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A B S T R A C T Concentrations of insulin, proinsulin,
and C-peptide were measured in portal and peripheral
venous blood in six nondiabetic, nonobese subjects.
Portal vein samples were obtained by umbilical vein
catheterization. Three subj ects were studied with in-
travenous infusion of 25 g glucose, and three with 30 g
arginine. Insulin and proinsulin were determined in the
insulin immunoassay after separation by gel filtration,
and C-peptide was measured by direct immunoassay.

With both glucose and arginine stimulation, portal
vein levels of all three peptides peaked at 90-120 s after
the onset of the stimulus. Relative increases in insulin
concentration were greater than those of proinsulin or
C-peptide. In peripheral venous blood, maximal levels
of the three peptides were observed later (2-5 min), and
the increase in insulin relative to proinsulin and C-pep-
tide was not as great. At the time of peak secretion,
portal vein insulin and C-peptide approached equimolar
concentrations, and proinsulin, as measured against an
insulin standard, comprised approximately 2.5% of the
total immunoreactive insulin.

After stimulation by glucose or arginine, portal in-
sulin, proinsulin, and C-peptide levels were not corre-
lated with the concentrations measured in simultaneously
drawn peripheral samples. At all sampling times, how-
ever, significant correlation was found between insulin
and C-peptide in both peripheral and portal blood.
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The results indicate that under the conditions studied,
insulin and C-peptide are secreted in equimolar concen-
trations in man, and that proinsulin is secreted in the
same proportion to insulin as found in the pancreas.
Consideration of the relative secretory and metabolic
rates of the three beta cell peptides explains their periph-
eral concentrations. The data further support the use of
plasma C-peptide as an indicator of beta cell secretory
function.

INTRODUCTION

It is now well established that insulin is synthesized as
a precursor molecule, proinsulin, which is converted
within the pancreatic beta cell to insulin. Insulin is then
secreted together with the connecting peptide, or C-pep-
tide, a 31 amino acid segment which forms the major
portion of the link between the insulin A and B chains
in the proinsulin molecule. Studies from several labora-
tories have demonstrated the value of measuring serum
proinsulin and C-peptide for both diagnostic and investi-
gative purposes (1, 2). However, the hepatic extraction
and peripheral metabolism of proinsulin, insulin, and
C-peptide differ markedly in animals (3, 4), and periph-
eral vein concentrations do not necessarily reflect the
relative rates at which these three peptides are secreted
by pancreatic beta cells. We have therefore studied the
relationship of portal and peripheral venous concentra-
tions of insulin, proinsulin, and C-peptide in six non-
diabetic subjects to determine whether peripheral levels
may indeed be used as an indicator of their portal
concentrations.

In addition, it has been noted that while insulin and
C-peptide are secreted in equimolar amounts by iso-
lated islets of Langerhans in vitro (5), molar concen-
trations of C-peptide are significantly higher than
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Portal and Peripheral
TABLE I

Venous Concentrations of Glucose, Insulin, Proinsulin, and C-Peptide Before,
During, and After 2-min Infusion of 25 g Glucose

Glucose Insulin Proinsulin C-peptide

Time Peripheral Portal Peripheral Portal Peripheral Portal Peripheral Portal

mil mg,/100 ml 11g/ml ng/ ml ng; tnl
- 1 85 45 83 49 0.36 ±t0.21 0.97 ±- 0.16 0.19±40.08 0.31±40.11 3.64±4t1.54 4.35 ±41.42

0 80±t6 80±10 0.36±0.21 1.13±- 0.67 0.24±0.18 0.34±0.10 3.54±t1.05 4.96±-2.31
1 92±44 182--32 0.48±t0.12 16.60±10.08 0.43±0.05 1.66±40.66 3.72±41.75 16.64±43.39
1.5 164±-33 249±12 0.38±0.20 25.13±- 7.27 0.42±0.06 2.12±0.72 3.03+0.86 18.73±7.40
2 218±449 284±-28 0.66±0.20 19.23±t10.10 0.61±0.09 1.82±1.06 4.36±t1.70 11.86±6.43
2.5 247±435 338±22 1.42±0.19 12.93±4 4.58 0.72±0.04 1.58±0.55 5.43±0.34 9.38±-2.27
3 266±t16 333±17 2.10±-0.08 8.77-- 2.61 0.68±0.13 1.25±40.56 7.09±40.81 8.22±42.26
5 232±4- 269±9 2.73±t0.33 5.48±- 1.72 0.5240.19 0.76±-0.41 7.61±1t0.04 9.08±1.79
7 211±2 244±6 1.92±0.96 4.81± 2.11 0.65±0.01 0.80±0.17 5.82±3.71 9.51±2.21

10 207±8 225±4 1.73±0.76 4.92± 1.76 0.56±0.22 1.03±0.32 6.35±1.53 9.09±2.33
12 194±5 202±5 1.88±0.90 5.20± 2.42 0.67±0.22 0.76±0.35 6.97+1.49 9.22±2.60
17 190±3 205±12 1.47±40.84 4.90± 1.73 0.58±0.20 0.94±0.37 7.23±1.37 10.43±3.37

Results are means ±SD.

those of insulin in the peripheral circulation (6). Simi-
larly, the ratio of proinsulin to insulin in venous blood
greatly exceeds that found in the pancreas (7). Mlea-
surement of portal vein concentrations of these peptides
in man has enabled us to determine the basis for these
findings.

METHODS
Six nondiabetic subjects requiring elective abdominal sur-
gery were studied. The procedure of portal vein catheteriza-
tion was explained in detail to each patient and their option
to decline was stressed. Informed written consent was ob-
tained from each patient. The experiments had been ap-
proved by the human experimentation committees of both
the medical school and the hospital at which these studies
were conducted. Surgery was required for either duodenal
ulcer disease or chronic cholecystitis. No subject was obese,
but some had lost a small amount of weight before surgery.
All had normal tests of hepatic function, and fasting and
postprandial blood glucose levels were within the normal
range.

After an overnight fast, the patients were prepared for
abdominal exploration. No general anesthetic was given, but
some subjects received 5 mg diazepam (Valium, Roche Lab-
oratories, Div. of Hoffmann-La Roche, Nutley, N. J.) or
50 mg meperidine (Demerol, Breon Laboratories, Inc., New
York) before the procedure. A catheter for withdrawal of
blood samples was placed in an antecubital vein and kept
patent by saline infusion. Under sterile conditions, with local
anesthesia with 1% Xylocaine (Astra Pharmaceutical Prod-
ucts, Inc., Worcester, Mass.), the umbilical vein was ex-
posed and cannulated. The catheter was passed into the left
branch of the portal vein immediately distal to its entrance
into the liver. Details of the procedure have been published
(8). After the study, all patients had the planned laparot-
omy performed under general anesthesia.

Three subjects were given an infusion of 25 g glucose
over 2 min into a peripheral vein. Two base-line samples
were obtained before the administration of glucose, and

further samples were taken at 60, 90, and 120 s after the
start of the infusion and at 1, 3, 5, 8, 10, and 15 min after
its completion. The other three subjects were given 30 g
arginine (as a 10%l solution) at a rate of 2 g/min for 15
min. Samples were obtained at - 1, 0, 1, 1, 14, 2, 3, 5, 8,
10, 15, 17, and 20 min after the onset of infusion.

Total serum insulin (IRI) 1 was determined by the
double-antibody method of Morgan and Lazarow (9).
C-peptide immunoreactivity (CPR) was measured by a
previously described immunoassay (10), with a rabbit anti-
C-peptide antiserum prepared against synthetic human C-
peptide (kindly supplied by Dr. Norboru Yanaihara of
Shizuoka College of Pharmacy, Shizuoka-shi, Japan). Pro-
insulin cross-reacts in this assay about 1/15 as well as C-
peptide, and the relative concentrations of serum C-peptide
and proinsulin are such that less than 3% of measured C-
peptide could be attributed to proinsulin. Sera were sepa-
rated on Bio-Gel P-30 columns (Bio-Rad Laboratories,
Richmond, Calif.) equilibrated in borate buffer at pH 8.0
and the immunoreactive insulin-like activity in each fraction
was determined by the insulin assay. Two well-separated
peaks, corresponding to the proinsulin-like components (first
peak), PLC,' and insulin (second peak), were found. By
using standards of human proinsulin and insulin, the abso-
lute amounts of each peptide in the original serum could be
calculated by summing the values obtained in the PLC
fractions (read against the proinsulin standard) and those
in the insulin region (read from the insulin standard) (11).
The proportion of insulin immunoreactivity due to proinsulin
was calculated by expressing the sum of the proinsulin
fractions, measured against the insulin standard, as a per-
centage of the total immunoreactive insulin concentration
in all the fractions. Glucose was measured in whole blood
by a glucose oxidase method (12).

Standard statistical methods were used to calculate prod-
uct-moment correlation coefficients and linear least-squares
regression equations (13).

'Abbaretviatioms iuscd in this paper: CPR, C-peptide im-
munoreactivity; IRI, total immunoreactive insulin; PLC,
proinsulin-like components.
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FIGURE 1 Proinsulin component of immunoreactive insulin
(IRI) expressed as a percentage of total IRI (mean+
SEM). Values shown are the proinsulin component, deter-
mined after gel filtration and assayed against an insulin
standard. Samples were obtained before, during, and after
a 2-min, 25 g glucose infusion.

RESULTS

Glucose infusion. Values obtained during the glu-
cose infusion are given in Table I. In the portal vein,
insulin, PLC, and C-peptide reach maximal concentra-
tions within 90 s after the onset of the infusion. The
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FIGURE 3 Correlation between insulin and C-peptide con-

centrations, in both portal and peripheral blood, during and
after glucose infusions in the three subjects. Product-
moment correlation coefficients (r) and least-squares re-

gression equations are shown.

relative increases, however, were of different magni-
tude, with insulin showing a 14-fold rise, PLC a 6-fold
increase, and C-peptide rising by a factor of four. In the
peripheral circulation, peak levels occurred somewhat
later, between 2 and 5 min. The increase in insulin was

sevenfold, in PLC threefold, and in C-peptide twofold.
These results indicated that while the three peptides
were secreted in parallel, there were quantitative dif-
ferences in their degree of rise.

Fig. 1 shows the percentage of serum immunoreactive
insulin-like activity contributed by PLC. In the portal
vein, there is a decline from basal values of 6% to 2.5%
at the time of peak secretion. After the end of the glu-
cose infusion, there was a gradual return to basal levels.
A similar pattern is seen in peripheral blood, but the

time course is slower and the percentage of PLC is

higher.
The molar ratios of C-peptide to insulin during the

glucose infusion are shown in Fig. 2. The values were
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TABLE II
Portal and Peripheral Venous Concentrations of Glucose, IRI, and C-Peptide before, during,

and after 15-min Infusion of 30 g Arginine

Glucose IRI C-peptide

Time Peripheral Portal Peripheral Portal Peripheral Portal

inin mgj100 ml ng,/ml ngj'ml
- 1 90+6 88+3 0.8+40.4 2.8+2.0 4.3+2.0 6.5+2.6

0 82+44 85+2 0.8+0.5 3.0+1.5 4.4+1.7 6.5+3.8
o.5 83+18 84+8 1.0+0.4 6.2+2.5 5.740.2 9.4+0.1
1 84+11 91+13 0.8+0.3 29.4+-6.2 4.44+1.7 18.11+7.5
1.5 78 +i 17 844+8 1.3+10.1 23.3 +6.7 6.2 +0.1 18.94+3.3
2 81+t21 82+46 2.1+-0.9 31.6+14.8 6.9+0.2 17.6+2.5
3 85+419 93+8 3.2+43.7 18.7+2.2 6.4+3.7 12.9+4.4
5 89+t16 95+10 4.0+-2.7 8.3+2.8 6.4+t2.1 9.3+2.6
8 87 + 16 97 +412 3.4+ 1.9 8.5+46.4 6.6+-1.4 9.0+4.2

10 84+t12 102+-12 2.9+t1.8 11.7+6.4 6.4+1.8 9.0+43.4
12 99+20 102i11 3.542.3 12.5+4.6 6.6+2.0 11.6i3.2
15 91 +9 105+11 4.1 +2.7 12.8+2.5 6.9+2.0 10.7+2.5
17 94+12 108+16 4.0+1.8 13.6+2.9 8.4+3.1 12.5+4.5
20 97+15 111+ 14 4.5+2.9 14.1 +3.2 7.8+2.6 13.6+3.7

Results are means +SD.

calculated from the ratios of each individual subject
on the basis of molecular weights of 3.021 for C-peptide
and 5.807 for insulin. In the basal state, both peripheral
and portal C-peptide are present in molar concentra-
tions well above those of insulin. The C-peptide: insu-
lin ratio falls during the period of increased insulin
secretion and reaches a value of 1.17±0.06 in the por-
tal vein at 2 mim, closely approximating equimolaritv.
After the glucose infusion, the molar ratio rises toward
basal levels.

Peripheral insulin and C-peptide concentrations cor-
relate well with each other, as do those of portal vein
insulin and C-peptide. The data are shown in Fig. 3. the
insulin: C-peptide correlation coefficients being 0.86 in
peripheral blood and 0.84 in portal blood.

Arginine infusion. The glucose, IRIL and CPRvalues
obtained during the arginine infusion are shown in Ta-
ble II. In this study, the IRI was not fractionated into
insulin and PLC. The pattern is similar to that observed
during the glucose infusion, in that the very rapid rise
in portal concentrations is not reflected in the peripheral
values, and the relative increases in portal concentrations
are approximately twice those seen in the periphery. In-
sulin-C-peptide correlation coefficients were 0.75 in
peripheral and 0.82 in portal blood.

The molar ratio of C-peptide to insulin after arginine
showed a pattern similar to that during the glucose in-
fusion. In particular, at the time of peak C-peptide lev-
els, the mean portal vein CPR: IRI ratio was close to
equinmolarity (1.07±0.06).

DISCUSSION

Peripheral insulin concentrations are frequently inter-
preted as reflecting panceatic secretion of the hormone.
However, because the liver has been shown to be the
most important organ for removal of insulin from the
circulation (14, 15), studies of simultaneously obtained
portal and peripheral blood samples have been carried
out to determine how well peripheral levels reflect those
in the portal vein (8, 16-19). The results of these previ-
ous studies have indicated that while portal and periph-
eral values generally correlate with each other, significant
quantitative differences do occur. Furthermore, Blackard
and Nelson (8) have shown that certain qualitative
features of the secretory pattern observed in the portal
vein are not seen when peripheral concentrations are
measured. Because C-peptide has been proposed as an
indicator of beta cell secretory function (6) in patients
whose endogenous insulin cannot be measured, such as
a diabetic patient receiving injections of therapeutic in-
sulin or with circulating insulin antibodies, it is im-
portant to determine how its peripheral and portal vein
concentrations are related. Similarly, measurement of
peripheral venous PLC has been useful in the diagnosis
of insulin-secreting tumors of the pancreas (20, 21) and
knowledge of the relationship between its portal and
peripheral levels would be helpful in the interpretation of
these values.

Statistically significant correlations between portal
and peripheral values of the three peptide concentrations
could be shown during the base-line period and the late
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poststimulatory (3-17 min) period after glucose (when
correlation coefficients between portal and peripheral
levels were 0.87 for insulin, 0.89 for C-peptide, and 0.84
for PLC). However, no linear relationship between the
portal and peripheral concentrations was seen during
the stimulatory period (0-2.5 min), or when data from
the entire study period were analysed together. The
poor correlation was probably due to the large dilutional
factor in passing from portal to systemic circulation,
and the delay in transit through the liver. The portal
and peripheral IRI and C-peptide concentrations were
even less well correlated after arginine than after glu-
cose. The cause of this additional disparity between the
portal-peripheral correlations in the arginine test is not
immediately apparent, but at least three explanations
should be considered. First, it is possible that arginine
differentially affects the hepatic uptake of insulin and
C-peptide in a way that glucose does not. Second, the
portal vein levels show a biphasic pattern that is not
as marked in the peripheral values. Third, since the
insulin concentrations in the portal vein were higher
during the arginine than the glucose infusion, there
may be a relatively greater hepatic extraction of insulin
compared to C-peptide during the arginine infusion.
This latter possibility is compatible with the results of
Waddell and Sussman (22) and Kaden, Harding, and
Field (23), who found that a rise in pancreatic insulin
secretion (induced by glucose in the cited experiments)
was associated with an increase in the hepatic extrac-
tion of the hormone. On the other hand, some studies
suggest no change (24) or a decrease (25) in hepatic
removal of insulin as the portal level rises. Because of
this uncertainty, and the variable relationship of por-
tal and peripheral insulin, it appears that the peripheral
C-peptide concentrations may under certain circum-
stances provide a more reliable picture of beta cell
secretion than does the peripheral insulin level. Fur-
thermore, the close correlation between portal insulin
and C-peptide levels, and between peripheral insulin
and C-peptide, indicate that C-peptide concentrations
may be used as an indicator of insulin levels in both
portal and peripheral blood in situations where it is
difficult to measure insulin itself.

The proinsulin content of extracted pancreas is less
than 7% of the immunoreactive insulin level (26-32),
while basal values in peripheral blood are higher, com-
prising approximately 20% of total IRI (7, 33-36). Al-
though it has been suggested that the higher circulating
proinsulin content indicates preferential release of newly
formed granules, which contain a higher proportion of
proinsulin, our data on portal vein blood indicate that
the ratio of proinsulin to insulin being secreted is simi-
lar to that present in the pancreas. These results are

compatible with random release of insulin granules from
the beta cell, there being no preference for either newly

formed or more mature granules under ordinary condi-
tions (28). Proinsulin is more slowly catabolized than
insulin in animals (3, 4), and in man the half-time of
disappearance of endogenous proinsulin is 17.2 min,
compared to 4.8 min for insulin (37). The results in
Fig. 1 may therefore be explained as follows. In the
portal vein, the percentage of proinsulin in the basal
state is higher than that in the pancreas, because of the
accumulation of the more slowly catabolized proinsulin.
At the time of maximal secretion, when absolute levels
are high compared to basal values, recirculating pro-
insulin is of less quantitative significance, and the per-
centage of proinsulin in the portal vein declines to reach
values present in the pancreas. At later times, as beta
cell secretion diminishes, there is a gradual return to
the higher basal levels, which may be attributed again
to the relatively greater persistance of proinsulin as
compared with insulin. The pattern in peripheral blood
is essentially similar. However, the time course of the
changes is slower and the percentage of proinsulin is
higher, because hepatic extraction of insulin is greater
than that of proinsulin.

The molar concentrations of serum-C-peptide are
substantially greater than insulin in healthy subjects
(6, 10), although theoretical considerations and in vitro
experiments suggest equimolar secretion (5). This dis-
crepancy apparently arises because C-peptide is more
slowly catabolized than insulin (3), having a ti of 11.1
min compared to 4.8 min for insulin in man (38). The
results shown in Fig. 2 support this interpretation, for
at times of peak secretion, when portal vein levels far
exceed basal values, the two peptides are indeed present
in nearly equimolar concentrations. In the peripheral cir-
culation, the molar ratio of C-peptide to insulin always
exceeds unity, implying substantially greater hepatic
extraction of insulin than C-peptide. This conclusion is
compatible with the observations of Katz and Ruben-
stein (3), who showed that C-peptide in rats is predomi-
nantly metabolized by the kidney, in contrast to the
predominantly hepatic metabolism of insulin. Different
dilution volumes of insulin and C-peptide could poten-
tially account for some of the observations, but data on
this point are not available.
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