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OBJECTIVEdTo evaluate the effect of removal of the duodenum on the complex interplay
between incretins, insulin, and glucagon in nondiabetic subjects.

RESEARCH DESIGN AND METHODSdFor evaluation of hormonal secretion and in-
sulin sensitivity, 10 overweight patients without type 2 diabetes (age 61 6 19.3 years and BMI
27.9 6 5.3 kg/m2) underwent a mixed-meal test and a hyperinsulinemic-euglycemic clamp
before and after pylorus-preserving pancreatoduodenectomy for ampulloma.

RESULTSdAll patients experienced a reduction in insulin (P = 0.002), C-peptide (P = 0.0002),
and gastric inhibitory peptide (GIP) secretion (P = 0.0004), while both fasting and postprandial
glucose levels increased (P = 0.0001); GLP-1 and glucagon responses to themixedmeal increased
significantly after surgery (P = 0.02 and 0.031).While changes in GIP levels did not correlate with
insulin, glucagon, and glucose levels, the increase in GLP-1 secretion was inversely related to the
postsurgery decrease in insulin secretion (R2 = 0.56; P = 0.012) but not to the increased glucagon
secretion, which correlated inversely with the reduction of insulin (R2 = 0.46; P = 0.03) and
C-peptide (R2 = 0.37; P = 0.04). Given that the remaining pancreas presumably has preserved
intraislet anatomy, insulin secretory capacity, and a- and b-cell interplay, our data suggest that
the increased glucagon secretion is related to decreased systemic insulin.

CONCLUSIONSdPylorus-preserving pancreatoduodenectomy was associated with a de-
crease in GIP and a remarkable increase in GLP-1 levels, which was not translated into increased
insulin secretion. Rather, the hypoinsulinemia may have caused an increase in glucagon secretion.
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Bariatric surgery has recently been
suggested as a new treatment for
type 2 diabetes. After gastric bypass,

glycemic improvements in type 2 diabetes
occur after few daysdlong before weight
loss. This suggests that mechanisms re-
lated to the reconstruction of the gastro-
intestinal tract and the secretion of
gastrointestinal hormones may be re-
sponsible for the antidiabetes effect (1).
According to Rubino and Marescaux (2),
exclusion of the duodenum provides the
key explanation: because of the exclusion,
an “anti-incretin factor” is no longer se-
creted (“the upper gut hypothesis”).

Other studies have supported the concept
that early exposure of the distal ileum to
undigested nutrients (“lower gut hypoth-
esis”) with a subsequent release of antidia-
betes hormones gives rise to this
phenomenon (1,3–7). Nevertheless,
these studies do not rule out that exclu-
sion of the duodenum may contribute to
the antidiabetes effects of gastric bypass
surgery. In the current study, we exam-
ined the effect of duodenum removal in
patients undergoing the duodenum pan-
createctomy for reasons different from
obesity and diabetes. This surgical proce-
dure is associated with a reduction in

b-cell mass, which leads to decreasing
systemic insulin levels. Since hemipan-
createctomy, while lowering insulin
levels, is not expected tomodify the intra-
islet relationship between a- and b-cells,
we also looked at the relationship be-
tween postsurgical insulin and glucagon
levels.

RESEARCH DESIGN AND
METHODSdA total of 10 patients (6
male and 4 female) undergoing pylorus-
preserving pancreatoduodenectomy with
curative intent at the Hepato-biliary Sur-
gery Unit, Department of Surgery, Agostino
Gemelli University Hospital, Rome, Italy,
were consecutively enrolled. Indication
for surgery was tumor of ampulla of
Vater. Pancreatoduodenectomy was car-
ried out according to the pylorus-
preserving technique (8). Briefly, the
pancreatic head, duodenum, common
bile duct, and gallbladder were removed
en bloc, leaving a functioning pylorus at
the gastric outlet intact. All adjacent
lymph nodes were carefully removed.
The continuity of the gastrointestinal
tract was restored by an end-to-side
invaginated pancreaticojejunostomy.
Further downstream, an end-to-side
hepaticojejunostomy and side-to side
gastroenterostomy or an end-to-side
pylorus jejunostomy was made. The pan-
creas volume removed during the surgery is
~50%, as previously reported by Schrader
et al. (9). Figure 1 gives a schematic pre-
sentation of the surgical procedure. Only
patients with normal cardiopulmonary
and kidney functions, as determined by
medical history, physical examination,
electrocardiography, and urinalysis;
without known diabetes; and free of any
antidiabetes medication were enrolled for
the studies. Patients were studied 1 week
before and after a variable period of re-
covery from the surgical procedure (a suf-
ficient recovery period was judged on
normalization of inflammatory parame-
ters such as C-reactive protein and eryth-
rosedimentation rate, stability of weight,
and normal diet without any clear symp-
toms of abnormal intestinal motility or
exocrine pancreatic deficiency). The
study protocol was approved by the local
ethics committee.
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Anthropometric parameters were de-
termined according to standard proce-
dures (10). BMI was calculated as weight
in kilograms divided by the square of
height in meters. All patients had blood
samples taken for serum lipid assays (to-
tal, HDL, and LDL cholesterol). Blood
samples were taken in the morning after
an 8-h overnight fast. All the procedures
were performed with subjects in a supine
position throughout the experiments.
The hyperinsulinemic-euglycemic clamp
test was performed after a 12-h overnight
fast using insulin (40 mU/min/m2 body
surface) according to the methodology
of DeFronzo et al. (11). On the day after,
all patients underwent amixed-meal chal-
lenge test using a liquid meal of 830 kcal
(107 kcal from protein, 353 kcal from fat,
and 360 kcal from carbohydrates) con-
sumed within 15 min. Blood samples
were drawn twice in the fasting state and
at 30-min intervals over 240min (time 09,
309, 609, 909, 1209, 1509, 1809, 2109, and
2409) afterward for the measurement of
plasma glucose, insulin, C-peptide, gluca-
gon, glucagon-like peptide-1 (GLP-1),
and gastric inhibitory peptide (GIP) con-
centrations. Blood for glucagon, total
GLP-1, and intact GIP was sampled in
tubes containing EDTA and a dipeptidyl
peptidase-4 inhibitor (Millipore); after cen-
trifugation (1,000 rpm for 10 min at 48C),
they were stored at 2808C until analyzed.
Insulin levels were determined using a

commercial RIA kit (Medical System; Im-
mulite DPC, Los Angeles, CA). Plasma
glucose concentrations were determined
by the glucose oxidase technique, using a
glucose analyzer (Beckman Instruments,
Palo Alto, CA). Plasma C-peptide was
measured by autoDELPHIA automatic flu-
oroimmunoassay (Wallac, Turku, Fin-
land), with a detection limit of 17 pmol/L.
Immunoreactive glucagon was measured
in ethanol-extracted plasma by RIA using
antibody code no. 4305 directed against
the COOH terminus of glucagon and re-
acting specifically with pancreatic gluca-
gon (12,13). Total GLP-1 concentrations
weremeasured using antiserumno. 89390,
reacting equally with intact GLP-1(7-36)
amide and its primary NH2-terminally
truncated metabolite GLP-1(9-36) amide
(14). Intact GIP was measured using anti-
serum no. 98171, reacting with the NH2-
terminal of GIPbut notwith themetabolite,
GIP 3-42 (15).

Statistical analysis
Statistical analysis was carried out using
two-way ANOVA or Student t test, as ap-
propriate, and regression analyses using
SPSS version 9 (SPSS, Chicago, IL). The
changes in variables during the mixed-
meal testwere assessed by two-wayANOVA
for repeated measures. A post hoc analysis
with a two-tailed paired t test was used to
assess differences at individual time peri-
ods in the study, with Bonferroni correc-
tion used for multiple comparisons. A
P value of,0.05 was taken to indicate sig-
nificant differences.

RESULTSdThe mean 6 SD age of pa-
tients, six male and four female, was 616
19.3 years (median interval 66; range 22–
82), and BMI was 27.9 6 5.3 kg/m2

before and 26.86 5.0 kg/m2 after surgery.

Table 1 reports metabolic characteristics
and mean values of all the measured pa-
rameters during the mixed-meal test.
Fasting and postchallenge glucose excur-
sion increased after surgery (P = 0.0001)
(Fig. 2A), and there was a significant re-
duction of postprandial insulin levels (P =
0.002) (Fig. 2B) accompanied by a paral-
lel reduction of C-peptide (P , 0.001)
(Fig. 2C). In comparison with the preop-
erative study, the meal ingestion elicited a
markedly greater increase in GLP-1 con-
centrations (P = 0.02) (Fig. 2D) along
with a decrease in GIP responses (P ,
0.01) (Fig. 2E). We also explored whether
the changes in GLP-1, insulin, and gluca-
gon secretion were related after surgery.
Interestingly, the greater the increase in
the GLP-1 secretion after surgery, the
smaller the reduction in insulin secretion
(R2 = 0.56; P = 0.012) and C-peptide (R2 =
0.30; P = 0.04), calculated as percentage of
reduction of area under the curve (AUC).
While no difference was found in fasting
glucagon levels, after surgery glucagon
concentrations were higher, particularly
90 min after meal ingestion (P = 0.031)
(Fig. 2). The increase correlated with the
reduction in insulin as well as C-peptide
responses to the meal (individual differen-
ces between the preoperative and postop-
erative AUCs) (R2 = 0.46, P = 0.03, and
R2 = 0.37, P = 0.04, respectively); GLP-1
and glucose AUCs did not correlate with
insulin or C-peptide AUCs. GIP AUCs
were not related to glucose, insulin, C-
peptide, or glucose levels. No change in
insulin sensitivity was found after surgery
(glucose uptake changing from 4.27 6
1.32 to 3.97 6 1.04 mg z kg21 z min21;
P = 0.44).

CONCLUSIONSdAs expected be-
cause of the pancreas resection, insulin

Figure 1dSurgical and reconstruction pro-
cedure: the pancreatic head, the duodenum, the
common bile duct, and the gallbladder were
removed en bloc, leaving the functioning py-
lorus at the gastric outlet intact. The continuity
of the gastrointestinal apparatus was restored
by an end-to-side invaginated pancreaticojeju-
nostomy. Further downstream, an end-to-side
hepaticojejunostomy and side-to side gastroen-
terostomy or an end-to-side pylorus jejunostomy
was made. This figure is designed to simplify the
understanding of the anatomical changes on
which our model is based.

Table 1dPatients’ anthropometric and metabolic characteristics

Parameters Before surgery After surgery P

BMI (kg/m2) 27.9 6 5.26 26.8 6 5.02 0.32
Fasting glucose (mg/dL) 85.4 6 7.65 90.7 6 9.67 0.20
HbA1c (%) 4.97 6 0.23 5.44 6 0.46 0.42
Glucose (mg/dL) 131 6 45.9 163 6 44.4 0.04
Insulin (mUI/mL) 38.1 6 18.8 15.0 6 8.2 0.002
C-peptide (ng/dL) 8.71 6 1.77 3.34 6 1.01 ,0.001
GIP (pg/mL) 79.8 6 34.6 32.2 6 13.6 0.0004
GLP-1 (pg/mL) 43.6 6 13.2 65.2 6 18.1 0.02
Glucagon (pg/mL) 12.6 6 4.10 14.3 6 5.93 0.031

Data are means 6 SD unless otherwise indicated. Mean values (calculated as AUC divided by the meal test
duration [240 min]) of glucose, insulin, C-peptide, and incretins during mixed-meal test. P values were
calculated using two-way ANOVA for repeated measures.
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Figure 2dPlasma concentrations of glucose (A), insulin (B), C-peptide (C), GLP-1 (D), glucagon (E), and GIP (F) in patients examined before and
after surgery. At t = 0 min, an oral mixed meal was ingested. Data are presented as means6 SEM. P values were calculated using repeated measures
by ANOVA. Significant difference (P, 0.05) at individual time points (Bonferroni post hoc test). *Significant (P# 0.05) differences at individual
time points. Increased glucose levels (A) are consequent to decreased insulin and C-peptide levels after surgery (B andC). Incretin adaptation (D and
F) to removal of duodenum and consequent reduction of GIP (E) are shown. The incretins showed an opposite trend after the surgery, i.e., a major
reduction of GIP secretion and increase of GLP-1 release. The rise in glucagon concentration after the removal of duodenum reached the statistical
significance after the first hour of the mixed-meal test.
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secretion in our patients decreased post-
operatively, and this was associated with
prolonged postprandial hyperglycemia.
Another predictable consequence was
a marked decrease in GIP secretiond
presumably a direct consequence of the
duodenectomy and the shunting of chyme
to a site more distally in the jejunum. The
GIP-producing K cells are the so-called
open type, being able to react to luminal
nutrients via their cytoplasmic processes,
which are equipped with microvilli pro-
truding into the lumen of the proximal
gut (16); therefore, duodenectomy and
bypass of the most proximal small intes-
tine probably explain the markedly
decreased GIP responses. It is more diffi-
cult to explain the increased secretion of
GLP-1, which reached levels comparable
with those observed after gastric bypass
surgery (17). After bypass surgery, the
GLP-1 increase is usually explained by
delivery of nutrients to regions of the
gut where the density of the GLP-1–
producing L cells is higher than in the
proximal small intestine (18). Since the
L cells seem to respond to digested nu-
trients (monosaccharides, free fatty acids,
and amino acids) rather than undigested
nutrients (19), the region of origin of the
exaggerated secretion is probably the so-
called common limb, i.e., the small intes-
tinal segment distal to the entry of the
secretory limb carrying the digestive juices.
In addition, since there is no retardation of
ingested food in the gastric pouch, the
passage of nutrients into the distal intes-
tine is very rapid, and this is thought to
contribute to the exaggerated secretion of
GLP-1 (18,20).

In our patients, the reconstruction of
continuity in the gastrointestinal tract
after duodenectomy also involves a
Roux-en-Y maneuver, but the site of the
gastroduodeno-jejunal anastomosis is
much more proximal than the entry of
the secretory limb after gastric bypass;
furthermore, because of the preservation
of the stomach plus the pylorus in our
patients there is little or no accelerated
gastric emptying. In fact, decelerated
emptying has been reported to result
from this operation (21,22). In support
of this notion, our postprandial glucose
levels showed no signs of accelerated gas-
tric emptying, with peak levels actually
being reached later after compared with
before the operation. Our results aremore
reminiscent of those obtained after inser-
tion of an endoluminal sleeve (the “endo-
barrier”), which has a length of only 60
cm and causes increases in GLP-1

secretion and decreases in GIP secretion
similar to these observed here (23,24). In-
terestingly, insertion of an endobarrier is
associated with both antidiabetes effects
and weight loss. This raises the possibility
that bypassing the duodenum/proximal
jejunum has beneficial metabolic effects;
these may be related to the increasing se-
cretion of GLP-1 but could also lack se-
cretion of a duodenal antidiabetes factor
as suggested by Rubino and coworkers
(25). The nature of this duodenal factor
is unknown, and although GIP has been
reported to be able to elicit a neuroendo-
crine loop resulting in stimulation of
GLP-1 secretion in rats (26), a similar
mechanism seems unlikely in our patients
because of the markedly lowered GIP re-
sponses. Recent research has indicated
that part of the early GLP-1 response to
meal ingestion may derive not from clas-
sical ileal or colonic L cells but, rather,
from proximal duodenal GLP-1–producing
cells, some of which may also express GIP
and cholecystokinin (27,28). This is in
contrast to the duodenal GIP-expressing
cells, which, as a rule, do not express
GLP-1. A transfer of nutrients from the du-
odenum and 60 cm down the small intes-
tine might possibly explain the exaggerated
GLP-1 response. At any rate, this response
was not associated with concomitant GIP
secretion. It may also be noted that the ex-
aggerated GLP-1 response occurred in the
face of a decreasedGIP response, indicating
that under these conditions a mechanism
for GLP-1 secretion involving duodenal
GIP (or cholecystokinin) is unlikely to be
of importance.

Contrasted with gastric bypass oper-
ations or insertion of an endobarrier, the
partial pancreatectomy in the present
operation was associated with impair-
ment of glucose tolerance (although fast-
ing glucose concentrations were not
affected). Insulin resistance was also un-
altered, so the glucose intolerance is
probably best explained by the reduction
in insulin secretory capacity, brought
about by resection of the head of the
pancreas. The secretion of the other pan-
creatic glucoregulatory hormone, gluca-
gon, did not show a similar reduction,
however, but showed a significant eleva-
tion after the operation. The so-called
intraislet hypothesis for glucagon secre-
tion assumes that glucagon secretion is
regulated by intraislet levels of insulin in a
paracrine manner (29,30). Thus, if insu-
lin secretion falls, glucagon secretion is
thought to increase, as it is observed in
diabetes with absolute or relative b-cell

insufficiency (31). However, in our case
the intraislet hypothesis does not seem to
be able to explain the hyperglucagone-
mia, since the intraislet relationship be-
tween insulin and glucagon would not
be expected to change after hemipancrea-
tectomy. However, systemic insulin levels
may also influence glucagon secretion,
and it remains possible that the subnor-
mal insulin responses observed here may
have contributed to the exaggerated glu-
cagon responses observed. Similar argu-
ments were recently presented by
Schrader et al. (9) based on studies of glu-
cagon secretion after hemipancreatec-
tomy. In the present studies involving
duodenectomy as well, we also have in-
creased GLP-1 levels. Exogenous GLP-1
is a powerful inhibitor of glucagon secre-
tion (32), and blocking of the actions of
endogenous GLP-1 is associated with in-
creasing glucagon levels (32,33). It is
therefore surprising in our study that glu-
cagon levels increase markedly in the face
of elevated GLP-1 levels. However, eleva-
tions may be seen after gastric bypass in
spite of similarly elevated GLP-1 levels
(17), suggesting that similar mechanisms
are being activated. One possibility might
be secretion of glucagon from the proxi-
mal gut. The pro–glucagon-producing L
cells of the gut are capable of secreting
fully processed glucagon, as demon-
strated in patients after total pancreatec-
tomy (34), and given that the stimulus
intensity is increased in our patients as
well as after gastric bypass, the possibility
that the gut is actually the source of the
increased glucagon levels cannot be ex-
cluded.

In morbidly obese patients with type
2 diabetes, gastric bypass may often cause
complete resolution of diabetes, presum-
ably secondary to greatly exaggerated
GLP-1 secretion, which is capable of
enhancing b-cell function sufficiently to
normalize glucose levels (35,36). In sup-
port of this notion, GLP-1 secretion was
tightly related to insulin secretion (R2 =
0.56; P = 0.012). In our patients, there
was postoperative glucose intolerance
and abnormal, low insulin responses,
but nevertheless insulin and GLP-1 re-
sponses were correlated, suggesting that
without GLP-1 secretion, insulin secre-
tion and therefore diabetes might have
been even more impaired.

Our study has several limitations that
should be noted. First, this study was
performed in patients undergoing both
hemipancreatectomy and removal of duo-
denum; this prevented a “pure” evaluation
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of the role of duodenum. Second, the pa-
tientswere affected by cancer.However, we
selected patients affected by ampulloma,
which is a low-grade tumor malignancy,
with good prognosis (37,38), and usually
does not affect glucose metabolism. Third,
the postsurgery evaluation was carried out
at varying intervals after surgery (30–50
days to allow for different rates of full re-
covery after surgery). This variability could
have some influence on the results. Al-
though well characterized by mixed meal
and clamp, the limited number of patients
may represent a limitation.

In conclusion, the current study has
shown that pylorus-preserving pancrea-
toduodenectomy was associated with im-
paired glucose tolerance, presumably
related to decreasing insulin secretory ca-
pacity. Decreased GIP levels may also be
involved, whereas greatly enhanced GLP-1
responses did not translate into increased
insulin secretion. In spite of the resection,
glucagon levels were increased in spite of
elevated GLP-1 levels. The glucagon in-
creases were related to decreases in insulin
secretion, perhaps suggesting that sys-
temic hypoinsulinemiamight be involved.
An endocrine suppressive factor, normally
released from the duodenum, might also
be involved.
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