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Abstract

To assess the metabolic consequences of the diversion of the
pancreatic venous drainage to the systemic circulation, the pan-
creaticoduodenal and gastrosplenic veins were anastomosed to
the inferior vena cava in nine normal dogs. This procedure
maintained the integrity of the entire pancreas while shunting
the hormonal output ofthe pancreas to the periphery. The meta-
bolic effects were assessed from the sensitivity to insulin during
a euglycemic hyperinsulinemic glucose clamp using an insulin
infusion of 800 IAU/kg per min. The studies were controlled by
their duplication in seven dogs identically treated but with the
pancreatic veins reanastomosed to the portal vein. No differ-
ences in systemic insulin levels or insulin sensitivity before and
after surgery were seen under these circumstances. After diver-
sion, however, basal insulin levels rose from 4.5±1.0 to
11.5±2.5 gU/ml. Basal glucose metabolic clearance rate
(MCR) rose to 3.0±0.4 from 2.0±0.3 ml/kg per min. On insu-
lin infusion, maximal stimulation of MCR within the 2-h infu-
sion period was to 15.2±2.5 ml/kg per min preoperatively and
to 7.2±0.8 ml/kg per min after diversion. Using ratios of
MCR-to-insulin concentration as an index of insulin sensitivity,
it was demonstrated that this index decreased by at least 50%
after diversion. These data imply that portal venous drainage of
the pancreas is an important factor in the determination of pe-
ripheral insulin sensitivity. (J. Clin. Invest. 92:1713-1721.)
Key words: Diabetes * pancreas transplantation * insulin resis-
tance * portal insulin * peripheral insulin

Introduction

The physiological role of the portal delivery of insulin is still
incompletely understood. As a consequence, the therapeutic
implications of this route ofinsulin administration are difficult
to evaluate. The expectation might be that, during portal insu-
lin entry, the higher levels of insulin encountered by the liver
would render this organ more responsive to variations in insu-
lin release. Studies examining this issue are divided into those
that compare the effects of acute insulin administration by the
two routes and those that are chronic in nature. The latter have
been primarily focused in the area of pancreas transplantation
since this usually entails its venous drainage into the systemic
circulation.
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In the short term, during insulin infusions the liver has been
found to be more sensitive to increasing insulin levels than the
periphery ( 1-4), suggesting that it is the initial site at which
glycemia may be regulated. Evidence as to relative efficiency of
portal and peripheral delivery of insulin in the regulation of
both glucose and other aspects of metabolism is not entirely
consistent. Some studies have shown a relative superiority of
portal infusion in the maintenance ofnormal metabolic param-
eters (5, 6), including glycemia (6) and insulinemia (5). Other
work indicates that the two routes of insulin entry are essen-
tially equivalent (7-9). Still other studies demonstrated that
when an equivalent amount ofinsulin is administered peripher-
ally and portally, the peripheral insulin may have a more pro-
found effect on glycemia, perhaps because the mobilization of
peripheral substrates for hepatic gluconeogensis is inhibited to
a greater extent ( 10, 11 ).

The debate on the importance of portal insulin entry ex-
tends to the chronic situation. This is particularly pertinent to
therapeutic issues since the normal route ofinsulin administra-
tion in the treatment ofdiabetes is subcutaneous and therefore
peripheral. The intraperitoneal route has been suggested since
a porto-systemic gradient of insulin concentrations is gener-
ated that is similar to that seen physiologically ( 12, 13). The
therapeutic relevance of this gradient, however, is not yet re-
solved (5-11, 14). A decrease in hepatic insulin uptake and
therefore in the porto-systemic gradient is seen in liver disease
( 15-17) and is associated with insulin resistance suggestive ofa
potential causative role for this hepatic lesion. The loss of this
gradient in insulin levels is accentuated in pancreas transplan-
tation where the venous drainage is usually peripheral. Again,
the effects of bypassing the liver in this way are not completely
clear.

After pancreas transplantation in humans it has been found
that fasting and meal-stimulated insulin concentrations are in-
creased (18-22) or remain near normal (23, 24) when com-
pared to appropriate controls. Regardless ofthe circumstances,
in most cases (all except reference 23), there appear to be no or
minor changes in glucose tolerance, suggesting either decreases
(18, 20, 23) or minimal changes (21, 22, 24, 25) in insulin
sensitivity. These observations are likely confounded by the
varying circumstances in which they are made: (a) the relative
degree ofcontrol in the preceding diabetic state; (b) the varying
beta cell mass that is transplanted; (c) denervation of the pan-
creas (26); (d) immunosuppression; and (e) the site of venous
drainage of the pancreas and therefore the site of insulin deliv-
ery (24).

Recent work in a dog model using a partial pancreatectomy
and systemic venous drainage of the remaining pancreas
showed normal glucose tolerance with hyperinsulinemic re-
sponses (27) but with no significant changes in insulin action
(28). To assess the effect of a single factor on insulin action
(the strictly anatomical ramifications of chronic peripheral in-
sulin delivery), a dog model was developed where: (a) pancre-
atic venous drainage was diverted from the portal vein to the
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systemic circulation; (b) the arterial circulation and accom-
panying neural input to the pancreas was maintained; (c) the
damage to the pancreas was minimized with the entire pan-
creas remaining intact; or (d) portal flow was not interrupted
with no liver damage resulting. In this model insulin levels
were determined in the fasting state and during a euglycemic
hyperinsulinemic clamp. The metabolic clearance of glucose
was estimated simultaneously as a measure of insulin action.
These assessments were performed both before and after sur-
gery as well as in sham-operated animals in which portal pan-
creatic venous drainage was maintained.

Methods

Animals. 16 healthy adult mongrel dogs, both male and female, and in
a weight range of 15-25 kg, were used in these studies. Each animal first
underwent an assessment of its insulin sensitivity as described below. 1
wk later, after an overnight fast, anesthesia was induced using 0.04
mg/kg atropine and I ml/20 lb Innovar-vet (fentanyl/doperidol) and
maintained with fluothane (Ayerst, Montreal, Canada). The animals
then underwent one of the surgical procedures below. After recovery
from surgery the animals were fed standard chow (Canine 1600; Ag-
way, Syracuse, NY). 2 wk after recovery the insulin sensitivity ofeach
animal was reassessed. All protocols were approved by the Ottawa
Civic Hospital Ethics Committee.

Surgery
Diversion ofpancreatic venous drainage to peripheral circulation. The
pancreaticoduodenal vein and the gastrosplenic vein were both tran-
sected at the portal vein and reanastomosed end-to-side to the inferior
vena cava. Small venous branches between the pancreas and duode-
num were ligated, except in the immediate vicinity of the pancreatic
duct. The arterial circulation with its accompanying neural input to the
pancreas was left intact. With the diversion of both veins to the sys-
temic circulation no congestion or ischemia ofany part ofthe pancreas
was noted. 11 animals successfully underwent this procedure.

Sham operation: reanastomosis ofpancreatic venous drainage to
the portal vein. In seven animals, instead ofanastomosing the pancrea-
ticoduodenal and gastrosplenic veins to the inferior vena cava, these
were reanastomosed to the portal vein. The remainder ofthe procedure
was identical. Those animals that had undergone the same surgical
procedure but whose pancreatic venous drainage was portal were used
as controls for those with the diverted venous drainage.

Postoperative monitoring. Plasma levels of amylase, lipase, and
urea nitrogen were measured before surgery as well as 3 d postopera-
tively. Preoperative levels were 675±83 U/liter, 869±264 U/liter, and
3.6±0.4 mg/dl for amylase, lipase, and urea nitrogen, respectively.
After surgery these were 817±90 U/liter, 1,129±271 U/liter, and
3.1±0.2 mg/dl, respectively (NS). Hematocrit was 36±1% before sur-
gery and 37±1% 3 d later. The animals' weight stabilized rapidly on
resumption of eating (2 d postoperatively) and was at the preoperative
level for at least 1 wk before studies. They also demonstrated good
general health, normal stools, and a good appetite.

Experimental procedures. 32 studies were performed in the 16 ani-
mals. Catheters used in these studies were either from Intramedic (PE
tubing; Clay-Adams, Parsippany, NJ) or Tygon tubing (Norton Co.,
Akron, OH). For the preoperative hyperinsulinemic clamp these were
introduced percutaneously just before the study. Two were placed in
jugular veins and one in the inferior vena cava by way ofthe saphenous
vein. The former lines were used for the infusion oftracer and the latter
for sampling. Venous lines were used for sampling so that each animal
could be limited to one surgical procedure. Permanent jugular, inferior
vena cava, and arterial lines were placed during the surgical procedure
and were exteriorized to the back and kept in a pouch secured using
Elastoplast bandages (Smith & Nephew Inc., Lachine, Canada). A
catheter was also placed in the portal vein and advanced to the porta

hepatis to monitor any pancreatic venous drainage in either the di-
verted or sham-operated animals. Patency ofthe lines was maintained
using daily flushing with a dilute heparin solution ( 100 U/ml). If arte-
rial lines were used for sampling postoperatively, simultaneous samples
were taken from the inferior vena cava periodically throughout the
study to verify that glucose and label values were not significantly dif-
ferent at the two sampling sites. Inferior vena cava values were found to
be 97±4 and 98±3% ofthe arterial values for glucose and tracer, respec-
tively.

The protocol for each study was as follows. The dog was fasted for
18-20 h before the study. Water was available ad libitum. At t = -150
min, a constant tracer infusion using a infusion pump (Harvard Appa-
ratus, South Natick, MA) was initiated and continued throughout the
experiment. At t = 0, an insulin (porcine insulin; Eli Lilly and Co.,
Indianapolis, IN) infusion was started at 800 U/kg per min and con-
tinued for 2 h. Samples were taken at frequent intervals for glucose
measurement using a glucose analyzer (Beckman Instruments, Inc.,
Fullerton, CA). Glucose (20% dextrose; Travenol Laboratories, To-
ronto, Canada) was infused at variable rates using a pump (IVAC
Corp., San Diego, CA) to maintain euglycemia. Blood samples for
tracer and insulin levels were drawn at variable intervals (more fre-
quently when rapid changes were expected) and collected in heparin-
ized tubes. The blood was quantitatively replaced with saline. [3H]13-
Glucose was used in the first study and [3H]6-glucose in the second
study, since tritium in the sixth position ofglucose could be measured
independently of the total tritiated glucose.

Evaluation ofdiversion ofpancreatic venous drainage. The success
ofthe surgical diversion was assessed on a separate day from the insulin
clamp by comparing the portal and peripheral (inferior vena cava)
levels of insulin under basal fasting conditions and during a 90-min
glucose infusion at 10mg/kg per min. Two samples were taken during
the basal period followed by samples every 30 min during the infusion.
In the case ofdiversions the surgery was deemed successful ifthe portal
insulin level was lower than or equal to the simultaneous value in the
inferior vena cava. Plasma glucagon levels were also measured in these
samples to evaluate the extent to which levels of this hormone are
affected by pancreatic venous diversion. In two cases portal catheter
patency was lost and a similar procedure was followed under anesthesia
before death and autopsy. Two animals from the diversion group were
eliminated from the study on the basis of these criteria. The nine re-
maining animals were studied as indicated.

The values of the insulin and glucagon levels obtained are reported
below. At autopsy, inspection revealed an intact pancreas with no gross
damage and patent anastomoses in the 16 animals reported.

Analysis. All plasma samples for tracer determinations were pre-
pared for counting by deproteinization (31 ). In the case of [3H] 3-glu-
cose, an aliquot ofthe supernatant was evaporated at 60°C, the residue
was redissolved in water and formula 989 (New England Nuclear, Bos-
ton, MA), and the radioactivity was determined in a liquid scintillation
counter (Tricarb 2200CA; Canberra Packard, Dowers Grove, IL). For
[3H]6-glucose, the supernatant after deproteinization was further
passed through an ion exchange resin (Dowex 1-X8; Bio-Rad Laborato-
ries, Richmond, CA) to remove acid components. Radioactivity in the
sixth position of glucose was determined by dimedone precipitation of
the formaldehyde formed after periodate oxidation ofglucose (29). All
tracers (New England Nuclear) were repurified chromatographically in
our laboratory on an HPX-87C column (Bio-Rad Laboratories) using
a single pump system (Shimadzu, Kyoto, Japan). Plasma immunoreac-
tive insulin levels were determined as previously described (30) using
the antibody obtained from Dr. P. Wright, University of Indiana.
Plasma immunoreactive glucagon was measured using the pancreatic-
specific antibody from Linco (St. Louis, MO).

Calculations
Measurements ofglucoseflux. Glucose and tracer data were smoothed
using a set of polynomials as previously described ( 31 ). A two-com-
partment model with glucose removal, (Rd), in the first or sampled
compartment (31) was used to calculate this removal and the meta-
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Table I. Insulin and Glucagon Concentrations in the Inferior Vena Cava (IVC) and Portal Vein during Glucose Infusion

Basal 30 min 60 min 90 min

Diversion
Insulin* IVC 11.4±1.5 72±21 68±20 78±23

Portal 12.0±2.0 67±18 59±15 50±10
Glucagont IVC 161±20 152±29 148±28 132±30

Portal 170±16 154±22 142±24 145±25
Sham operation

Insulin IVC 4.5±1.0 39±11 36±11 38±10
Portal 16.7±3.6 78±31 86±20 109±38

Glucagon IVC 101±3 104±11 108±11 87±10
Portal 133±7 98±14 10±14 86±11

Glucose was infused at 10 mg/kg per min for 90 min after the basal samples were taken. * Insulin concentrations are in AtU/ml. * Glucagon
concentrations are in pg/ml.

bolic clearance was determined by dividing this by the plasma glucose
concentration. The formulae used are presented in detail (32).

Measures of insulin sensitivity. A 2-h infusion of insulin was ad-
ministered in these studies for the assessment insulin sensitivity (e.g.,
reference 21). The metabolic clearance rate (MCR)' of glucose was
calculated as above. This parameter was used for the assessment of
systemic insulin sensitivity since it is less dependent on glucose than
(Rd ), although this is not an issue during euglycemic clamps. Since the
MCR did not reach a steady value by the end of the insulin infusion,
the MCR (maximal) reached at the end of the study was used as a
minimal estimate ofits equilibrium value. One index ofinsulin sensitiv-
ity would then be the ratio of the final MCR reached and the insulin
value. A second estimate was made by extrapolating the MCR to
steady-state using a model that relates MCR to insulin concentrations
in a remote compartment (33-36):

dM
-a,M + a2i, (eq. 1)

dt

where M is the MCR of insulin and i is its plasma insulin concentra-
tion, and a, and a2 are constants. Since i is essentially constant after 10
min of insulin infusion, MCR as a function of time can be approxi-
mated as:

M = A( e-a") (eq. 2)

where A is a constant. For each study, the calculated MCR values were
fitted to the above function using a nonlinear least squares approach.
The equilibrium value was then estimated as A. The second estimate of
insulin sensitivity used was therefore AM/Ai, where AM is the incre-
ment of the (extrapolated) value ofM from basal and Ai is the equiva-
lent increment in insulin.

Statistical analysis. Comparisons were made for data before sur-
gery and after surgery for both the case of diversion and sham opera-
tion. In addition, the sham and diverted groups were compared with
each other both before and after surgery. Preliminary analysis was per-
formed using a 2 x 2-factor analysis ofvariance (ANOVA) with multi-
ple comparison tests. When a significant interaction term indicated a
difference between shams and diversions in the main effect (between
pre- and postoperative), a one-way ANOVA was used to further com-
pare the groups above using a two-factorial design with time as a re-
peated measure (37). To determine where curves start to differ signifi-
cantly, t tests were performed post-hoc at every time point for the
greatest differences of the mean (38). Significance was assumed if
P< 0.05.

1. Abbreviation used in this paper: MCR, metabolic clearance rate.

Results

Evaluation of diversion. As seen from Table I, insulin levels
were higher (P < 0.05) both in the inferior vena cava and the
portal vein after diversion of pancreatic venous drainage com-
pared with inferior vena cava levels after sham operation. Por-
tal levels were higher than those in the inferior vena cava after
sham operation but not after diversion. As stated in Methods,
this criterion was also used in individual cases to assess the
success of the diversion when this was implemented.

Inspection of the concentrations ofglucagon reveals a por-
tal-peripheral gradient arising from glucagon secretion into the
portal vein only under basal conditions in the sham-operated
animals (P < 0.05). The gradient is obliterated in diverted
animals and is also no longer seen during glucose infusion. In
both cases there is a slow decrease in concentrations as the
infusion progresses. Interestingly, peripheral glucagon levels
are increased (P < 0.05) by 50% after diversion.

Measures ofinsulin sensitivity. The results of these studies
are shown in Figs. 1 and 2. Basal fasting glycemia was identical
(P> 0.5) in the animals preoperatively (93±92 and 94±1 mg/
dl), in those with diverted pancreatic venous drainage (93±2
mg/dl), and the shams who underwent reanastomosis of the
pancreatic venous drainage to the portal vein (95±2 mg/dl).
Basal plasma lactate levels were also not significantly different
(587±52 and 758±74 nmol/ml in the preoperative cases and
787±150 and 683±121 nmol/ml for the diversion [P > 0.1]
and sham [P > 0.1] operation, respectively), although more
variation was present.

Basal plasma insulin levels, on the other hand, rose signifi-
cantly (P < 0.05) after diversion: from 4.5±1.0 to 11.5±2.5
yU/ml. For the shams, the levels were 5.1 ± 1.2 MU/ml before
and 5.7±1.8 ,uU/ml after surgery (NS). The basal MCR of
glucose was 2.0±0.3 and 2.6±0.4 ml/kg per min before diver-
sion and sham operation, respectively, 3.0+0.4 ml/kg per min
after diversion (P < 0.05 vs. preoperative), and 2.7±0.4 ml/kg
per min (NS) in sham-operated dogs.

During the 2-h insulin infusion both the glucose and lactate
levels were identical pre- and postoperatively in all groups (Fig.
1). Insulin concentrations during the infusion were 33±4 MUU/
ml before diversion and sham operation, respectively, 37±5
MuU/ml after diversion (NS), and 30±55tU/ml after sham sur-
gery (NS). The MCR rose from basal to 15.2±2.5 and
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Figure 1. (A and B) Diversion of pancreatic venous drainage. Glucose and lactate levels under basal conditions and during the infusion of so-

matostatin (0.5 ,gg/kg per min) and insulin (800 ;LU/kg per min) from 0 to 120 min. Identical levels of glycemia and plasma lactate are main-
tained throughout the study. (C and D) Sham surgery with reanastomosis of venous drainage to portal vein. The glucose and lactate levels are

not significantly different before and during insulin infusion.

11.8±1.3 ml/kg per min in the preoperative animals (7.6-fold
increase) and to 7.2±0.8 ml/kg per min after diversion (2.4-
fold increase). After sham surgery, MCR increased to 1 1.2±2.5
ml/kg per min.

In the animals that underwent diversion oftheir pancreatic
venous drainage, MCR was higher after diversion compared
with preoperatively (P < 0.05). No such change was seen after
sham surgery. MCR during the insulin changes was, however,
also higher postoperatively in the shams than in the diverted
animals (P < 0.05). In diverted animals the MCR diverged
from preoperative values after t = 30 min (P < 0.05). Table II

summarizes the quantitative estimates ofinsulin sensitivity ob-
tained from these data. There is a two- to threefold drop in
insulin sensitivity between the preoperative estimates and
those after diversion. Simultaneously, there is no significant
change after the sham operation. Although insulin sensitivity
was not as high in the latter group, a twofold difference per-

sisted between the diverted and sham-operated groups.

The time course of the rate ofglucose appearance (R.) cal-
culated in these studies reflects that in MCR since glucose lev-
els were clamped. Table III provides a summary of the inte-
grated value of R. and the total amount of glucose infused
exogenously during the study. In the case ofthe sham-operated
animals, total R. is somewhat lower since glycemia was de-

creased in the last hour of the clamp. Interestingly, basal glu-
cose production increased after the diversion (P < 0.05). Dur-
ing the hyperinsulinemic clamp there is no difference in the
mean endogenous glucose production rate, which is suppressed
30-40% relative to basal.

Discussion

The implications ofthe data presented here are both physiologi-
cal and therapeutic. They provide a basis for the portal venous
drainage of the pancreas in so far as peripheral drainage in-
duced insulin resistance. The same consideration could apply
to therapeutic reasoning on the optimality ofthe route ofinsu-
lin entry. Most pertinent to the present observations is the site
of pancreas transplantation. No consensus appears to have
been reached in this regard although the data given here suggest
that when the transplant is peripheral, insulin resistance will be
induced.

Methodology. The conclusions reached are dependent on:

(a) experimental techniques that do not induce insulin resis-
tance due to surgical stress or pancreatic damage, and (b)
correct tracer methodology.

The animals appeared healthy with normal appetite and
stable weight postoperatively. Serum amylases returned to nor-
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Figure 2. (A and B) Diversion of pancreatic venous drainage. Basal insulin levels are increased whereas somatostatin and insulin (800 RU/kg per
min) infusion increases levels of insulin to - 40 ,U/ml both before and after surgery (A). The metabolic clearance of glucose, on the other
hand, rises twice as quickly after surgery compared with preoperatively, indicating a decrease in insulin sensitivity after diversion (B). (C and
D) Insulin levels and changes in glucose MCR are not significantly different after sham surgery where pancreatic veins are reanastomosed to
the portal vein.

mal levels within 2 d of surgery and all other biochemical and
hematological parameters were normal at the time ofthe post-
surgical studies. Functional impairment could arise from the
surgery, particularly from partially occluding the venous drain-

age from the pancreas during the transection and anastomosis
ofeach ofthe two veins that are diverted, and from the ligation
of the smaller venous tributaries that drain into the duodenal
circulation. The major evidence that this did not occur is that

Table 11. Indices ofInsulin Sensitivity

Diversion Sham

Preoperative Postoperative Preoperative Postoperative
(1) (2) (3) (4)

Insulin concentration (jAU/ml)
Basal 4.5±1.0 11.5±2.5* 5.1±1.2 5.7±1.8
Infusion 33±4 36±3 37±5 30±5

MCR (ml/kg per min)
Basal 2.0±0.3 3.0±0.4* 2.6±0.4 2.7±0.4
Insulin infusion (maximum) 15.2±2.5 7.2±0.8* 13.7±1.3 13.1±2.1
Insulin infusion (extrapolated, A) 14.7±2.7 3.5±0.7* 12.9±0.9 11.3±2.7

Index of insulin sensitivity
Max MCR/insulin concentration 0.51±0.08 0.22±0.03* 0.39±0.04 0.49±0.06
AExtrapolated MCR/Ainsulin 0.63±0.15 0.19±0.06* 0.43±0.06 0.53±0.10

* Different from columns 1, 3, and 4 (P < 0.05). * Different from column 1 (P < 0.05).
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the sham-operated animals, where the interventions were iden-
tical to those in the "diverted" animals, demonstrated a re-
sponse in glucose MCR to insulin that was the same as their
own preoperative response and as the preoperative response in
all animals taken together.

Tracer methods. Glucose flux rates and, in particular, its
metabolic clearance rate were calculated from data based on a
constant, unprimed tracer infusion and a two-compartment
model for glucose kinetics (31 ). Specific activity clamping was
not used since it is only necessary to compensate for errors in
model structure when a single-compartment model is used in
the face of rapid changes in flux rates and therefore tracer con-
centrations. This has been demonstrated theoretically (39, 40).
In addition, the original validation of the two-compartment
model was done in the face of large excursions in glucose con-
centrations and rapid increases in MCR (similar to those seen
after a step increase in insulinemia). Finally, it is useful to
point out that major differences between approaches occur
when the rate of change of tracer concentrations is highest and
is usually only detectable in the calculation of endogenous glu-
cose production in the face of a large exogenous input. Since
these changes are most rapid in the first hour after the initiation
of insulin infusion, the argument is less relevant in the latter
part of the study. Confirmatory of this, suppression of endoge-
nous glucose production is estimated at between 30 and 40%
(Table III), consistent with previous estimates at these insulin
levels and < 100%, a situation that can occur when inappropri-
ate models are used (40). When a model of appropriate order
and structure is used, therefore, the calculation is valid as has
previously been demonstrated under similar (31) conditions.

Assessment of insulin sensitivity. In these studies insulin
sensitivity is calculated based on the metabolic clearance rate
of glucose. In the context of euglycemic clamps, this is different
from the rate of glucose utilization (Rd) only by a constant
factor (the glucose concentration). The MCR in preoperative
or sham dogs is significantly different from that after diversion.
The MCR of glucose is therefore unequivocally decreased
when insulin enters directly into the systemic circulation. Since
MCR did not always reach equilibrium at 2 h after initiation of
insulin infusion, a first approximation of insulin sensitivity

Table III. Integrated Glucose Production
and Infusion and Mean Endogenous Glucose Formation
during the Hyperinsulinemic Clamp

Preoperative Diversion Sham

Total R. during insulin infusion
(mg/kg) 843±113 517±59* 710±85

Total glucose infused (mg/kg) 698±108 332±66* 509±101
Difference 145±22 186±33 201±39
Mean endogenous glucose production
(mg/kg per min) 1.3±0.2 1.6±0.3 1.7±0.3

Mean basal (preinfusion) glucose
production (mg/kg per min) 2.0±0.3 2.8±0.4* 2.7±0.6

Percent suppression 35±5 42±5 37±11

* Different from preoperative group and from sham-operated animals
(P < 0.05). * Different from preoperative group.

could be obtained by dividing the final value ofMCR reached
by the insulin concentration. A more exact estimate can be
obtained by using equations 1 and 2. These equations describe
insulin action using a "minimal" number of parameters and
were derived and validated in the context of a hyperinsuline-
mic clamp (33-35). They have also been applied in the estima-
tion of insulin sensitivity in the analysis of an intravenous glu-
cose tolerance test (36), a completely nonsteady-state situa-
tion. The information content ofthe MCR measurements used
in these studies is therefore the same as in a steady-state experi-
ment and the extrapolations are as valid as this widely used
model. It should, moreover, be pointed out that the extrapola-
tion of the MCR to steady state corresponds to the area under
the MCR curve (equation 2) throughout the experimental situ-
ation studied. This area is clearly smaller after diversion com-
pared with the preoperative or sham-operated situations.

Insulin sensitivity after systemic venous drainage ofthepan-
creas. The overall effect of the diversion of pancreatic venous
drainage to the periphery is a significant decrease in sensitivity,
as can be seen from Fig. 2 and Table II. Depending on the
measure of insulin sensitivity used, this fall is 2.5-3-fold rela-
tive to the preoperative determination and 2-2.5-fold relative
to sham-operated animals. It should be noted that MCR is near
maximal 2 h after initiation of insulin infusion (e.g., reference
28), and therefore the estimate based on the final value is near
correct. This is corroborated by the more exact determination
using extrapolated values of MCR.

In summary, all estimates of insulin sensitivity indicate a
fall in this parameter of> 50% after diversion of the pancreatic
venous drainage to the systemic circulation. This change in
sensitivity is primarily peripheral since no major differences
are seen in the effects of insulin on hepatic glucose production.

Pancreas transplantation and systemic venous drainage of
the pancreas. The pancreas, and in particular the beta cell, can
drain into the systemic circulation under a number of circum-
stances: (a) porta-caval shunts, (b) pancreatic transplantation,
and (c) specific surgical transposition of the venous drainage.
These situations can occur clinically or experimentally. Porta-
caval shunt procedures have been performed experimentally in
dogs. They generally demonstrated fasting and stimulated hy-
perinsulinemia (41, 42). Effects on glucose tolerance were less
certain, probably because of varying degrees of liver damage
induced by the decrease in perfusion with portal shunting.

In humans, observations on the effects of pancreas trans-
plantation on insulin action are not completely consistent. It
has generally (18, 20, 22, 24, 43, 44) but not always (23) been
demonstrated that glucose tolerance is normal, or nearly so.
The mechanisms by which this is achieved are less clear and
have generally been studied by comparing pancreas/kidney
transplantation in diabetic patients with kidney transplants in
nondiabetic subjects or with immunosuppressive therapy
alone. Nauck et al. (24) showed a decrease in insulin secretion
compensating for its systemic entry. Wilczek et al. (22) saw
comparable responses in glucose, insulin, and hepatic glucose
metabolism in diabetic patients with kidney/pancreas trans-
plants or nondiabetic subjects with kidney transplants alone.
These two trials therefore do not demonstrate insulin resis-
tance.

Other work (18, 20, 44) also shows normal tolerance to
meals but, in contrast to the previous studies, this is accompa-
nied by hyperinsulinemia. The latter observations imply that
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insulin resistance is induced by the diversion of newly secreted
insulin from the portal to the peripheral circulation. In fact,
Rosenlof et al. (43) showed directly that glucose profiles are
similar with portal and peripheral transplants but with a much
higher insulin concentration in the latter. Christiansen et al.
(23) also demonstrated peripheral insulin resistance relative to
kidney transplants alone but with comparable insulin levels
and glucose intolerance. After transplantation, a spectrum of
metabolic outcomes is seen compared with appropriate con-
trols, from normal glucose tolerance and insulin sensitivity,
through a maintenance ofglucose tolerance but with the induc-
tion of hyperinsulinemia and insulin resistance, to glucose in-
tolerance.

To assess insulin sensitivity more carefully therefore, two
approaches were taken. After pancreas transplantations insulin
sensitivity was estimated directly using hyperinsulinemic eugly-
cemic clamps and animal models were developed where
aspects ofthe transplantation procedure could be studied more
selectively.

During clamp studies, no decrease in sensitivity was seen in
patients with pancreas transplantation relative to patients on
comparable immunosuppressive therapy alone (20). The ef-
fect of the site of drainage was assessed in dog models that
entailed partial pancreatectomy and the transposition of the
venous drainage of the remnant to the peripheral circulation
(25, 27, 28). Although normal glucose tolerance with hyperin-
sulinemia suggesting insulin resistance (27) was seen, no signifi-
cant changes in insulin sensitivity were seen in animals with
portal drainage ofthe pancreas relative to those with peripheral
drainage (25, 28).

It may be noteworthy that in the above studies, partial pan-
createctomies of various degrees were included, perhaps ob-
scuring the effect of the site of drainage alone. It has been sug-
gested that a decrease in beta cell mass induced by pancreatic
resection (45) or small doses of neonatal streptozotocin (46),
and the resulting mild functional insulin deficiency, have ef-
fects on insulin sensitivity. In the studies presented here, the
pancreas was maintained intact during the procedure with the
transposition of both the gastroduodenal and splenic veins to
the inferior vena cava. In this setting a marked decrease in
insulin sensitivity of at least 50% was seen after diversion of
venous drainage. Since there is some variation in groups of
animals (Table III), it was also important to perform compari-
sons pre- and postoperatively as well as to sham-operated ani-
mals. Finally, it cannot in these (or other analogous) studies be
claimed that the anastomoses made constitute the only drain-
age of the pancreas, although this is ensured as much as possi-
ble. Any remaining portal drainage, however, works against the
hypothesis, suggesting that the changes observed are a minimal
estimate.

When the site of venous drainage of the pancreas was the
only factor altered in the experimental model, unequivocal in-
sulin resistance resulted. This occurred in a relatively short
period of time (2 wk). Although not directly comparable with
previous studies, as discussed, it does not appear to be consis-
tent with the direct determinations of insulin sensitivity using
insulin clamps. It is, however, consistent with a number of
studies that have demonstrated normal glucose tolerance cou-
pled with hyperinsulinemia both in the partially pancreatecto-
mized dog model (27) as well as in human pancreas transplants
(18, 20, 44).

Implications in glucoregulation. The liver removes a large
fraction, at least 50%, ofthe insulin that impinges upon it (47),
as well as a somewhat lesser fraction of glucagon (48). This
implies that the diversion of the pancreatic venous drainage to
the systemic circulation will at least double the amount ofinsu-
lin entering the periphery in response to a similar metabolic
stimulus. This results in a hyperinsulinemia and hypergluca-
gonemia, as demonstrated in a number ofthe studies discussed
as well as the present one. It appears therefore that the high
insulin levels will in themselves cause significant insulin resis-
tance consistent with previous reports (e.g. reference 49). This
decrease in sensitivity is primarily peripheral since the MCR of
glucose primarily reflects extrahepatic glucose removal. Inter-
estingly, although Table I was meant to provide evidence of
peripheral venous drainage of the pancreas after diversion, it
demonstrates that peripheral and portal insulin levels after di-
version are closer to portal levels in the sham-operated animals.
Similarly (under basal or preexperimental conditions), circu-
lating glucagon after diversion is slightly higher than portal
levels in the sham-operated animals. This "compensation"
may account for the regulation ofglucose production, which is
comparable to normal or sham-operated animals (Table III
and reference 22). An additional factor in this compensation
might be the effect of higher peripheral insulin levels on the
suppression of peripheral substrate mobilization ( 1). In con-
clusion, suppression of glucose production by the increments
in insulin levels generated did not vary significantly between
groups, suggesting that in the stimulated state, a decrease in
glucose synthesis and a possible decrease in substrate availabil-
ity combine to provide similar effects on net glucose produc-
tion in all groups.

Implications in therapy. The debate as to the relative effec-
tiveness, of portal vs. peripheral insulin in the treatment of
diabetes, is ongoing (3-1 1 ). The generation ofa portal-periph-
eral gradient implies the administration of insulin intraperito-
neally (12-14), which is more complex and more invasive
than the subcutaneous route. Similarly, pancreas transplants
are traditionally done with peripheral venous drainage (15).
The spectrum of results discussed above suggests that in differ-
ent clinical situations various factors such as decreasing beta
cell mass, immunosuppression protocols, as well as the site of
venous drainage combine to yield varying levels ofinsulinemia
as well as degrees ofglucose tolerance. In these studies we there-
fore studied the site of venous drainage of the pancreas as a
factor in isolation from other influences. Both peripheral hy-
perinsulinemia and a marked degree of insulin resistance re-
sulted. In light ofthe recent emphasis on the role that these may
play in the development ofcomplications such as cardiovascu-
lar disease or hypertension (50, 51), these data suggest that
portal venous drainage ofthe transplanted pancreas be a consid-
eration in future therapeutic efforts.

Summary. In these studies, all variables potentially inher-
ent in insulin action were maintained intact except for the phys-
ical transposition of the pancreatic venous drainage from the
portal to the peripheral circulations. This intervention induced
peripheral hyperinsulinemia and a decrease in sensitivity to
insulin, during euglycemic hyperinsulinemic clamping, of at
least 50%. These data therefore imply that, at least for the trans-
planted pancreas, the physiological route of insulin entry is
important in the generation of a normal glucoregulatory re-
sponse.
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