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Abstract
Aims/hypothesis Roux-en-Y gastric bypass surgery (RYGB)
improves glucose tolerance in patients with type 2 diabetes, but
also changes the glucose profile in response to a meal in
glucose-tolerant individuals. We hypothesised that the driving
force for the changed postprandial glucose profiles after RYGB
is rapid entry of glucose into the systemic circulation due to
modified gastrointestinal anatomy, causing hypersecretion of
insulin and other hormones influencing glucose disappearance
and endogenous glucose production.
Methods We determined glucose absorption and metabolism
and the rate of lipolysis before and 3 months after RYGB in

obese glucose-tolerant individuals using the double-tracer
technique during a mixed meal.
Results After RYGB, the postprandial plasma glucose profile
changed, with a higher peak glucose concentration followed
by a faster return to lower than basal levels. These changes
were brought about by changes in glucose kinetics: (1) a more
rapid appearance of ingested glucose in the systemic circula-
tion, and a concomitant increase in insulin and glucagon-like
peptide-1 secretion; (2) postprandial glucose disappearance
was maintained at a high rate for a longer time after RYGB.
Endogenous glucose production was similar before and after
surgery. Postoperative glucagon secretion increased and
showed a biphasic response after RYGB. Adipose tissue basal
rate of lipolysis was higher after RYGB.
Conclusions/interpretation A rapid rate of absorption of
ingested glucose into the systemic circulation, followed by
increased insulin secretion and glucose disappearance ap-
pears to drive the changes in the glucose profile observed
after RYGB, while endogenous glucose production remains
unchanged.
Trial registration ClinicalTrials.gov NCT01559792.
Funding The study was part of the UNIK program: Food,
Fitness & Pharma for Health and Disease (see www.
foodfitnesspharma.ku.dk). Funding was received from the
Novo Nordisk foundation and the Strategic Research Coun-
sel for the Capital Area and Danish Research Agency. The
primary investigator received a PhD scholarship from the
University of Copenhagen, which was one-third funded by
Novo Nordisk.
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Abbreviations
EGP Endogenous glucose production
FFM Fat free mass
GIP Glucose-dependent insulinotropic polypeptide
GLP-1 Glucagon-like peptide-1
IAUC Incremental AUC
Ra Rate of appearance
Rd Rate of disappearance
RYGB Roux-en-Y gastric bypass surgery

Introduction

Roux-en-Y gastric bypass surgery (RYGB) induces remission
of type 2 diabetes mellitus [1] often a few days after surgery
[2], and, in glucose-tolerant individuals, the postprandial glu-
cose profile changes, with a higher peak concentration and a
faster return to basal glucose level [3–5].We hypothesised that
the driving force for the changed glucose profile after RYGB
is the high rate of glucose entry into the systemic circulation
due to modified gastrointestinal anatomy.

The aim of this study was to determine glucose absorption
and metabolism, as well as lipolysis and hormonal changes,
after a mixed meal before and 3 months after RYGB in
glucose-tolerant individuals.

Methods

Participants The study included ten obese glucose-tolerant
patients undergoing laparoscopic RYGB at Hvidovre Hospi-
tal (Copenhagen, Denmark). All patients successfully ac-
complished a preoperative diet-induced 8% loss in body
weight. One patient experienced postoperative complica-
tions and was excluded from the study.

Written, informed consent was obtained from all patients,
and the study was approved by the Municipal Ethics Com-
mittee of Copenhagen in accordance with the Helsinki-II
Declaration and was registered at www.clinicaltrials.gov
(ID NCT01559792).

Study design Patients were studied within 2 weeks before
and 3 months after RYGB. Dual energy x-ray absorptiometry
was used to assess fat-free mass (FFM). On each study day,
patients arrived after an overnight fast (10–12 h), and intra-
venous cannulas were inserted into both arms. A primed
continuous infusion of [6,6-D2]glucose (17.6 μmol/kg
FFM, 0.4 μmol [kg FFM]−1min−1) and [1,1,2,3,3-D5]glycerol
(1.5 μmol/kg FFM, 0.1 μmol [kg FFM]−1min−1) (Cambridge
Isotope Laboratories, Andover, MA, USA) was initiated. Af-
ter 2 h of tracer infusion, the steady-state glucose and glycerol
concentration and enrichment were determined, and amixedmeal

(200 ml, 1,650 kJ (394 kcal): carbohydrate 50%, protein 15%, fat
35%, consisting of glucose (48.4 g+1.6 g [U-13C]glucose), rape-
seed oil [14.1 g] and casein protein [15.2 g]) was provided. The
meal was consumed slowly over 30 min.

Blood was sampled before the start of the continuous
tracer infusion and at −30, −15, 0, 15, 30, 45, 60, 90, 120,
180 and 240 min relative to meal intake. Urine was sampled
throughout the study for assessment of traces of glucose in
order to estimate glucose excretion.

Blood samples and tracers were analysed and calculated
as described previously [4, 6, 7].

Incremental AUC (IAUC) was calculated using the trap-
ezoidal method with subtraction of baseline concentrations.
Fasting concentrations were measured before infusion of
tracers and basal concentrations before meal ingestion. Insu-
lin resistance was assessed applying HOMA-IR and the
hepatic insulin resistance index, multiplying fasting insulin
concentrations by fasting endogenous glucose production
(EGP). Oral glucose recovery, i.e. percentage of oral glucose
that appears in the systemic circulation, was calculated from
IAUC of the oral glucose rate of appearance (Ra) curve and
expressed as a percentage of the amount of ingested glucose
in the meal.

Data are expressed as mean ± SEM. The Wilcoxon signed
rank test was used to compare data before and after RYGB.
p values < 0.05 were considered significant.

Results

Patient characteristics and baseline concentrations before
and after RYGB Patients (three men, nine women) with a
preoperative BMI of 39.2 ± 1.8 kg/m2 were examined
−4 ± 2 days before the operation. Three months (92 ±
4 days) after surgery, patients had a significant weight
loss of 18.5 ± 0.6 kg, and BMI had decreased by
6.3 ± 0.3 kg/m2. FFM was reduced by −6.6 ± 1.0 kg,
and fat mass by −10.5 ± 1.1 kg, leading to a reduction
in body fat percentage (−3.5 ± 1.1%).

Fasting glucose, insulin and C-peptide concentrations were
lower after RYGB (5.2 ±0.2 vs 4.9±0.1 mmol/l, p=0.008;
125±16 vs 66±7 pmol/l, p=0.008; 920±118 vs 684±
64 pmol/l, p=0.027, respectively), while glucagon and
glucose-dependent insulinotropic polypeptide (GIP) levels were
unchanged (7.2± 0.6 vs 7.2 ±0.8 pmol/l, p=1.0; 13±2 vs
12±2 pmol/l, p=0.383), and glucagon-like peptide-1
(GLP-1) increased (9 ±1 vs 11±1 pmol/l, p=0.031). HOMA-
IR and hepatic insulin resistance index decreased (4.3 ± 0.6 vs
2.1 ±0.2, p=0.008; 108±15 vs 57±5 [mmol/min] × [pmol/l],
p=0.012), but basal EGP was unchanged after RYGB
(0.99±0.04 vs 1.06±0.04 mmol/min, p=0.203). Expressed
per kg FFM, EGP increased after RYGB, explained by a
decrease in FFM.
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Glucose kinetics The postprandial peak glucose concentra-
tion was substantially higher after RYGB (p= 0.004), but
with no change in time to peak (p = 0.313) (Fig. 1a). The
subsequent decrease in glucose concentration was much
faster after RYGB and reached basal levels 2 h after meal
ingestion (basal to 2 h value, p = 0.250) compared with at 3 h
before RYGB (basal to 3 h value, p= 0.074). Furthermore,

after RYGB, 3 h postprandial glucose concentrations
reached a nadir that was lower than the preprandial basal
concentrations (p = 0.008) and then slowly increased
thereafter.

Postprandial EGP suppression during the first 3 h was
similar before and after RYGB (66 ± 3 vs 63 ± 2%, p= 0.3,
from basal to nadir) (Fig. 1d). After 3 h, EGP increased again
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aFig. 1 Plasma glucose
concentration (a), rate of total
glucose appearance in (b) and
disappearance from (c) the
systemic circulation,
endogenous (d) and oral (e) rates
of glucose appearance in the
systemic circulation, plasma
glycerol concentrations (f), and
rate of glycerol appearance per
kg fat mass (g) in the systemic
circulation before (white
squares) and ∼3 months after
(black squares) RYGB. First part
of the curve illustrates the basal
level and the second part the
postprandial response. The
dotted lines mark the mean
preoperative basal levels
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after surgery, and, at 4 h, the rate was higher than before
RYGB (p= 0.004).

Oral glucose Ra increased after RYGB (p = 0.004 for
IAUC) (Fig. 1e), and oral glucose recovery changed
from 54 ± 4% to 80 ± 2% (p = 0.004), equivalent to ab-
sorption of 27 and 40 g of the ingested glucose load
within the 4 h study period before and after RYGB,
respectively.

Postprandial glucose rate of disappearance (Rd) also
increased after RYGB (p = 0.004 for IAUC). Both before
and after surgery, Rd increased later and was elevated
for longer than Ra, but postoperatively this time lag was
more pronounced, resulting in larger differences be-
tween Ra and Rd (Fig. 1b, c), which explains the higher
peak and lower nadir plasma glucose concentrations
after RYGB.

Glycerol kinetics Glycerol Ra per fat mass (Fig. 1g), mea-
sured at basal 15 min before meal ingestion increased after
RYGB (p = 0.02), although the postprandial suppression of
Ra glycerol was similar before and after RYGB (p= 0.652,
from basal to nadir).

Hormones IAUC for insulin and C-peptide were higher after
RYGB (p= 0.004 for both) (Fig. 2a, b).

Postoperatively, glucagon levels were significantly ele-
vated postprandially (p= 0.027 for IAUC) and the curve
displayed a biphasic profile with a second peak 3 h after
meal ingestion (Fig. 2c). The secretion of GLP-1 was elevat-
ed fourfold (p= 0.004 for IAUC) (Fig. 2d), and the GIP
profile changed with a shift to the left, with a higher peak
value (p = 0.039) occurring earlier after the operation
(81 ± 10 vs 48 ± 3 min, p = 0.02) (Fig. 2e).
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Discussion

Our key finding was a rapid postprandial appearance of a
larger amount of orally ingested glucose in the systemic
circulation after RYGB. Postprandial glucose disappearance
was also increased, but lagged behind glucose appearance,
causing an increase in postprandial plasma glucose concen-
tration. This time lag was much more pronounced after
RYGB. The later decrease in plasma glucose was partly
due to decreasing oral glucose Ra, but more importantly also
to enhanced and prolonged glucose disappearance in re-
sponse to hypersecretion of insulin, possibly due to exagger-
ated GLP-1 release [8, 9]. As a consequence, the glucose
concentration had already reached the basal level 2 h post-
prandially, followed by a brief period of hypoglycaemia. The
hepatic insulin resistance index decreased after RYGB, indi-
cating an increase in hepatic insulin sensitivity. However,
basal and postprandial EGP was unaffected by RYGB de-
spite threefold higher postprandial insulin levels. Postopera-
tive glucagon secretion showed a biphasic response, with an
initial increase and a second peak during the transient
hypoglycaemic period. This may have counteracted the in-
sulin action on EGP and also illustrates the importance of an
intact alpha cell–liver interaction to prevent postprandial
hypoglycaemia after RYGB. Our data are somewhat differ-
ent from the recent study of Bradley et al [10], who reported
faster and almost complete initial suppression of EGP after
RYGB with a rapid return to baseline levels and a near-
complete meal glucose appearance in the circulation within
the first postprandial hour. However, the meal composition
was different, and no changes in glucagon concentrations
after surgery were found.

Fast delivery of ingested glucose into the distal part of the
small intestine may provoke the increased GLP-1 response,
which in combination with the exaggerated glucose concen-
tration probably explains the increase in insulin secretion [9].
This seems to be one of the keystones in the mechanism of
improved glucose tolerance after RYGB in patients with type
2 diabetes [8].

Basal glycerol Ra into the circulation, a measure of en-
dogenous lipolytic rate, was increased after RYGB in agree-
ment with the lower fasting insulin levels. However, initial
suppression of lipolysis in the postprandial phase was unaf-
fected by RYGB in spite of much higher systemic insulin
concentrations. Thus, after RYGB, postprandial fat tissue
insulin sensitivity seems reduced.

In conclusion, meal ingestion after RYGB elicited higher
peak plasma glucose concentrations followed by an earlier and
more pronounced decrease to levels even below basal. The
driving forces were higher Ra of ingested glucose and delayed
but enhanced and prolonged glucose disappearance due to
insulin and GLP-1 hypersecretion. EGPwasmainly unaffected
by RYGB. Basal lipolytic rates increased after RYGB.
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