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Abstract

Introduction:
The effects of pancreatic polypeptide (PP) infusion were examined in patients on insulin pump therapy to 
determine whether PP administration can reduce insulin requirements in patients with type 1 diabetes mellitus 
(T1DM) or type 3c diabetes mellitus (T3cDM; pancreatogenic). 

Methods:
Ten subjects with long-standing T1DM (n = 7) or T3cDM (n = 3) on insulin pump treatment received a 72 h 
subcutaneous infusion of 2 pmol/kg/min bovine PP or saline by portable infusion pump in a single-blinded, 
randomized, crossover design.

Results:
Pancreatic polypeptide infusion raised plasma PP levels to 450–700 pmol/liter. Daily insulin infusion 
requirements (I) fell from 48 ± 6.9 to 40 ± 7.5 U on day 2 (p < .05) and from 46 ± 7.7 to 37 ± 6.6 U on day 3 
(p < .05) of PP infusion compared with saline. Corrected for average blood glucose concentration (G), I/G fell 
in 10/10 subjects during the second 24 h period and in 7/10 subjects during the third 24 h period; sensitivity to 
insulin, calculated as 1/(I/G), increased 45% ± 12% on day 2 (p < .01) and 34% ± 14% on day 3 (p < .05) of 
PP infusion. Pancreatic polypeptide responses to a test meal were compared with the change in insulin infusion 
requirements in 5 subjects; the reduction in insulin requirements seen during PP infusion correlated with the  
degree of baseline PP deficiency (p < .002).

Conclusions:
A concurrent subcutaneous infusion of PP enhances insulin sensitivity and reduces insulin requirements in 
patients with long-standing T1DM and T3cDM on insulin pump therapy. The benefit of PP infusion correlated 
with the degree of PP deficiency.
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Introduction

Pancreatic polypeptide (PP) is a 36-amino-acid straight-
chain peptide and a member of the “PP family” of 
enteropancreatic hormones that also includes neuro-
peptide Y and peptide YY.1,2 Pancreatic polypeptide is 
secreted predominantly from the islets in the ventral 
portion (uncinate process) of the head of the pancreas in 
response to nutrient ingestion and remains elevated in 
the plasma for up to 3 h after a meal.3–5 The physiologic 
role of PP remained uncertain for more than a decade 
after its original isolation and identification by Kimmel 
and colleagues6 and, separately, by Lin and Chance.7 
Animal and clinical studies initially suggested a role 
in satiety and in regulation of pancreatic exocrine and 
biliary secretion.1,5,8 It has since been shown to play a 
role in glucose homeostasis through its mediation of 
hepatic sensitivity to insulin by means of its regulation 
of hepatic insulin receptor (IR) gene expression and 
hepatocyte IR availability.9–12

Pancreatogenic or apancreatic diabetes is classified as a  
form of secondary or type 3c diabetes mellitus (T3cDM) 
by the American Diabetes Association13 and the Centers 
for Disease Control.14 This category includes diabetes 
in association with, or as a consequence of, acute 
and chronic pancreatitis (CP), pancreatic neoplasms, 
pancreatic resection, pancreatic trauma, fibrocalculous 
pancreatopathy, cystic fibrosis, hemochromatosis, and 
pancreatic agenesis. In North America and Western 
Europe, the majority of patients with T3cDM have CP as 
the cause.15

A deficient PP response to nutrients has been shown in 
patients with T3cDM due to CP,16 pancreatic resection,17 
and cystic fibrosis.18 Isolated hepatic resistance to insulin, 
despite normal or increased peripheral insulin sensitivity, 
has also been shown in T3cDM due to CP,19 pancreatic 
cancer,20 pancreatic resection,21 and cystic fibrosis,22 
and an increase in hepatocyte PP receptors, now 
referred to as Y4 receptors,23 has been shown in CP.24 
Administration of PP has been shown to improve hepatic 
sensitivity to insulin and glucose homeostasis in rats,10,25 
dogs,9,26,27 and patients28,29 with T3cDM due to CP or 
pancreatic resection.

Clinical studies have demonstrated that hepatic sensitivity 
to insulin is increased, and glucose tolerance improved, 
after an 8 h infusion of PP in patients who are PP-deficient  
due to pancreatic resection28 or CP.29 These findings 

suggested that PP administration might have an insulin-
sparing effect in patients with insulin-dependent diabetes. 
This hypothesis was therefore examined in this present 
clinical study of PP administration in patients with type 1  
diabetes mellitus (T1DM) or T3cDM on stable insulin 
pump therapy. Our objective was to determine whether 
continuous subcutaneous infusion of PP would increase 
insulin sensitivity as assessed by reduction in daily 
insulin pump therapy requirements in a single-blinded, 
randomized, crossover study design.

Methods

Selection of Volunteers
Ten diabetic subjects [7 subjects with autoimmune T1DM 
of 8–35 years duration and 3 subjects with T3cDM of 
1–13 years after proximal (2 subjects) or total (1 subject) 
pancreatectomy] were enrolled in the study (Table 1). 
All subjects had hemoglobin A1c levels ≤8.5% and were 
using continuous subcutaneous infusion of insulin by 
programmable pump. The subjects included 7 females 
and 3 males aged 45.2 ± 5.8 years [mean ± standard error 
of the mean (SE), range 22–69 years], with body mass 
index 26.3 ± 1.5 (range 20.0–34.5).

We obtained an investigator-initiated new drug authori-
zation from the Food and Drug Administration for PP 
infusion (FDA IND 71,216). All methods and procedures 
were approved by the University of Massachusetts 
and Johns Hopkins University Institutional Review 
Boards, and the study was registered as a clinical trial 
with the National Institutes of Health (NCT 00791076). 
All volunteers provided written informed consent in 
accordance with the Declaration of Helsinki II.

Study Design 
A standardized test meal (STM) of 475 ml of Ensure 
Plus® was ingested within 10 min at ~8:00 am by each 
volunteer after a 12 h fast on the first day of each 72 h  
study period, and blood samples were obtained for 180 
min. Then, in a single-blind, randomized, crossover 
design, a continuous fixed subcutaneous infusion of 2 
pmol/kg/min synthetic PP (bPP) reconstituted in 3.0 ml 
normal saline or 3.0 ml normal saline alone was begun 
by miniature portable pump (Disetronic Panomat T-10, 
Disetronic Medical Systems AG, Burghdorf, Switzerland). 
During the last 3 h of the 72 h infusion period, a second 
STM was performed.
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Table 1.
Subject Characteristics and Primary Dataa

Subject # 1 2 3 4 5 6 7 8 9 10 Mean SEM

Age 64 34 69 53 22 22 27 51 43 67 45.2 5.77

Gender F F M F F F F M F M

BMI 20.1 24.0 23.7 28.0 29.3 26.5 34.5 31.5 25.5 20.0 26.31 1.480

DM type T3 T1 T3 T1 T1 T1 T1 T1 T1 T3

Duration 1 18 13 35 18 8 17 33 27 1

HbA1c% 8.1 6.2 8.4 7.3 7.4 7.6 6.0 7.1 6.5 8.5 7.31 0.340

Day 2 Saline

Avg Glucose
G Nadir
Tot Insulin
I/G
1/(I/G)

141.7
65

25.0
0.18
5.68

164.8
62

53.1
0.32
3.10

96.9
54

47.1
0.49
2.06

122.6
58

27.1
0.22
4.52

143.5
73

50.2
0.35
2.85

182.3
40

71.4
0.39
2.55

109.3
75

87.2
0.80
1.25

171.7
101

53.2
0.31
3.23

136.4
71

52.9
0.39
2.58

211.0
175

14.2
0.07

14.90

148.03
77.4

48.13
0.351
4.27

11.021
11.34
6.894

0.0624
1.244

Day 3 Saline

Avg Glucose
G Nadir
Tot Insulin
I/G
1/(I/G)

196.5
62

24.0
0.12
8.18

110.6
40

  49.6
  0.45

2.23

166.4
50

52.7
  0.32

3.16

125.2
56

23.3
  0.19

5.37

144.7
61

63.7
0.44
2.27

281.2
135

53.0
0.19
5.30

   98.8
19

99.5
  1.01

0.99

122.0
     45
  48.5
  0.40

2.52

120.6
45

  29.0
0.24
4.16

303.4
230

 19.5
 0.06
15.52

166.91
74.3

 46.28
0.34
4.97

22.800
18.74
7.658

0.0850
1.343

Day 2 PP

Avg Glucose
G Nadir
Tot Insulin
I/G
1/(I/G)

185.3
    82
  25.9
  0.14

7.15

146.1
73

30.8
   0.21

4.74

156.1
40

30.9
   0.20

5.05

137.9
94

20.1
   0.15

6.86

142.2
88

   34.1
0.24
4.17

190.1
80

  60.0
  0.32

3.17

158.4
73

  98.8
  0.62

   1.60

132.6
     50
   39.8

 0.30
3.33

153.3
     51
   37.9
   0.25

4.05

339.0
    175
   19.1
   0.06

17.71

174.10
80.6

39.75
 0.248

5.78

19.267
11.28
7.528

0.0485
1.425

Day 3 PP

Avg Glucose
G Nadir
Tot Insulin
I/G
1/(I/G))

254.0
53

19.9
 0.08
12.75

111.6
61

35.4
  0.32

3.15

145.9
34

24.6
   0.17

6.01

  120.6
72

19.8
   0.16

6.09

  110.8
87

   37.1
  0.34

2.99

178.0
78

  53.1
  0.30

3.35

138.3
59

  88.2
  0.64

1.57

 207.3
49

41.5
0.20
5.00

122.3
     52
  32.5
  0.27

3.76

316.0
    240
  20.2
  0.06
15.66

170.48
78.5

37.23
0.253

6.03

21.866
17.63
6.628

0.0522
1.448

a BMI = body mass index; DM =diabetes; T1 =type 1 DM; T3 =type 3c DM;  Avg = average; Tot = Total; G nadir = lowest glucose value 
during 24 h period; Duration = duration of diabetes (yrs); I/G = Total 24 h insulin requirement/average 24 h glucose value;  
1/(I/G) = insulin sensitivity index; SEM = standard error of the mean; F = female; M = male; HbA1c = hemoglobin A1c

The two study periods (i.e., PP versus saline) were 
scheduled at least 4 weeks apart, during which the 
subjects were asked to maintain their normal activity 
and dietary habits. Subjects were instructed to follow 
their normal routine for adjustments of their insulin 
infusion pumps based on finger stick blood glucose  
measurements during each test period. At the conclusion of 
each 72 h infusion period, bolus and continuous insulin  
infusion rates were downloaded from each insulin pump 
to calculate daily insulin usage, and blood glucose 
levels were obtained from either the subjects’ finger 
stick glucose diary (n = 3) or from the data downloaded 
from a blinded continuous glucose monitor (Minimed 
Glucose Monitor, Medtronic, Minneapolis, MN; n = 7). 
Mean plasma glucose (G), calculated as the area under  
the curve (AUC) of all glucose measurements by the 

trapezoidal rule, and total insulin infusion (I) require-
ments were assessed during the second and third 24 h 
interval of each 72 h infusion period.

Bovine PP was synthesized by the Peptide/Protein 
Core Facility, Endocrine Unit, Department of Medicine, 
Massachusetts General Hospital, Boston, MA. The peptide 
was >99% pure and displayed a single peak on high-
performance liquid chromatography with a peptide 
content of 85%. The bPP was lyophilized in vials under 
sterile conditions for single use and was certified to be 
both pyrogen-free and sterile.

Analytical Techniques
During the STM, blood samples were collected with 
heparinized syringes. Plasma glucose was immediately 
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analyzed by the glucose oxidase method (Beckman 
Glucose Analyzer II, Beckman Instruments, Fullerton, CA). 
The remaining blood samples were placed in prechilled 
test tubes containing ethylenediaminetetraacetic acid 
and protease inhibitors. Plasma PP levels during the 
preinfusion and postinfusion STMs were measured, as 
previously described,30,31 in five consecutive subjects. 
The antihuman PP antibody used (E1040, Millepore Corp, 
St. Charles, MO) cross-reacts similarly with bovine PP.32 

Standard methods were used to compute means, SEs, 
and Pearson correlation coefficients. All statistical tests 
were two tailed. Data are shown as mean ± SE and  
p values of <0.05 were regarded as statistically significant.

Results
There were no adverse outcomes or side effects associated 
with the 72 h PP infusion in any subject. Subjects were 
queried regarding the incidence and severity of hypo-
glycemic events during each 72 h infusion period.  
The number and severity of hypoglycemic events was 
similar in both PP and saline infusion periods (Table 1).
None required physician intervention, and none was 
reported to be associated with severe or unusual symptoms 
or sequelae. Two subjects reported that they had 
discontinued insulin infusions entirely for 2–4 h during 
parts of the PP infusion period based on blood glucose 
measurements, according to their standard protocol.

Basal and STM-stimulated peak PP levels before PP 
infusion were 24.2 ± 9.7 and 62.0 ± 18.6 pmol/liter, 
respectively, in five consecutive subjects. The 72 h PP 
infusion period resulted in a significant stable increase 
in the plasma PP levels in each subject tested, based 
on serum samples obtained from the STM performed 
during the last 3 h of the 72 h infusion period (Figure 1). 
Plasma PP levels ranged from 450–700 pmol/liter during  
PP infusion, which is within the range of endogenous PP 
levels seen after oral nutrients.1,2 Average blood glucose 
levels during the 72 h PP infusion were similar to those 
observed during the 72 h saline infusion (174 ± 19 versus 
148 ± 11 mg/dl on day 2, p = not significant, and 170 ± 22 
versus 167 ± 23 mg/dl on day 3, p = not significant).

Total insulin requirements (I) were lower in 7 out of 10  
subjects during the 72 h PP infusion than during the  
saline infusion and fell from 48.1 ± 6.9 U/day (day 2 
saline) to 39.8 ± 7.5 U/day (day 2 PP infusion; p < .05) and 
from 46.3 ± 7.7 U/day (day 3 saline) to 37.2 ± 6.6 U/day  
(day 3 PP infusion; p < .05). This represented a 15.2% ± 7.8% 
and 16.4% ± 6.4% reduction in daily insulin usage for 

Figure 1. Plasma PP levels during a STM administered at time 0 
during the last 3 h of the 72 h infusion of PP or saline in five subjects 
(mean ± SE).

Figure 2. Change in total daily insulin infusion requirement (I) during 
PP infusion compared with saline infusion during day 2 and day 3 of 
72 h infusion periods. The reduction in daily insulin requirements 
averaged 8.4 ± 3.44 U on day 2 (p < .05) and 9.0 ± 3.49 U on day 3 (p < .05).

day 2 and day 3 of PP infusion, respectively (Figure 2). 
The change in total daily insulin requirements ranged from 
+11.7 to -22.3 U on day 2 of PP infusion (mean -8.4 ± 3.44 U,  
p < .05) and from +3.5 to -28.1 U on day 3 of PP infusion 
(mean -9.0 ± 3.49 U, p < .05).

The total insulin requirement (I) for the second and 
third 24 h interval of each 72 h period was corrected for 
the mean blood glucose level (G), which was calculated 
using the trapezoidal rule from all glucose values 
obtained. The individual I/G values decreased during 
PP infusion on the second day (in 10 out of 10 subjects) 
and the third day (in 7 out of 10 subjects) of the study 
(Figure 3). The average I/G value decreased 28% ± 4.8% 
during the second day of the PP infusion compared with 
saline (p < .001) and 17% ± 10% during the third day of 
PP infusion (p < .05). Insulin sensitivity, calculated as 
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1/(I/G), increased 45% ± 12% on day 2 (p < .01) and 
34% ± 14% on day 3 (p < .05) of PP infusion, compared 
with saline infusion.

The AUC of plasma PP levels during the initial STM 
was measured in five subjects, and the results were 
correlated with the change in the I/G value during the 
PP infusion period compared with the saline infusion 
period. There was a significant negative correlation with 
the STM-stimulated PP levels and the reduction in the  
insulin/glucose ratio observed during PP infusion (p = .002; 
Figure 4). This indicated that the effectiveness of PP 
infusion in enhancing sensitivity to insulin and in reducing 
the daily insulin requirement was proportional to the 
degree of PP deficiency present before PP infusion.

Discussion
Alterations in circulating PP levels have been reported 
in several states of glucose intolerance, such as T1DM 
and type 2 diabetes mellitus,33 CP,16,34 pancreatectomy,17 
obesity,35 and aging.36,37 Intravenous PP infusion in normal
volunteers failed to produce any changes in glucose, 
insulin, or glucagon,38 however, so the role of PP as 
a glucoregulatory hormone remained unclear until 
PP administration was studied in the setting of PP 
deficiency. Although insulin resistance was understood 
to be a component of pancreatogenic diabetes mellitus 
or T3cDM,39 it was not until glucose clamp studies coupled 
with tracer methodologies were performed that the 
central role of hepatic insulin resistance in T3cDM 
was appreciated.9,28,29 The role of PP as a regulator of 
hepatic IR function and expression became clear based 
on in vitro studies in which isolated liver perfusion10 or 
dispersed hepatocytes11,12,25 were studied. Furthermore, 
when PP replacement was studied, no beneficial effects 
were observed until several hours after the initiation  
of PP replacement. This implied that PP did not act  
either as a secretagogue or as a mediator of cellular 
glucose metabolism per se but was affecting the 
transcription or translation of primary mediators of hepatic 
glucose production.

In one of our prior studies, five male patients with 
documented alcohol-induced CP and six healthy male 
control subjects matched for age and body mass index 
underwent a hyperinsulinemic–euglycemic glucose clamp 
study during which the rate of endogenous (hepatic) 
glucose production was quantified on separate occasions, 
before and after 8 h intravenous PP or saline infusions.29 
The impaired suppression of hepatic glucose production 
by insulin in CP patients seen in the first study was 
completely reversed during the final 2 h of an 8 h  

Figure 3. Total daily insulin infusion requirement (I)/average daily 
blood glucose level (G) ratios during 72 h saline infusion or 72 h PP 
infusion in 10 subjects (7 with T1DM and 3 with T3cDM) on insulin 
pump treatment during day 2 and day 3 of infusions. The I/G ratios 
for PP infusion versus saline infusion were reduced by 28% ± 4.8% on 
day 2 (p < .001) and by 17% ± 10% on day 3 (p < .05).

Figure 4. Correlation of percentage reduction in daily insulin infusion 
requirement (I)/average daily blood glucose level (G) ratio observed 
during PP infusion versus saline infusion and AUC of plasma PP 
response to the baseline STM in five diabetes subjects on insulin 
pump therapy (p < .002).

2 pmol/kg/min PP infusion in the second study. During 
oral glucose tolerance test (OGTT) studies performed 
the morning after the clamp studies, CP patients 
initially demonstrated impaired glucose tolerance or a 
diabetic glucose tolerance curve, but each patient with 
impaired or diabetic glucose responses demonstrated 
a lower mean plasma glucose during the second OGTT 
performed after the PP infusion. One month after PP 
infusion, a third study without PP infusion was repeated, 
and mean plasma glucose levels during the OGTT 
had returned to their initial levels. This study showed 
that PP administration was therapeutic in PP-deficient 
CP patients with glucose intolerance and/or T3cDM. 
Although laboratory studies have demonstrated a 
therapeutic effect of PP administration in rodent models 
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of type 2 diabetes mellitus,40,41 clinical studies on the 
possible therapeutic role of PP in T1DM or type 2 diabetes 
mellitus have not been reported. 

This study was therefore designed to examine the 
effect of prolonged PP administration in patients whose 
entire insulin requirement was exogenous and therefore 
measureable. It shows that a continuous subcutaneous 
infusion of PP infusion resulted in increased insulin 
sensitivity and a reduction in daily insulin requirements 
in a mixed group of T1DM and T3cDM patients on 
insulin pump therapy. The effectiveness of PP infusion 
in reducing insulin requirements appears to be related 
to the degree of PP deficiency present in these patients. 
Although PP deficiency is expected in patients with 
T3cDM due to proximal or total pancreatic resection and  
PP replacement was therefore expected to be beneficial in 
this group,19 the demonstration that PP infusion reduces 
the insulin requirements in more than half of the T1DM 
patients in our study suggests a possible therapeutic role  
for PP in T1DM as well as T3cDM patients.

Our study design was intended to assess whether a 
limited (72 h) infusion of PP would demonstrate potential 
benefit. Our prior studies with intravenous infusion of 
PP have shown that PP replacement does not induce a 
reversal of hepatic insulin resistance until several hours  
of PP administration have occurred. For this reason, we 
did not calculate insulin requirements during the first 
24 h of each subcutaneous infusion period but rather 
examined the effects seen on day 2 and day 3 of each 
infusion period. Our results suggest that a longer period 
of PP administration should be investigated, as no 
adverse outcomes or side effects were observed during 
this study and the reduction in insulin requirement 
persisted throughout the period of PP infusion. In one 
laboratory study, CP with PP deficiency was induced 
in dogs by pancreatic duct ligation 3–4 months prior 
to study.9 Continuous subcutaneous infusion of PP for 
14 days resulted in a progressive lowering of hyper-
glycemic responses to oral glucose as well as improvements 
in hepatic insulin sensitivity that persisted for as long as 
9 weeks after discontinuation of the infusion.

Limitations of our study include the small number of 
subjects who were enrolled, the limited duration of PP 
administration, and the absence of any measurements of 
insulin action during the infusion period. Our subject 
group included both T3cDM and T1DM patients, and a  
benefit of PP infusion was seen in at least five of seven 
T1DM subjects as well as in all three T3cDM subjects. 
This finding suggests that some long-standing T1DM 

patients may have a mixed form of diabetes, in which 
hepatic insulin resistance, which is characteristic of 
T3cDM, also prevails due to concomitant PP deficiency. 
Pancreatic polypeptide secretion has been shown to be 
increased early in the course of T1DM,33 presumably as 
a compensatory response to relative insulin deficiency.  
As the autoimmune process progressively destroys 
all islet tissue, however, PP deficiency may be a late 
consequence in long-standing T1DM.

We infer that the reduced insulin requirements observed 
are secondary to enhanced insulin sensitivity during 
PP infusion. As all our T1DM patients and one of our 
T3cDM patients were functionally apancreatic in terms  
of endogenous insulin secretion, the reduction in insulin 
requirement is likely due to enhanced insulin sensitivity. 
Although not measured in this study, all our prior 
laboratory and clinical studies have demonstrated an 
enhancement in hepatic insulin sensitivity when PP 
administration demonstrates a therapeutic benefit. The 72 h 
limit of administration of PP in our current study was 
a requirement of the FDA IND 71,216 authorization and 
therefore beyond our control.

Insulin therapy of diabetes is imperfect due to multiple 
factors. The inability to regulate insulin delivery precisely 
for physiologic glycemic control is one deficiency, but 
as pointed out in a review by Lebovitz,42 the lack of 
replacement of additional islet-cell products that normally 
contribute to glucose regulation or that mediate insulin’s 
effects is another. A reduction in insulin requirements in  
patients who require insulin therapy carries the potential 
benefits of reducing the risks of hypoglycemia and 
hyperinsulinemia or, in some patients, of eliminating the 
need for insulin completely. Many patients with T3cDM 
require small doses of insulin to maintain glycemic control, 
and our findings suggest that, in this group at least, 
PP replacement therapy may have significant benefit. 
A larger, long-term, clinical study seems indicated to 
determine if this benefit extends to a significant proportion 
of patients with T1DM.

Conclusions
A 72 h continuous subcutaneous infusion of 2.0 pmol/kg/
min bPP significantly reduced the insulin requirements 
of 10 patients on insulin pump therapy of T1DM (n = 7)
or T3cDM (n = 3) compared with saline infusion in a 
randomized, single-blinded, cross-over design. No adverse 
events or side effects occurred. A larger, longer-term study 
of PP administration in T1DM and T3cDM patients 
appears safe and potentially valuable.
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