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feasible in humans with the IV and the IP routes and are in
final stages of design for clinical use (1-4). A few animal studies with invasive isotopic techniques have
shown higher portal than systemic insulin levels after IP insulin administration (5,6). Others have reported the portal
absorption of IP insulin to be insignificant compared with the
contribution of the peripheral, e.g., lymphatic, system (7).
The contribution of portal absorption of IP insulin has been
found to vary from 25 to 61%, depending on the amount of
insulin administered (8). Thus, the question of the relative
absorption of IP insulin via the portal versus the systemic
circulation remains unclear.
In this study, we determined the fraction of insulin absorbed by the portal circulation after IP insulin administration
with a novel nonisotopic method in diabetic dogs (9). Insulin
and C-peptide were measured in peripheral blood during
equimolar IP infusion of insulin and C-peptide and during an
identical systemic infusion. Because insulin entering the portal circulation would be 40-60% degraded during its first
pass through the liver, the extent to which plasma insulin is
less during IP than IV infusion would be indicative of portal
absorption of the peptide (10-12). Assuming complete absorption from the peritoneal acvity, C-peptide should be
identical with both routes because C-peptide is not degraded during its liver pass (13-16). Quantitative hepatic
extraction and portal absorption of IP insulin were calculated
from the plasma values of C-peptide and insulin at steady
state via monocompartmental analysis.

RESEARCH DESIGN AND METHODS

T

he determination of a significant portal drainage of
insulin administered in the peritoneal cavity (IP) indicates that the peritoneum is a more physiological
route for insulin administration than the subcutaneous or intravenous (IV) routes. Data to support this concept
would provide a more scientific basis for the use of implantable delivery devices with chronic IP insulin delivery. Some
of these devices have proved to be reasonably safe and
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The absorption mechanism of insulin administered in
the peritoneal cavity (IP) is of current interest because
of the near availability of implantable insulin-infusion
devices for the treatment of diabetes. To determine the
fraction of insulin absorbed by the portal circulation
after IP administration, a novel nonisotopic method
is described. Conscious fasting diabetic dogs were
studied at normoglycemia via the euglycemic insulinclamp method. Posthepatic appearance of insulin and
C-peptide were measured in peripheral blood during IP
or intravenous (IV) equimolar infusion of insulin and Cpeptide at two sequential 3-h infusion rates of 3.2 and
12.8 pmol • kg~1 • mirr 1 . Prior studies have shown that
40-60% of portal insulin is extracted at first pass by
the liver, whereas C-peptide is not extracted. Thus, the
fraction (F) of IP insulin not taken up by liver at first
pass and consequently the fraction absorbed by the
portal circulation can be derived from insulin (I) and
C-peptide (C) plasma concentration values at steady
state with a monocompartmental model where F =
(IIP/IIV)(CIV/CIP). The mean ± SE value of F was 49.7 ±
8.8%. Glucose disappearance rates were lower with IP
than IV infusion but similar when peripheral insulin
levels were matched. We conclude that IP insulin is
almost entirely absorbed by the portal circulation and
induces lower glucose disappearance rates than IV
insulin because of lower peripheral circulating insulin
levels. Whether these properties make the IP route a
more appropriate route for insulin therapy than the
subcutaneous or IV routes remains to be established.
Diabetes 39:1361-65, 1990
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F = (IIP/IIV)(CIV/CIP)
where I and C are insulin and C-peptide plasma concentration values, respectively, at steady state. The equation is
based on the fact that, in the dog, insulin is extracted by the
liver at first pass, but C-peptide is not (13-15). The eventual
residual dog insulin and C-peptide secretion would affect
both components of the ratios involved in F and therefore
not alter the overall results. The contribution of the portal
circulation to IP insulin absorption is then derived from F,
knowing that 40-60% of portal insulin is extracted by the
liver at first pass (10-12). The mathematical model adapted
from Velund et al. (10) is shown in Fig. 1 and developed in
the Appendix.
Experimental procedure. One day before each IP experiment, a temporary IP catheter was inserted percutaneously
through the midabdomen by use of a peel-away cannula
(17). The procedure was performed under short general barbiturate anesthesia. Food and subcutaneous insulin administration were discontinued at least 12 h before the experiment. On the day of the experiment, dogs were conscious,
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FIG. 1. Representation of mathematical model for calculating
fraction (F). R, infusion rate; I, insulin; C, C-peptide; V, volume; IP,
intraperitoneal; IV, intravenous; K, 1st-order elimination constants.

1362

comfortably immobilized in a Pavlov frame, and not fed. An
IV catheter was inserted in the jugular vein for blood sampling. A second IV catheter was inserted in the saphenous
vein for 50% dextrose infusion with a Harvard 22 pump.
Another Harvard pump was filled with a freshly prepared
solution containing 6410 pmol/ml each of insulin and Cpeptide and was connected either to a third IV catheter
inserted in the saphenous vein in the IV experiment or to the
IP catheter in IP experiments.
Preparation of insulin was based on an insulin molecular
weight of 5734 and an insulin weight of the solution used
(human U-400, Hoechst PH21, Frankfurt, FRG) of 14.7
mg/ml. Thus, 6410 pmol = 1 U insulin. Preparation of Cpeptide was based on a C-peptide molecular weight of 3617,
a concentration of the product used (human C-peptide,
Bachem, Torrance, CA) of 83%, and a purity of >99%. During
a 2-h prestudy period, blood glucose levels were measured
every 10 min. In a few cases, small doses of insulin (0.10.5 U IV) were injected during the prestudy period to lower
the blood glucose concentrations in the 4.4- to 5.5-mM
range.
The study began only after blood glucose values were
maintained in the above range for at least 30 min after the
last IV insulin injection. At time 0, two sequential insulin—Cpeptide infusion periods of 3 h each were performed. Each
constant-infusion sequence was preceded by a priming
dose calculated according to a formula proposed by Rizza
etal. (18)
insulin dose (mU) = weight (kg) x desired change of plasma insulin (mU/L)/10

A basal initial plasma insulin level of 10 mU/L and a distribution volume of 10% body weight was assumed. For the
first infusion sequence, the constant infusion rate was 3.2
pmol • kg" 1 • min"1, i.e., providing an insulin rate of 0.5
mU • kg^ 1 • min~1, and was preceded by a bolus equivalent to 5 mil/kg. The second infusion rate was set at 12.8
pmol • kg" 1 • min"1, i.e., corresponding to an insulin rate of
2 mU • kg" 1 • min"1, and was preceded by a bolus equivalent
to 8 mil/kg. Every 30 min and then every 10 min during the
last 30 min of each infusion sequence, venous blood samples were taken and transferred to heparinized tubes for
plasma free-insulin determinations and to Trasylol-EDTA
heparinized tubes for C-peptide determinations. Blood glucose was measured every 10 min, and IV dextrose infusion
was adjusted to maintain blood glucose values in the 4.4to 5.5-mM range.
Methods of analysis. Blood glucose levels were measured
on whole-venous blood samples by a reflectance meter
(Glucometer M, Ames). Human plasma free-insulin values
were determined by radioimmunoassay (Incstar) after immediate antibody extraction by polyethylene glycol, as routinely performed in our laboratory (19,20). The limits of detection are 1 mU/L; interassay and intra-assay variations
were <5 and <8%, respectively. C-peptide levels were measured in our laboratory by radioimmunoassay (21). The limits
of detection are 0.02 pmol/ml; interassay and intra-assay
variations were <9 and <5%, respectively. This assay does
not detect dog C-peptide.
Data are expressed as means ± SE. Comparisons were
assessed via paired t tests.
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weighing 13 ± 1 kg (mean ± SE) were studied at least 1
mo after insulin-dependent diabetes was induced with 60
mg/kg IV alloxan. Dogs were treated with a combination of
human short-acting and long-acting insulin given subcutaneously once daily. The day before the experiment, only
short-acting insulin was given subcutaneously every 6 h.
Experimental design. Each dog underwent two randomly
ordered procedures at 2- to 4-wk intervals (Fig. 1). These
intervals were chosen to allow blood volume recovery. In one
of the procedures, human insulin and human C-peptide were
infused concomitantly at equimolar rates into the peritoneal
cavity via a percutaneous temporary catheter. In the other
procedure, an identical infusion was performed IV in the
saphenous vein.
The following equation was used to determine the fraction
(F) of IP insulin not extracted by the liver
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the 12.8 pmol • kg" 1 • min~1 infusion sequences (P < 0.05).
F calculations are shown in Table 1. Overall F was 49.7 ±
8.8%, and F values were similar at the low and high insulin—
C-peptide infusion rates. Therefore, the fraction of insulin
extracted by the liver at first pass is 50.3%, indicating a
complete intraportal absorption of IP insulin.
Glucose-clamp data. Clamped blood glucose levels were
5.0 ± 0.5 and 5.1 ± 0.6 mM during the IV and IP studies,
respectively (NS; Fig. 3). Glucose infusion rates during the
last 30 min of the 3.2-pmol • kg" 1 • min" 1 infusion sequence
were nil during the IP and 1.97 ± 0.82 mg • kg" 1 • min" 1
during the IV insulin-C-peptide infusion (P < 0.001). Glucose
infusion rates were 3.80 ± 0.89 and 16.53 ± 3.64 mg •
kg- 1 • min" 1 with the 12.3 pmol • kg" 1 • min- 1 IP and IV
infusion rates, respectively (P < 0.02).

0.00

DISCUSSION
FIG. 2. Circulating insulin (A) and C-peptide (B) levels during
intraperitoneal {dashed lines) and intravenous (solid lines) insulinC-peptide infusion experiments. Values are means + SE.

RESULTS
Insulin-C-peptide infusion data. Plasma C-peptide and
free-insulin levels during the IV and IP experiments are
shown in Fig. 2. Values reached a plateau 30 min after IV
infusion but 2 h after IP infusion. C-peptide values during
the periods of F determination, i.e., the last 30 min of each
3-h sequence, were similar with IV and IP infusion. Circulating free-insulin levels were lower during IP infusion:
0.06 ± 0.01 pmol/ml (IP) vs. 0.10 ± 0.01 pmol/ml (IV) during
the 3.2 pmol • kg" 1 • min" 1 infusion sequences (NS) and
0.14 ± 0.01 pmol/ml (IP) vs. 0.43 ± 0.02 pmol/ml (IV) during

This study confirms that IP insulin is absorbed mainly by the
portal circulation (5,6,8). Our results extend the data by documenting the portal absorption of IP insulin in a more physiological setting: circulating insulin levels during the low- and
high-infusion sequences were in the range of values currently observed in diabetic patients in the fasting and postprandial states, respectively. Furthermore, our method does
not involve portal or posthepatic catheterization or radioactive isotope administration. The only invasive procedure,
i.e., the placement of an IP catheter, could be avoided if the
subject is equipped with an implantable IP insulin-delivery
device, e.g., an implantable pump. Therefore, this method
could be directly applicable to patients treated with an implantable IP pump.
The method we used- is based on the following original
concept, formulated by one of us (R.N.B.): 40-60% of portal

TABLE 1
Plasma hormone levels and fraction values
Insulin (pmol/ml)
ii IIUOIUI i i

aic

1

C-peptide (pmol/ml)

Dog

(pmol • kg"' • min" )

IV

IP

IV

IP

1

3.2
12.8
3.2
12.8
3.2
12.8
3.2
12.8
3.2
12.8
3.2

0.09
0.62
0.18
0.67
0.09
0.45
0.06
0.22
0.08
0.21
0.10 ± 0.02

0.05
0.15
0.04
0.18
0.06
0.10
0.09
0.15
0.04
0.13
0.06 ± 0.01

0.55
1.10
0.60
1.24
2.76
4.25
1.49
1.98
2.34
3.33
1.53 ± 0.46

0.76
1.55
0.56
1.17
3.12
3.50
2.33
2.40
1.46
3.00
1.65 ± 0.48

40
17
24
28
59
28
96
56
80
69
59.8 ± 14.0

12.8

0.43 ± 0.02

0.14 ± 0 . 0 1 *

2.38 ± 0.61

2.39 ± 0.40

39.6 ± 10.9

2
3
4
5
Mean ± SE

F (%)

1
49.7 ± 8.8
'

Values are averages of plasma concentration measured at 4 10-min intervals during the infusion. IV, intravenous; IP, intraperitoneal; F,
fraction of IP insulin not taken by liver at 1st passage.
*P < 0.05 vs. IV insulin. All other comparisons not significant.
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Glucose infusion rates were not significantly different
during the 3.2 pmol • k g ' 1 • min" 1 IV and the 12.3 pmol •
kg" 1 • min" 1 IP infusion sequence, i.e., when peripheral
circulating free-insulin levels were similar (Table 1). Glucose infusion rate was 1.97 mg • kg" 1 • min" 1 for a freeinsulin level of 0.10 pmol/ml during IV infusion and 3.80
mg • kg" 1 • min" 1 for a free-insulin level of 0.14 pmol/ml
during IP infusion.

ABSORPTION OF INTRAPERITONEAL INSULIN

3

4

Time (hr)
FIG. 3. Blood glucose levels (A) and glucose infusion rates (B) in
intraperitoneal (dashed line, solid bars) and intravenous {solid line,
shaded bars) experiments. Values are means + SE.

insulin is extracted by the liver at first pass (10-12), but
portal C-peptide is not (13-15). Thus, it is possible to evaluate the fraction of IP insulin extracted by the liver at first
pass by use of an equimolar IP infusion of insulin and
C-peptide and by comparing the posthepatic plasma hormone levels. By use of a monocompartmental model and
combining the IP data with those of a similar IV experiment
at steady state, differences in the systemic distribution and
degradation of C-peptide and insulin can be eliminated.
Thus, the plasma levels of insulin and C-peptide reflect only
the differences in their liver extraction. The contribution of
the portal circulation to the absorption of IP insulin is then
easily derived by comparing the extracted insulin fraction
after IP administration with that reported after portal insulin.
Plasma hormone steady states were attained faster by IV
than IP but unexpectedly not slower for C-peptide than for
insulin, maybe because of a better efficacy of the C-peptide
priming dose. At steady state, during the high-dose infusion
sequence, we found similar plasma C-peptide levels but 2 3 times lower plasma insulin values during the IP insulin—
C-peptide infusion compared with the IV infusion, clearly
indicating a liver trapping and therefore portal absorption of
IP insulin. During the low-dose infusion, plasma insulin data
were less uniform and therefore did not reach significance.
Calculations showed that the first-pass liver trapping was
50%, indicating that virtually all IP insulin was absorbed by
the portal circulation. Thus, our data indicate that IP insulin
administration may be preferable to other routes of administration, e.g., subcutaneous and IV, for chronic treatment of
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At matched peripheral circulating insulin levels, glucose
infusion rates were similar with IP and IV insulin administration. The reason fourfold rather than just twofold higher IP
insulin rates were needed to generate plasma insulin levels
similar to those obtained during IV insulin infusion when only
50% of IP insulin is extracted by the liver is unclear. Nevertheless, these findings suggest a higher hepatic insulin concentration during IP than IV insulin administration, although
hepatic glucose output suppression is similar. These data
are consistent with previous reports and suggest that portal
hepatic insulin flow is not the major determinant in hepatic
glucose output suppression. Instead, hepatic glucose output
may be regulated mainly by peripheral blood via either insulin levels or gluconeogenic substrates (M. Ader and R.N.
Bergman, unpublished observations).
We conclude that 1) IP insulin is almost entirely absorbed
by the portal circulation, 2) our method for measuring hepatic
extraction of insulin may be preferable to other more invasive
and/or radioisotopic methods especially in humans, and 3)
IP insulin induces lower glucose disappearance rates than
IV insulin via lower peripheral circulating insulin levels.
Finally, these data provide a scientific rationale for new
methods of insulin therapy that include chronic IP infusion
with implantable delivery devices. However, the clinical relevance of IP insulin administration over less physiological
methods, e.g., subcutaneous or IV insulin therapy, remains
to be determined.
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diabetes, because IP insulin absorption follows the portal
circulation, i.e., the physiological pathway.
Clinical implications of IP insulin administration over peripheral routes remain to be established. Although not a primary objective of the study, our data provide information on
peripheral circulating levels of insulin and effects on glucose
metabolism with IP versus IV insulin administration (22-24).
Peripheral insulin concentrations were lower with IP insulin,
suggesting that chronic IP insulin administration may generate less hyperinsulinemia and therefore be less atherogenic than IV insulin (25). On the other hand, two- to fourfold
lower glucose infusion rates were needed during IP than
during IV insulin infusion to maintain normoglycemia. This
was expected because peripheral insulin levels were lower
with IP than IV insulin infusion and, at the circulating insulin
levels obtained during the low- and high-infusion sequences,
the peripheral glucose utilization is responsible for - 5 0 and
- 8 0 % of overall glucose disappearance, respectively, compared with hepatic glucose output suppression (26). However, specific measurement of hepatic glucose release and
uptake are required to confirm our findings.
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APPENDIX: IP AND IV TESTS
ft, = infusion rate of C-peptide and insulin.
f = fraction of insulin and C-peptide having passed the peritoneal
membrane.
ft2 = ff?,.
F = fraction of insulin and C-peptide that is not taken up by liver
during first passage.
Vi, Vc = distribution volumes for insulin and C-peptide.
Ku Kc = first-order elimination constants for insulin
C-peptide.

and

V,(dllP/d0 = F • / f t , - fclpV,

(A1)

and the net rate of appearance of C-peptide is
V c (dC IP /d0 = Ft2 - /(CCIPVC

(A2)

IV test. Insulin and C-peptide appear in the systemic circulation
directly, i.e., no exposure to the peritoneum or first-pass hepatic
extraction. Thus, the net rate of appearance of insulin in the systemic
blood is
V|(dl|V/d0 = ft, - /cJivV,

(A3)

and the net rate of appearance of C-peptide is
V c (dC/df) = ft, - /<cClvVc

(A4)

After combination, Eqs. A1 and A3 become F • f - \IP/\N, and
Eqs. A2 and A4 become /
=
C,p/C,v. Thus, F
=
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