated with de-
creased fetal leucine oxidation. During infusion of leucine to
alleviate the fall in leucine concentration (protocol III), fetal
leucine oxidation rate remained constant. The change in leu-
cine oxidation rate found in protocol II is, therefore, more
likely due to the insulin-induced variation in leucine concen-
tration than the change in insulin concentration itself. Indeed,
we found a direct relation between leucine concentration and
leucine oxidation at leucine concentrations < 190 uM. Our
relationship is indistinguishable from that [leucine oxidation
(,gmol/kg per min) = 0.0316 X leucine concentration (IAM) -
1.581 defined by Leichty et al. (29) in studies of fetal leucine
metabolism during fasting and fetal glucose supplementation.
Taken together, these two studies define a consistent regulation
of leucine oxidation by fetal leucine concentration under a vari-
ety of physiological conditions. In this regard the fetus is simi-
lar to the adult in which leucine, through a-ketoisocaproate, its
transamination product, activates branched-chain a-keto acid
dehydrogenase, the enzyme regulating the oxidation of
branched chain amino acids in a number of adult tissues (41).

The above measurements of fetal leucine metabolism may
be used to calculate the flux of leucine to and from protein.
Previous estimates of normal fetal nonoxidative leucine flux
(i.e., the flux of leucine into protein) using similar methodol-
ogy ( 12, 14, 29) have ranged from 8.0 to 12.3 gmol/kg per
min, values that agree with the control data from these experi-
ments. Although changes of insulin concentration from low to
normal values (protocol I) had no effect on fetal protein synthe-
sis, higher insulin concentrations (protocol II) were associated
with diminished fetal protein synthesis. These findings sub-
stantiate previous measurements during hypoglycemic hyper-
insulinemia made by Young et al. (10). In addition, although
Leichty et al. ( 12) noted no effect of insulin on fetal nonoxida-
tive leucine disposal, in actuality, fetal protein synthesis fell by
20% in their experiments during hyperinsulinemia, a change
that did not achieve significance. Consequently, their data are
not necessarily in conflict with the other studies. In all three of
these experiments, fetal amino acid concentrations decreased
during insulin infusion. Whenwe infused leucine to minimize
the decrease of fetal leucine concentration (protocol III), the
apparent effect of insulin on protein synthesis was completely
abolished, a finding strongly suggesting that the effect observed
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on protein synthesis is related to changes in concentrations of
amino acids rather than to changes of insulin concentration.
Similar effects on protein synthesis of euglycemic hyperinsu-
linemia with and without amino acid infusion are reported in
adults (3, 4, 6).

Although insulin does not stimulate fetal protein synthesis,
if fetal protein breakdown is diminished while protein synthe-
sis remains constant, fetal protein accretion would increase,
certainly an anabolic effect. Though a previous study (12)
found no effect of hyperinsulinemia on fetal protein break-
down, a physiologically important effect could not be excluded
(a 17% decrease of fetal protein breakdown did not achieve
statistical significance). In our experiments, when insulin con-
centrations were increased from low to hyperinsulinemic con-
centrations, protein breakdown decreased (protocol II), an ef-
fect that also occurred when amino acids were infused to main-
tain fetal leucine concentration (protocol III). In adults,
insulin decreases the rate of appearance of leucine from protein
breakdown also (3-6), a finding consonant with our findings
in fetuses.

Fetal growth is marked by the ongoing accretion of amino
acids into protein throughout gestation. Normal leucine accre-
tion into fetal protein (by analysis of ovine fetal amino acid
contents at various gestational ages) is -22,mol / kg per min at
120 d of gestation (42). None of the control measurements
done for this study were different from this estimate in spite of
the differences in methodology. Because both protein break-
down and protein synthesis decreased similarly in protocol II
(hyperinsulinemia and lowered leucine concentration), fetal
protein accretion, the difference between these two values, re-
mained unaffected. During protocol III, when leucine was in-
fused to maintain fetal leucine concentration, protein synthesis
remained constant while protein breakdown fell. Conse-
quently, the difference between synthesis and breakdown, the
rate of accretion of leucine into fetal proteins, increased. In
adults, the balance of protein synthesis and breakdown is simi-
larly altered by insulin's reduction of protein breakdown so
that the nongrowing adult changes to a positive protein bal-
ance (4).

In summary, these data are the first to show that the pri-
mary effect of insulin on protein metabolism in chronically
catheterized fetuses of normally fed ewes is to decrease fetal
protein breakdown. If amino acid concentrations are allowed
to fall, this decreased protein breakdown is accompanied by
decreased synthesis and no net accretion of protein occurs. If
amino acid concentrations are maintained, however, fetal pro-
tein synthesis remains constant, and, because protein break-
down falls, fetal protein content increases. These findings serve
to describe an important anabolic action of insulin in fetal life
that is notably similar to its mode of action in adults.
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