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Abstract
Aims/hypothesis Pancreatic polypeptide (PP) is produced
by the F-cells of the pancreas, and its plasma concentration
has been used as a marker of parasympathetic activity.
Recent work in rodents suggests that there is both
sympathetic and parasympathetic innervation of white
adipose tissue and that parasympathetic activity is anabolic
resulting in lipid accumulation. We have examined whether
in humans increased PP levels are associated with increased
intra-abdominal fat (IAF), and thereby insulin resistance.
Materials and methods We measured PP levels in 177 non-
diabetic subjects (75 male/102 female; age 32–75 years)
3 min after an i.v. glucose bolus during a frequently
sampled intravenous glucose tolerance test. IAF and s.c. fat
(SCF) areas were measured by CT scan. The insulin
sensitivity index (SI) was quantified using Bergman’s
minimal model.
Results PP levels were higher in men than in women (96.2±
72.2 vs 76.1±55.0 pg/ml, mean±SD, p=0.037), as was IAF
area (124.7±67.4 vs 83.0±57.7 cm2, p<0.001). While PP

levels were significantly associated with IAF (r=0.16, p=
0.031), WHR (r=0.30, p<0.001) and age (r=0.37, p<0.01),
they were not associated with SCF (r=0.02, p=0.829). The
association between PP and IAF was not independent of
age and/or sex. SI was negatively associated with PP levels
(r=−0.17, p=0.026) and IAF area (r=−0.65, p<0.001). The
association between SI and PP disappeared after adjusting
for IAF area, indicating that SI was not a major determinant
of PP levels.
Conclusions/interpretation In humans, age and sex may
modulate the association between plasma PP level and IAF
area, suggesting that they may be determinants of para-
sympathetic activity and thus IAF accumulation.

Keywords Insulin resistance . Pancreatic polypeptide .

Parasympathetic nervous system . Visceral fat

Abbreviations
AIRg acute insulin response to glucose
FSIGT frequently sampled intravenous glucose

tolerance test
IAF intra-abdominal fat
PP pancreatic polypeptide
SCF subcutaneous fat
Sg glucose effectiveness at basal insulin
SS insulin sensitivity index

Introduction

Abdominal obesity and insulin resistance are important
factors contributing to the pathogenesis of type 2 diabetes
and the metabolic syndrome. Epidemiological studies have
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suggested that abdominal obesity precedes the development
of insulin resistance [1]. However, the mechanism for intra-
abdominal fat (IAF) accumulation in humans has not been
elucidated.

Previous animal studies have shown that the CNS is
an important regulator of body fat distribution and
insulin secretion. Kreier et al. [2] demonstrated that
parasympathetic input to adipose tissue modulated insulin-
mediated glucose uptake and NEFA metabolism to
facilitate uptake and storage of nutrients. These findings
led to speculation that parasympathetic output may
modulate the accumulation of adipose tissue in specific
compartments [2].

Pancreatic polypeptide (PP) is produced by the endo-
crine F-cells in the pancreatic islets. Intracerebroventricular
administration of PP has orexigenic effects in mice while
peripheral administration reduces food intake in both
rodents and humans [3, 4]. PP secretion is regulated by
food intake, glucose, gastrointestinal hormones and neuro-
peptides, but cholinergic vagal stimulation is the most
powerful stimulatory mechanism. In the basal state, PP
secretion is partially under control of cholinergic tone,
probably related to vagal tone, since PP concentrations are
also reduced by vagotomy. Therefore, the plasma concen-
tration of PP has been used as an indirect marker of
parasympathetic activity [5].

We hypothesised that in humans increased plasma PP
levels are associated with increased IAF in healthy subjects
and that the relationship between PP levels and insulin
sensitivity would be determined in part by IAF.

Subjects and methods

Study design

We conducted a cross-sectional study of 177 apparently
healthy subjects (75 male/102 female; age 32–75 years),
with no history of diabetes, dyslipidaemia or uncontrolled
hypertension. Further exclusion criteria were fasting
plasma glucose ≥6.4 mmol/l, biochemical evidence of
liver or renal disease, coronary or other vascular disease
and anaemia [6]. All subjects provided written informed
consent, and the study was reviewed and approved by the
Human Subjects Review Committee at the University of
Washington.

Anthropometry and body fat measures

Waist and hip circumferences were measured using the
NHANES III Anthropometric Measurements protocol [6].
Height and weight were measured and BMI was calculated.
The average of two measurements was used.

IAF and subcutaneous fat (SCF) areas were measured by
a single-slice CT scan at the level of the umbilicus as
previously described [6].

Insulin sensitivity and insulin release

The insulin sensitivity index (SI), glucose effectiveness at
basal insulin (Sg) and the acute insulin response to glucose
(AIRg) were determined from a frequently sampled,
tolbutamide-modified intravenous glucose tolerance test
(FSIGT) using 11.4 g/m2 of glucose and 125 mg/m2 of
tolbutamide as previously described [6].

Assay

Plasma PP concentrations were measured after an overnight
fast of at least 12 h, using the 3-min sample from the
FSIGT due to lack of adequate volume from the fasting
sample. In a pilot study in 20 pre-menopausal healthy
female volunteers (25% obese), PP levels 3 min after i.v.
glucose administration were 44.7±11.3 vs 51.1±17.1 pg/ml
prior to glucose (p=0.02), with the values at the two time-
points highly correlated (r=0.93). The change in PP levels
did not differ between obese and non-obese subjects (7.2±
3.2 vs 3.8±0.73, p=0.55) and was not associated with age
(r=0.11, p=0.68) or IAF (r=−0.57, p=0.09). Plasma PP
was quantified using an RIA (Linco, St Charles, MO,
USA). The intra-assay variation for PP was 7% and inter-
assay variation was 10%.

Statistical analysis

Unpaired t tests were used to compare mean values between
groups. Associations between PP level and SI, IAF area and
other variables of interest were examined using simple or
multiple linear regression analysis. Data that were not
normally distributed were transformed to achieve normal
distribution. Data are presented as mean±SD unless
otherwise specified. A two-sided p<0.05 was considered
statistically significant.

Results

Subject characteristics

Subjects had wide ranges of BMI (18.4–46.7 kg/m2), SI
(0.7×10−5 −30.0×10−5 min−1/[pmol/l]) and PP levels (14–
350 pg/ml) (Table 1). Men had higher mean IAF area, waist
circumference and fasting glucose than women, while
women had higher SCF area and HDL-cholesterol than
men (Table 1). Eighteen per cent (32/177) of the subjects
were obese.
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Relationships between PP levels and sex, age, body fat
measures and insulin sensitivity

PP levels were higher in men than in women and were
positively associated with age (r=0.37, p<0.001).

PP levels did not differ between obese and non-obese
individuals (BMI <30 kg/m2) (101.7±84.6 vs 80.9±57.4,
p=0.092), even after adjusting for sex and age. PP levels
were significantly associated with IAF area (Table 2, model 1)
but not SCF area (r=0.02, p=0.829) or BMI (r=0.04,
p=0.605). The association between PP and IAF disap-
peared after adjusting for age or sex (Table 2, models 2 and
3). PP was significantly associated with IAF:SCF ratio and
WHR (Table 2, models 4 and 7), which also disappeared
after adjusting for age and/or sex (Table 2, models 5, 6 and
10).

By simple regression analysis, PP was negatively
associated with SI (Table 2, model 11). This association
was independent of sex (Table 2, model 13), but not age or
IAF (Table 2, models 12 and 14). No association was
observed between PP and fasting insulin levels. As
expected, SI was negatively associated with IAF area
(r=−0.65, p<0.001).

PP levels were not associated with Sg (r=−0.05,
p=0.51) or AIRg (r=0.08, p=0.28).

Discussion

We found that PP levels are higher in men and increase
with age. We also demonstrated that they were higher in
subjects with greater amounts of visceral adiposity, but
were not related to BMI or SCF. This association between

PP and visceral adiposity was dependent on age and sex.
Further, the inverse relationship between PP and insulin
sensitivity appears to be mediated by IAF and age.

The mechanism(s) responsible for IAF accumulation
remains to be elucidated. Age and male sex are associated

Table 2 Association between IAF area or IAF/SCF ratio or WHR or
SI (dependent variables) and PP levels (independent variable) while
adjusting for age or sex

Dependent and independent variable r p

Dependent variable: IAF area
Independent variable
Model 1
PP 0.16 0.031
Model 2
PP 0.08 0.306
Age 0.20 0.009
Model 3
PP 0.12 0.121
Sex −0.32 <0.001

Dependent variable: IAF/SCF
Independent variable
Model 4
PP 0.17 0.028
Model 5
PP 0.09 0.223
Age 0.20 0.007
Model 6
PP 0.11 0.151
Sex −0.59 <0.001

Dependent variable: WHR
Independent variable
Model 7
PP 0.30 <0.001
Model 8
PP 0.22 0.005
Age 0.19 0.017
Model 9
PP 0.23 0.003
Sex −0.72 <0.001
Model 10
PP 0.11 0.152
Age 0.31 <0.001
Sex −0.73 <0.001

Dependent variable: SI
Independent variable
Model 11
PP −0.17 0.026
Model 12
PP −0.11 0.141
Age −0.12 0.122
Model 13
PP −0.15 0.047
Sex 0.10 0.175
Model 14
PP −0.08 0.267
IAF −0.62 <0.001

Table 1 Baseline characteristics (means±SD) of the study population

Male Female Total

n 75 102 177
Age (years) 52.6±10.5 52.4±9.8 52.5±10.0
BMI (kg/m2) 26.8±3.5 26.1±4.8 26.4±4.3
Waist circumference (cm) 95.0±10.6* 81.7±12.3 87.2±13.3
WHR 0.91±0.06 0.78±0.06 0.84±0.09
IAF area (cm2) 124.7±67.4* 83.0±57.7 100.7±65.2
SCF area (cm2) 184.0±87.8* 243.0±133.1 218.0±119.4
SI (×10

−5 min−1/[pmol/l]) 5.9±4.4 6.7±3.9 6.4±4.1
Fasting glucose (mmol/l) 5.6±0.4* 5.3±0.4 5.4±0.4
Fasting insulin (pmol/l) 64.3±36.6 62.2±40.9 63.1±39.0
Total cholesterol (mmol/l) 5.1±0.8 5.2±0.9 5.2±0.9
Triacylglycerol (mmol/l) 1.4±1.0 1.3±0.8 1.4±0.9
LDL-cholesterol (mmol/l) 3.3±0.7 3.2±0.7 3.2±0.7
HDL-cholesterol (mmol/l) 1.1±0.2* 1.5±0.4 1.3±0.3
PP (pg/ml) 96.2±72.2* 76.1±55.0 84.6±63.4

*p<0.05 vs female
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with increased visceral adiposity [6] and both affect
autonomic nervous system and hypothalamic function [7].
In the current study we observed similar associations to
those previously described between age, sex and IAF. We
confirmed that PP levels are higher in men and in older
subjects [8]. It is intriguing, based on these similar
observations, to speculate that the differential age and sex
effects on IAF accumulation may be mediated through
parasympathetic activity.

Another interesting observation was that while IAF area
and plasma PP were related, no association between PP and
SCF area was present. Kreier et al. demonstrated that IAF
and SCF were innervated by separate sympathetic and
parasympathetic motor neurons in rats, and that fat pad-
specific vagotomy shifted metabolism to a catabolic state
[2]. These findings suggest that CNS control of adipose
tissue may be through selective control of sympathetic and
parasympathetic output to a specific adipose site. Thus,
misbalanced autonomic outflow to visceral fat may be an
important factor in its pathogenesis.

The relationship between PP levels and insulin sensitiv-
ity has been studied in Pima Indians. Fasting levels were
higher in age- and sex-matched Pima Indian compared with
white children, but not different in adults. In response to a
mixed meal, Pima Indians had markedly higher PP
responses than whites. Fasting PP levels were positively
associated with fasting insulin in both adults and children
[9]. However, another study in Pima Indian men with
normal glucose tolerance demonstrated that parasympathet-
ic blockade attenuated the early postprandial response in PP
but did not similarly affect insulin, suggesting that hyper-
insulinaemia in this ethnic group is not mediated via
increased islet parasympathetic tone [10]. Our finding of
an inverse relationship between insulin sensitivity and PP
levels suggests that there may be a potential role of
increased parasympathetic tone in the presence of insulin
resistance. However, this association disappeared after
adjusting for IAF or age, suggesting that this association
may be mediated by IAF and/or age. Therefore, we believe
that collectively the data suggest that enhanced parasym-
pathetic activity, manifest as increased PP levels, is unlikely
to play a major direct role in mediating insulin sensitivity.

One limitation of our study is that we measured PP
levels using a sample obtained 3 min after i.v. glucose
administration and the difference was not related to age or
obesity. However, as discussed, we found a strong inverse
(r=−0.57), albeit borderline-significant (p=0.09), associa-
tion between IAF area and the change (reduction) in PP
level following i.v. glucose in a pilot study of 20 subjects.
Therefore, we cannot exclude the possibility that the use of

a post-glucose load sample may have contributed to our
results.

In conclusion, we found that fasting PP levels are
related to visceral fat area, suggesting that parasympathet-
ic control of this depot may be important, and that age
and sex may mediate this relationship. Additional work
utilising fasting and post-meal challenge PP measurements
appears warranted in order to provide further insight into
the role of parasympathetic innervation in determining
body fat distribution.
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