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AB ST R A CT To clarify alterations in carbohydrate
metabolismI whllich occuir in pregnancy, metabolic clear-
ance rates of insulin, proinsulin, and C-peptide were mea-
sured by the constant infusion technique in term-preg-
nant rats and in virgin littermates. In addition, pla-
cental permeability to these peptides was evaluated by
simultaneous determination of their conicentration in
fetal blood, amniiotic fluid, and maternal arterial blood,
and the renal extraction and excretion of insulin and
C-peptide were determined duiring simuitiltaneotus studies
of renal hemodynamics.

The metabolic clearance rate (MICR) of insulin was
higher (P <0.005) in pregnant animals (61.5±+1.7 ml/
min per kg nonconceptus body weiglht) than in virgin
littermates (51.5±2.2 ml/nmin per kg). Insulin disap-
pearance from the circulatioin after both single injection
and discontinuance of a coinstant infusion Nas also faster
in gravid animals. In contrast, the AICR of proinsulin
and C-peptide, anid the disappearance of C-peptide from
the circulation were siimilar in pregnanlt and cointrol rats.
The placenta was virtually impermiieable to each of the
three polypeptides since their mean levels in both fetal
blood and amniotic fluid did not exceed 2.5 ng/ml and
were only minimally iinflueinced by pharmacological con-
centrations as high as 60 ng,jml in the maternal circula-
tion. The renal clearance of insulin (renal arteriovenous
insulin difference X renal plasma flow) w-as lower, and
its contribution to insulin MACRwas less in pregnant
animals than in controls (19.4±1.5%7/,' vs. 28.7+3.7c,
P < 0.05), whereas the renal clearance and renal clear-
ance/MCR of C-peptide were similar in pregnant rats
and virgin littermates.

A preliminary report of this work was presented at the
32nd Annual Meeting of the Midwest Section, American
Federation of Clinical Research and was published in ab-
stract form in 1974; Clin. Res. 22: 472 and 617.

Received for pu(blicationt 5 Jutne 1975 and in revised formn
4 .Aigust 1975.

These results indicate that the peripheral metabolism
of insulini is accelerated in pregnancy, while that of pro-
insulin and C-peptide is unaffected. Since transplacenital
passage of insulin is negligible and its renal clearanice
is not increased, the enhanced MCRof insulin in preg-
nancy is due to increased metabolism at an extrarenal
site probably within the placenta itself.

INTRODUCTION

Pregnancy is accompanied by numerous changes in
carbohydrate metabolism, including elevated plasma in-
sulin concentrations in both the fed and fasted state ( 1).
Recently, additional beta cell secretory products, namely
proinsulin and C-peptide, have been identified in the
blood and their relationship to insulin has been deter-
mined in various conditions such as islet cell tumors
(2), reinal failure (3), diabetes (4), and pregnancy.'
NVhile the metabolism of insulin has been studied in
pregnant humans and animals (5), little is known about
the metabolic fate of the other two peptides during ges-
tation. Such information is necessary in order to in-
terpret the significance of changes in the relative con-
centrations of circulating insulin, proinsulin, and
C-peptide.

WVe have previously measured the peripheral metabolic
clearance rates (AICR)2 of insulin, proinsulin, and
C-peptide in rats (6) and demonstrated the major con-
tribution of the liver (7) and kidneys (6) to their re-

1 Phelps, R. L., R. Bergenstal, N. Freinkel, A. H. Ruben-
stein, B. E. Metzger, and M. F. Mako. 1975. Carbohydrate
metabolism in pregnancy. XIII. Relationships between
plasma, insulin, and proinsulin during the late pregnancy in
normal and diabetic subjects. MIanuscript in preparation.

2Abbrezviations used in this paper: CI.n clearance of inulin;
CPAH and EPAH, clearance and extraction of p-aminohippu-
rate; GFR, glomerular filtration rate; MCR, metabolic
clearance rate; RPF, renal plasma flow.

The Jouirnal of Clinical Investigation Voluime 56 December 1975 1608-16141608



moval. In the present study we have evaluated the periph-
eral metabolism of these three peptides in term-pregnant
and virgin littermate rats with special emphasis on the
permeability of the placenta to insulin, proinsulin, and
C-peptide and to quantitative changes in their renal
clearance.'

METHODS
Female littermate rats of the Sprague-Dawley strain were
paired and caged together after weaning. One animal from
each pair was bred when 8 wk old (Charles River Breeding
Laboratories, Wilmington, Mass.) and studied during its
20 gestational day simultaneously with its virgin litter-
mate, which served as control. All animals had free access
to tap water and were fed standard rat chow until the
afternoon preceding the experiment, when food was with-
drawn. All experiments were started between 8 and 9 a.m.,
after approximately 16 h of fasting.

MCR. Animals were prepared as described below under
Renal Function. After a priming injection (200-500 ng),
either bovine insulin (30 ng/min), proinsulin (7.5 ng/min),
or C-peptide (20 ng/min) were administered by constant
infusion at a rate of 40 ,l/min. After 1 h of equilibration,
four to five arterial blood samples were obtained at 30 min
intervals. MCR's were calculated by dividing the infusion
rate by the steady-state plasma concentrations (8): MCR=
(infusion rate)/(plasma concentration), and are reported
both in absolute terms and corrected for body weight.
In pregnant animals, nonconceptus weight was measured by
subtracting the weight of the uterus and contents from total
body weight.

Polypeptide disappearanice cuirves. Arterial plasma con-
centrations of insulin and C-peptide were measured after 90
min of continuous infusion and at short time intervals after
discontinuing their administration. In the case of insulin,
arterial levels were also measured after a single intravenous
injection. In the continuous infusion studies, each polypep-
tide was infused at a rate of 100 ng/min, and in several
experiments insulin was also infused at the rate of 200 ng/
min. Three arterial blood samples were obtained 15 min
apart before the infusion was stopped and eight additional
samples at 2-5 min intervals thereafter. In the single in-
jection study, 8 ,g/kg body weight insulin was given rapidly,
intravenously after which six arterial blood samples were
obtained at 5-10 min intervals. Plasma levels are expressed
as percent of the last value before the infusion was stopped,
or of the value measured at 5 min in the single injection
experiments.

Placental permeability. Each polypeptide was infused at
different rates (insulin, 50 and 500 ng/min; proinsulin, 7.5,
30, and 200 ng/min; C-peptide, 20, 200, and 600 ng/min)
into pregnant animals to obtain a wide range of steady-
state plasma concentrations. To prevent severe hypoglycemia
in the high-dose insulin experiments, dextrose in a 20%
solution was administered at the rate of 8 mg/min together
with the insulin. After a 1 h equilibration period, three
arterial blood samples were drawn at 30 min intervals.
Immediately after the last sample, the uterus was removed
and amniotic fluid and fetal heart blood from several fetuses

3Throughout this study renal clearance denotes milliliters
of plasma cleared of each polypeptide by the kidney in 1 min
and should not be confused with the urinary clearance which
represents only the negligible fraction of the former that
can be accounted for by urinary excretion.

were collected in heparinized capillary tubes; admixture
with maternal blood was carefully avoided. The cross-
reactivity of endogenous insulin, proinsulin, and C-peptide
in the bovine assays was measured in separate experiments
in maternal arterial blood, amniotic fluid, and fetal heart
blood of noninfused animals.

Renal function. Animals were anesthetized with Inactin
(Promonta, Hamburg, West Germany) 120 mg/kg intra-
peritoneally, a tracheostomy was performed, and the bladder,
a jugular vein, and one carotid artery were cannulated with
polyethylene PE50 catheters. After exposure of the left
renal vein, the adrenal and ovarian veins were ligated and
the rats were placed on a heated animal board. Rectal tem-
perature, monitored by a thermistor probe (Yellow Springs
Instrument Co., Yellow Springs, Ohio) was maintained be-
tween 370 and 380C. During surgery, isotonic saline equal
to 0.5-1% of the body weight was infused intravenously to
replace estimated fluid losses.

After priming doses of 20 mg inulin and 3 mg p-amino-
hippurate (PAH) were administered, a sustaining solution
calculated to maintain plasma levels at approximately 50
and 3 mg/100 ml, respectively, was delivered with constant
infusion pumps (Harvard Model 975; Harvard Apparatus
Co., Inc., Millis, Mass.) at the rate of 40 ,il/min. Either
bovine insulin or C-peptide wer-e infused in separate ex-
periments, together with the infusion of inulin and PAH.
After an equilibration period of 60 min, urine was collected
under mineral oil and volumes were measured with glass
micropipettes. In each experiment collections from three to
four consecutive periods of 30 mimi each were obtained, and
arterial blood was drawn in heparinized capillary tubes be-
fore and after each collection period. After completion
of urine collections, two arterial samples were drawn simul-
taneously with two renal venous blood samples for measure-
ment of PAH and polypeptide extraction. Renal venous
blood was withdrawn slowly with gauge 27 needles into
heparinized tuberculin syringes.

Urinary clearances of insulin, C-peptide, inulin, and PAH
were calculated from their respective urine: plasma con-
centration ratios and the urine flow by standard formulas.
PAH extraction (EPAH) was calculated from the arterial
(APAH) and renal venous (RVPAH) concentration of PAH:

EPAH= APAH - RVPAHX 100
APAX 1

and renal plasma flow (RPF) from the ratio of PAH clear-
ance (CPAH) to PAHextraction:

RPF= CPAH/EPAHX 100.

Extraction of insulin and of C-peptide was derived from
concentrations in arterial and renal venous samples analo-
gous to the extraction of PAH. Renal clearance of these
polypeptides w-as estimated from the product of their re-
spective extraction rates and the renal plasma flow, and
expressed in milliliters per minute.

Materials. The characteristics of the bovine insulin, pro-
insulin, and C-peptide which were used in these experiments
have been described previously (6). The insulin was purified
from first crystals (kindly supplied by the Novo Company,
Copenhagen, Denmark). Immunoassay of fractions after
gel filtration showed that the insulin was essentially free of
early eluting components. The infusate was prepared in iso-
tonic saline from a stock solution of the polypeptide (400
Ag/ml) dissolved in a Tris-HCl buffer (pH 7.4) containing
lo bovine serum albumin to prevent loss by adsorption onto
glassw,are or polyethylene tubing. The polypeptide concen-
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trations in the infusates were verified by measuring an ali-
quot together with the blood and urine samples from the
same experiment

Gel filtration. Selected maternal plasma samples (0.1-
0.5 ml) were gel filtered (9, 10) on 1 X 50 cm columns of
Biogel P-30 (Bio-Rad Laboratories, Richmond, Calif.),
equilibrated in 3 Macetic acid (C-peptide experiments) and
borate albumin buffer, pH 8.2 (insulin and proinsulin ex-
periments). Portions of each of the column fractions were
assayed in the insulin, proinsulin, and C-peptide assays as
previously described (6).

Chemical and immunological methods. Glomerular filtra-
tion rate (GFR) and effective renal plasma flow (ERPF)
wuere calculated from the clearance of inulin and PAH.
Plasma and urine concentrations of inulin and PAH were
determined in duplicate samples by semimicro modifications
of the anthrone (11) and diazotization (12) methods, re-
spectively. The polypeptides were measured by a modifica-
tion of the double antibody immunoassay of Morgan and
Lazarow (13). Bovine ['I]proinsulin and a purified bovine
proinsulin antiserum which did not cross-react with rat
insulin at concentrations up to 20 ng/ml were used to assay
bovine proinsulin. Bovine C-peptide was measured with a
bovine proinsulin antiserum and synthetic [;'I]tyrosyllated
bovine C-peptide (kindly supplied by Dr. N. Yaniahara,
College of Pharmacy, Shizuoka-Shi, Japan). Because bovine
insulin proinsulin, and C-peptide were infused in separate
experiments, the individual assay characteristics described
above ensured the specific measurement of each infused
peptide.

Results are presented as mean±1 SEM. Statistical sig-
nificance was assessed by Student's t test and P values less
than 0.05 were considered significant.

RESULTS
Preliminary experiments. Because rat and bovine

insulin cross-react in the insulin assay, we used a simi-
lar approach to that described previously (6) to obviate
the interfering effect of endogenous insulin. In prelimi-
nary experiments the blood sugar of pregnant rats lay

TABLE I

MCRof Insulin, Proinsulin, and C-Peptide in
Pregnant Rats and Virgin Littermates

Steady state plasma
concentration Metabolic clearance rate

n ng/ml ml/min ml/min per kg
body weight*

Insulin
Pregnant 11 2.3140.10 13.2±+0.6 61.5±4-1.7
Control 11 2.89±0.14 10.610.5 51.5±2.2
P <0.005 <0.01 <0.005

Proinsulin
Pregnant 9 2.76±0.26 3.040.4 15.2±1.9
Control 9 2.52 :i0.20 3.1±40.2 15.8 40.8
P NS NS NS

C-Peptide
Pregnant 12 4.11±-0.20 5.0 1t0.2 24.2 ± 1.0

Control 12 4.69±0.24 4.4±0.5 23.8±1.0
P NS NS NS

* In pregnant animals, body weight minus uterus and products of
conception.
t ±SEM.
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FIGURE 1 Plasma levels of insulin in pregnant and virgin
littermate rats after injection of the hormone (8 ,ug/kg
body weight) at time zero. The results are expressed as a
percentage of the 5 min concentrations 13.4±1.6 ng/ml in
pregnant animals and 12.8±0.8 ng/ml in controls.

between 58 and 74 mg/100 ml after 60 min infusion with
the lowest concentration of insulin used (30 ng/min).
As fasting pregnant rats with blood sugars above this
range (72-90 mg/100 ml) have plasma insulin levels
below 0.5 ng/ml, we concluded that the contribution of
endogenous insulin to the total plasma insulin concen-
trations would be small.

In selected experiments, rats were exsanguinated at
the time the final blood sample was obtained. A number
of procedures were then carried out to verify the direct
immunoassay results. These included measurement of dif-
ferent volumes of plasma (25-250 Al), recovery of stan-
dards added to plasma, and identification of the peptides
in their expected position on gel filtration. The results
were similar in all respects to those obtained in non-
pregnant rats (6). Specifically, conversion of proin-
sulin to insulin or C-peptide did not occur. The sensi-
tivity of the insulin and C-peptide assays would have
permitted detection of conversion of 0.1-0.2 ng of
proinsulin.

MCR. The mean metabolic clearance rate of insulin,
both in absolute terms and when related to nonconceptus
body weight, was significantly higher in pregnant ani-
mals than in their virgin littermates (Table I)., In con-
trast, the MCRsof proinsulin and C-peptide were simi-
lar in pregnant and control animals. In both groups, in-
sulin MCRwas considerably faster than that of either
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FIGURE 2 Plasma levels of insulin (left) and C-peptide (right) in pregnant and virgin
littermate rats after discontinuance of a 90 mmn constant infusion. The results are expressed
as a percentage of the arterial blood concentration just before the infusion was stopped. (In-
sulin 15.7±2.4 ng/ml in pregnant animals and 16.0±2.4 in controls; C-peptide 17.2±2.2 ng/min
in pregnant rats and 20.7±2.4 ng/ml in controls).

proinsulin or C-peptide, in agreement with previously
reported results in male rats (6).

Polypeptide disappearance curves. (a) Single injec-
tion: Plasma levels in 11 pregnant and 11 control ani-
mals were related to the first measured value 5 min after
injection. The disappearance of insulin from the circu-
lation followed a multi-exponential curve in both preg-
nant and control animals (Fig. 1). Insulin disappear-
ance was faster in pregnant animals, the difference
reaching statistical significance at 15 and 20 min after
inj ection.

(b) Constant infusion: To avoid possible errors due
to the distribution of insulin in various body compart-
ments after single injection, we measured the disappear-
ance of insulin after plasma concentrations had reached
a steady-state after 90 min of constant infusion. Results
of experiments in which the insulin infusion rate was
100 ng/min (12 pairs of rats) and 200 ng/min (6 pairs)
were similar and are therefore plotted together (Fig. 2).
As in the single injection study, the decay curves fol-
lowed a multi-exponential pattern. The mean values in
the pregnant rats were lower than in the controls from
6 to 50 min, but only the 30 min time point was signifi-
cantly different in the two groups. The decay curves of
C-peptide (Fig. 2) were almost identical in pregnant

rats (n = 6) and in controls (n = 6). Examination of
the early part of the decay curves reveals that the disap-
pearance rate of insulin was much faster than that of
C-peptide, in agreement with the measured MCRs of
these two polypeptides (Table I).

Placental permeability. After the infusions, concen-
trations of insulin, proinsulin, and C-peptide in amnio-
tic fluid and fetal blood were low and were little affected
by marked increments in their levels in the maternal
circulation (Fig. 3). Thus, the mean concentration of
each of the three polypeptides did not rise above 2.5
ng/ml in fetal fluids even when mean maternal blood
levels exceeded 60 ng/ml. Although it is possible that a
small amount of insulin, proinsulin, and C-peptide may
cross the placenta, none of the polypeptides appeared in
the fetal circulation in appreciable quantities, regard-
less of the maternal concentrations achieved. Samples
taken from noninfused animals are shown as circled
symbols in Fig. 3. It should be noted that these values
are significantly higher than the levels in control sera
from numerous other experiments which did not exceed
0.2 ng/ml. We do not have an explanation for these
findings.

Renal handling of insulin and C-peptide (Table II).
The urinary clearance of insulin was higher in preg-
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per kg nonconceptus weight compared vith 15.5 ml/min
per kg in controls. In contrast to the renal handling of
insulin, both the urinary and the renal clearance of
C-peptide were similar in pregnant and control animals.
In accord with observations in male rats (6), the uri-
nary clearance of C-peptide and the fraction of its MICR
attributable to renal clearance were higher than those
of insulin.

DISCUSSION
0 , These data are in accord with previous reports that the

MICR of insulin increases late in pregnancy (14). Our
results extend such observations by demonstrating that
the increased metabolism pertains only to insulin since

A proinsulin and C-peptide had metabolic clearance rates
wlhich were similar in both gravid and virgin littermate
rats. Finally, like insulin, the placental permeability of
proinsulin and C-peptide is minimal. Thus, the metabo-
lism of all three peptides takes place within maternal

A tissues.
*- A 0 Others halve demonstrated that the half-disappearance

time of "3'I-insulin from the circulation of pregnant rats
000. was approximately 25%c faster than in nonpregnant

00 * littermates (14). Because even lightlv iodinated insulin
may not be metabolized identically to the native hor-

40 60 80 120 163 mone (15), we felt that it was important to confirm these
CONCENTRATIONng(3i findings with unlabeled insulin. The present results in-
otic fluid concentrations of dicate that the AICR in term-pregnant rats (20th gesta-

at various maternal levels tional day) is more rapid than in controls. Furthermore,
)lotted as a log scale. Each
1. The mean values of non- the magnitude of the difference between the two groups,

both in absolute terims or when related to nonconceptus
body weight, is in the same range as found by other

L kg) than in their litter- investigators using different methods (14). To facilitate
kg, P < 0.01). However, comparison of our findings with those of others, we

vhich represents the total measured the peripheral metabolism of insulin both
)m the circulation by the after a single intravenous injection of the hormone and
ts, averaging 12.7 ml/min subsequent to the discontinuance of a constant infusion.

TABLE II
Renal Handling of Insulin and C-Peptide in Pregnant Rats and Virgin Littermates*

Renal Renal

Body Urinary Fractional arteriovenous Renal clearance/
weight Ci. CPATI EPAII RPF clearance clearance difference clearance MCR

n g ml,jmin ml,lmin % nmnl, imn sIAmin per kg m% ,nl,'nin per kg

Insulin
Pregnant 12

20745 2.62±0.10 6.6240.26 85.541.3 7.76±0.32 41.0±4.6 0.32±40.03 33.8±1.6 12.69±0.80 19.4±1.5

Control 193±4 2.45±0.09 6.59±0.36 86.4±2.3 7.59±0.23 22.2±4.1 0.18±0.04 39.0±1.9 15.51 ±0.95 28.743.7

P <0.05 NS NS NS NS <0.01 <0.02 <0.05 <0.05 <0.05

C-Peptide
Pregnant 211+7 2.22±0.12 5.30±+0.18 79.6±2.6 6.71± 0.36 169.0±429.6 1.84±40.20 35.6+3.1 11.92±1.64 50.1+5.6
Control 185±4 2.12i0.11 5.02±0.28 80.7+2.8 6.25±0.34 221.3+60.9 2.05±0.60 38.0±2.7 12.84±1.00 54.1 ±4.5

P <0.005 NS NS NS NS NS NS NS NS NS

* Same as Table I.
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In each instance the disappearance of insulin was faster
in the pregnant animals. However, because the data did
not conform to a single exponential decay curve, it was
not possible to calculate the half-disappearance time
with accuracy. As we did not measure the blood sugar
levels in animals given single injections of insulin, the
possibility that hypoglycemia may have affected the
disappearance curves cannot be excluded with certainty.

The metabolism of C-peptide and proinsulin in the
pregnant and control animals is in marked contrast to
that of insulin. The MCR's of both peptides were similar
in the two groups of animals, and the disappearance
curves of C-peptide after discontinuance of the constant
infusions were almost superimposable. Furthermore, in
keeping with previous observations in nonpregnant rats
(6), swine (16), and baboons (16), the metabolism of
proinsulin and C-peptide was considerably slower than
that of insulin. It is also of interest that the MCRof
insulin in control rats was similar to that previously
reported in male animals (6), while the MICR of insulin
in pregnancy was more rapid.

To evaluate possible causes for the difference between
the metabolic rates of insulin, on the one hand, and pro-
insulin and C-peptide on the other, experiments were
designed to determine whether these peptides enter the
fetal circulation. Placental permeability to the peptides
was assessed after raising the maternal plasma concen-
trations to levels as high as 80 ng/ml. However, the
concentrations in fetal blood and amniotic fluid remained
very low. Goodner and Freinkel (17) conducted similar
experiments with "'I-insulin in rats and concluded that
appreciable transplacental passage of insulin could not
be demonstrated. The findings of Buse et al. (18), Wolf
et al. (19), and Spellacy et al. (20) also indicate that
the placenta represents a substantial barrier to the
transport of insulin in humans. On the other hand, the
possibility that the placenta may not be completely im-
permeable to insulin in the rat (21) as well as in other
species (22-24) has been suggested by other investi-
gators.

The kidneys play a major role in the peripheral
metabolism of polypeptide hormones (6). Therefore,
the renal metabolism of insulin and C-peptide were
evaluated in pregnant animals. Although the urinary
clearance of insulin was higher in gravid rats than in
controls, it represented only a minute fraction (0.32 and
0.18% respectively) of the total amount of insulin de-
graded by the kidneys in both groups. Obviously, the
difference in the urinary clearance of insulin was too
insignificant to account even in part for the observed
increment in insulin AICR in pregnancy.

The higher MCRof insulin in gravid animals could
not be explained by enhanced renal clearance either.
On the contrary, the renal clearance of insulin was

lower in pregnant rats, and tllerefore the fraction of
the MCRaccounted for by renal clearance was sub-
stantially less in this group (19.4%) than in littermate
controls (28.7%). In contrast, the renal excretion and
extraction of C-peptide and the contribution of renal
clearance to the MCRof this polypeptide were similar
in pregnant and control animals.

These results clearly indicate that neither transpla-
cental passage nor enhanced renal extraction can ac-
count for the higher MICR of insulin in pregnancy.
However, sequestration and degradation of insulin by
the placenta have been demonstrated in a number of
studies. Thus Goodner and Freinkel showed that rat
(25) and human (26) placental homogenates exhibited
considerable insulin-degrading activity which increased
in parallel with the placental mass as pregnancy ad-
vanced. Moreover, the placental-degrading activity in
rats was equal to that of the liver per unit of nitrogen
and its total activity reached one-third of the value of
the maternal liver at term (25). Although the quantita-
tive contribution of the placenta to insulin meabolism
in vivo will require measurement of blood flow and
arteriovenous concentration differences across the pla-
centa, it is likely that this tissue is mainly responsible
for the more rapid metabolism of insulin in pregnancy.
This view is supported by the observation that insulin
turnover returns towards normal shortly after expulsion
of the placenta (14). In contrast to insulin, it seems
probable that proinsulin and C-peptide are not seques-
tered or degraded by the placenta. Whether this selec-
tivity is a function of placental receptors or of enzyme
specificity is at present uncertain.
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