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Changes in glycemia, insulin and gut hormone responses to a
slowly ingested solid low-carbohydrate mixed meal after
laparoscopic gastric bypass or band surgery
JC Bunt1, R Blackstone2,3, MS Thearle1, KL Vinales1, S Votruba1 and J Krakoff1

OBJECTIVE: To evaluate early changes in glycemia, insulin physiology and gut hormone responses to an easily tolerated and
slowly ingested solid, low-carbohydrate mixed meal test (MMT) following laparoscopic adjustable gastric banding (LAGB) or
Roux-en-Y gastric bypass (RYGB) surgery.
SUBJECTS/METHODS: This was a prospective non-randomized study. Plasma glucose, insulin and c-peptide (to estimate hepatic
insulin extraction; %HIE), incretins (GIP, aGLP-1) and pancreatic polypeptide (PP) responses to the MMT were measured at
4–8 weeks before and after surgery in obese, metabolically healthy patients (RYGB= 10F or LAGB = 7F/1M). Supplementary clamp
data on basal endogenous glucose production (EGP) and peripheral insulin action (Rd = rate of glucose disposal) and metabolic
clearance rates of insulin (MCR-INS) were available in five of the RYGB patients. Repeated measures were appropriately accounted
for in the analyses.
RESULTS: Following LAGB surgery, C-peptide and insulin MMT profiles (P= 0.004 and P= 0.0005, respectively) were lower with no
change in %HIE (P= 0.98). In contrast, in RYGB subjects, both fasting glucose and insulin (Δ=− 0.66 mmol l–1, P⩽ 0.05 and
Δ=− 44.4 pmol l–1, P⩽ 0.05, respectively) decreased, and MMT glucose (Po0.0001) and insulin (P= 0.001) but not c-peptide
(P= 0.69) decreased. Estimated %HIE increased at fasting (Δ= 8.4%, P⩽ 0.05) and during MMT (P= 0.0005). Early (0–20 min) prandial
glucose (0.27 ± 0.26 versus 0.006 ± 0.21 mmol l–1, P⩽ 0.05) and insulin (63(48, 66) versus 18(12, 24) pmol l–1, P⩽ 0.05) responses
increased after RYGB. RYGB altered the trajectory of prandial aGLP-1 responses (treatment × trajectory P= 0.02), and PP was lower
(Po0.0001). Clamp data in a subset of RYGB patients showed early improvement in basal EGP (P= 0.001), and MCR-INS (P= 0.015).
CONCLUSION: RYGB results in distinctly different changes in plasma glucose, insulin and gut hormone response patterns to a
solid, slowly ingested low-carbohydrate MMT versus LAGB. Altered nutrient delivery, along with indirect evidence for changes in
hepatic and peripheral insulin physiology, are consistent with the greater early improvement in glycemia observed after RYGB
versus LAGB surgery.
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INTRODUCTION
Although patients are in significant caloric restriction during the
first months after bariatric surgery, improvement in glycemic
control occurs much sooner after Roux-en-Y gastric bypass (RYGB)
than after the laparoscopic adjustable gastric band (LAGB)
procedure.1 This earlier improvement is hypothesized to be due
to, in addition to caloric restriction,2 anatomical alterations of the
RYGB procedure including a diversion of nutrients away from
the duodenum3,4 and rapid delivery of incompletely digested
nutrients to a more distal portion of the small intestine.5 Animal
models indicate that nutrient delivery and subsequent altered
vagal nutrient sensing in the gut is important for regulation
of endogenous glucose production (EGP) and hepatic insulin
sensitivity via neural and hormonal communication within a
gut–brain–liver axis.6–8

Previous studies in humans report greater acute plasma
glucose, insulin and GLP-1 responses to nutrient challenges
following RYGB than LAGB surgery.9–19 These early post-
operative differences are significant given that a robust early or
acute insulin response is more important than overall plasma

insulin levels for optimizing postprandial glycemia.20,21 While
perhaps useful in ‘unmasking’ differences in hormonal responses,
many studies use oral glucose or carbohydrate (CHO)-based liquid
meal challenges which induce nausea and vomiting in some
patients, eliciting additional neural input and exaggerated glucose
and hormonal responses. Indeed, these types of nutritional
challenges are clinically contraindicated in patients after bariatric
surgery.22 Many studies include subjects with type 2 diabetes
mellitus (T2DM), making it challenging to disentangle the effects
of the pre-operative T2DM severity and abrupt changes in
glycemia that occur post-operatively, making it difficult to isolate
the effect of the surgical methodology in these subjects. Finally, it
is not always clear to what degree changes in peripheral plasma
insulin concentrations are due to changes in pancreatic insulin
secretion or changes in hepatic insulin clearance.23–25

Given these issues, our aim was to compare early (within
4–8 weeks) post-operative changes in fasting, prandial and post-
prandial plasma concentrations of glucose, insulin, c-peptide and
circulating hormones which may affect insulin secretion—includ-
ing gastric inhibitory peptide (GIP), active glucagon-like peptide 1
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(aGLP-1), and pancreatic polypeptide (PP)—in healthy, obese
subjects without diabetes undergoing RYGB versus LAGB surgery.
Rather than using an oral glucose tolerance test or high-CHO
liquid meal challenge, we used an easily tolerated post-operative
solid meal administered over 20 min in the exact same manner
under strictly observed conditions before and after surgery.
A subset of data available from five of the RYGB patients
who underwent euglycemic–hyperinsulinemic clamps before
and after surgery are provided as supplementary evidence for
post-operative changes in basal EGP, insulin action (Rd = rate
of glucose disposal) and metabolic clearance rates of insulin
(MCR-INS) after the procedure.

MATERIALS AND METHODS
Study design
This was a prospective, non-randomized study of 18 patients approved for
either RYGB(10female) or LAGB (8 = 7 female/1 male) recruited from a
single-bariatric center. Inclusion criteria were: ⩾ 18 years of age and
⩽ 150 kg (weight limit of DXA scanner), no prior diagnosis of T2DM, and no
history of taking medications for or evidence of hypertension, dyslipidemia
or other metabolic or endocrine disorders. Within 2 months before their
surgery date, patients reported to the clinical research unit in the morning
after a minimum 10-h fast on two occasions for: (1) obtaining written,
informed consent and medical history, physical examination and
determination of glucose regulation status by oral glucose tolerance test,
and (2) assessment of fasting blood and urine profiles to rule out kidney,
liver, thyroid or hematological disorders and recent drug or medication
use; administration of a mixed meal test (MMT); and assessment of body
composition. Except for the oral glucose tolerance test, these studies were
repeated in the same manner 4–8 weeks after surgery. Five RYGB patients
were available for additional visits to complete pre- and post-operative
euglycemic–hyperinsulinemic clamps with tracer. The study was approved
by the Institutional Review Board of the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK).

Adiposity
Body composition was estimated by total body dual energy X-ray
absorptiometry (DPX-L; GE/Lunar Radiation, Madison, WI) from which
percent body fat, fat mass and fat-free mass (FFM) were calculated.

Oral glucose tolerance test
After a 10–12 h overnight fast, glucose tolerance was determined by 75-g
oral glucose tolerance test with measurements of fasting, 30 min, 1-h and
2- h plasma glucose and insulin concentrations and classified according to
the 2003 ADA diagnostic criteria.26

Mixed meal test
Patients were admitted the morning after a 10–12-h overnight fast. An
intravenous catheter was placed in an antecubital vein and fasting
blood samples were obtained at − 15 and 0 min prior to the start of the
MMT. Patients were given a 200 kcal breakfast with a macronutrient
composition of 15% carbohydrate (7.5 g), 65% fat (14 g), and 20% protein
(10 g) consisting of scrambled egg, peanut butter and sliced banana.
Patients were instructed to chew thoroughly before swallowing. To assure
that the MMT be well-tolerated at 1–2 months’ post-surgery, meals were
consumed over 20 min with ~ 25% of the calories consumed over each
5- min period to maintain a consistent rate of consumption across meals
and participants. Blood samples for measurement of plasma glucose,
insulin, c-peptide, PP, GIP and aGLP-1 were drawn from the catheter
before, mid-way and at completion of the meal (at 0, 10, 20 min) and
then additionally at 15, 30, 60, 90, 120 and 180 min after completion of
the meal.

Euglycemic–hyperinsulinemic clamp
The euglycemic–hyperinsulinemic clamp was performed to assess insulin
action (Rd) at physiological hyperinsulinemia.27,28 Briefly, after an overnight
fast a catheter was placed in the antecubital vein and a primed continuous
(3-3H) glucose infusion was started to determine EGP. A second catheter
was inserted retrograde into a vein on the dorsum of the hand for blood

sampling and the hand kept heated (60 °C) for the duration of the study. At
least 2 h after starting the (3-3H) glucose infusion, a primed continuous
intravenous insulin infusion was administered for 100 min at a constant
rate of 40 mU m− 2 min− 1. Arterialized blood samples were collected every
5 min for plasma glucose determination and a 20% glucose infusion was
adjusted to maintain the plasma glucose concentration at about
5.6 mmol l–1. Blood samples for measurement of (3-3H) glucose specific
activity and plasma glucose and insulin concentrations were collected at
the end of the basal period (22, 15, 8 and 1 min prior to insulin infusion)
and every 10 min during the final 40 min of insulin infusion.

Clamp measures
Under fasting conditions, basal EGP was calculated as the (3-3H) glucose
infusion rate divided by the steady-state plasma (3-3H) glucose specific
activity. Whole-body insulin action (Rd) was determined during the last
40 min of the insulin infusion. EGP and Rd were normalized to estimated
metabolic body size (EMBS), which is directly derived from FFM but takes
into account the intercept of the relation between metabolic rate and FFM
(−17.7 kg in our laboratory (that is, EMBS= FFM+17.7 kg).29 Rd was further
corrected for individual variation in average plasma glucose concentra-
tions during the last 40 min of the clamp30 by normalizing to a reference
value 5.55 mmol l–1. The metabolic clearance rate of insulin (MCR-INS) was
defined as insulin infusion rate divided by incremental (clamp minus basal)
plasma insulin concentration during the last 40 min of the insulin infusion.
Because of significant differences in plasma insulin levels during insulin
infusion for pre- versus post-operative clamps, changes in peripheral
insulin action were assessed from differences in the slope of Δglucose/
Δinsulin where Δglucose= (Rd–Basal EGP) and Δinsulin = (steady-state
plasma insulin during clamp-fasting plasma insulin).

Surgical techniques
All laparoscopic RYGB and LAGB procedures were performed at a single-
bariatric surgery center. RYGB was performed using a surgical technique
similar to that reported by Wittgrove and Clark.31 In all cases, the anterior
and posterior branches of the vagus nerve were identified and preserved.
The anterior vagus was divided when the pouch was created but the
proximal stomach pouch continued to enjoy innervation by both the
anterior and posterior vagus. The innervation for the posterior vagus was
preserved in the distal gastric remnant as well by limiting dissection
directly onto the lesser curve of the stomach. LAGB was placed through a
pars flaccida approach, using 1–3 permanent sutures to secure the fundus
to the pouch.32 Both the anterior and posterior vagi were encircled within
the band. A small partial fill of the band was done 3–4 weeks after surgery.

Analytic procedures
Plasma glucose concentrations were determined by the glucose oxidase
method (Beckman Instruments, Fullerton, CA) and plasma insulin concen-
trations by an automated analyzer (Tosoh AIA System Analyzer, Tokyo).
Plasma samples for measurement of PP, GIP and aGLP-1 samples were
collected by specified methods and additives necessary for determination
using multiplex (Luminex, Austin, TX, USA) technology (LINCO Diagnostics
of Millipore, St. Charles, MO; Human Gut Hormone Panel 5plex). Plasma
c-peptide was measured with ELISA techniques. Specifically, samples were
collected in chilled EDTA tubes with immediate addition of DPPIV inhibitor
(Millipore, 10 μl ml–1 blood for aGLP-1) or aprotinin (for c-peptide) and
centrifuged at 4 °C within 30 min. Samples were stored at o − 70 °C until
assays were performed at the core NIDDK laboratory (Bethesda, MD).
Samples were run in duplicate using a single assay for each hormone;
intra-assay coefficient of variations were ⩽ 10% for all assays.

Hepatic insulin extraction (HIE)
The fraction of secreted insulin extracted from the liver before entering
peripheral circulation was estimated from plasma samples during the MMT
using the equation: (1- (Insulin pmol l–1/ c-peptide pmol l–1)).

23,24

Statistical analysis
Statistical analyses were performed using the programs of the SAS Institute
Inc. (Cary, NC). Based on previous reports,13,33 we had 80% power at alpha
of o0.05 to detect a difference in MMT 20 min’ insulin. Values are
presented either as means (± s.d.) or, for variables with unequal
distribution (that is, insulin, aGLP-1, GIP, PP), log transformed prior to
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analyses and presented as medians (25, 75 quartiles). Differences in
physical and metabolic characteristics between the RYGB and LAGB groups
were assessed using Student’s t-test or the Wilcoxon rank sum
nonparametric test. Paired t-tests were used to compare pre- and post-
operative values within individuals for plasma fasting concentrations and
acute meal completion plasma responses (concentration at min 20 minus
fasting concentration) of glucose, c-peptide, insulin, PP, GIP, aGLP-1 and
measurements from the clamp (EGP, MCR-INS, Rd). Within each surgery
group, comparisons of the trajectories of plasma responses for all
measured factors during and for 3 h after meal ingestion between the
pre- and post-op visits (TREATMENT) were assessed with analysis of
variance using mixed models accounting for repeated measures. Both
linear and quadratic terms to describe the trajectories over time were
assessed in each model. Pre- and post-op differences were assessed by
including an interaction term between TREATMENT and all relevant
polynomial terms (time; time2) describing the response trajectories. Only
the significant level of the greatest polynomial term describing the
relationship with time is reported in the figures (referred to as trajectory).
The effects of surgery and associated changes in body weight on changes
in fasting (FPG) and meal test plasma glucose response curves were
assessed in generalized linear regression and mixed model analyses,
respectively. The significance level was set at o0.05.

RESULTS
Subject pre- and post-operative characteristics and fasting profiles
Physical and fasting metabolic characteristics at pre- and post-op
visits are presented and compared between the RYGB and LAGB
groups (Table 1). Except for greater BMI (P= 0.008) and lower
fasting plasma GIP (P= 0.03) in RYGB compared with LAGB,
groups were similar before surgery. There were no differences in
assessment time between the two groups (prior; RYGB: 39.6 ± 6.6
versus LAGB: 28.8 ± 4.3 days; P= 0.21; after: RYGB: 38.1 ± 4.2 versus
LAGB: 43.5 ± 4.1 days; P= 0.42).

Both groups had significant (P⩽ 0.01) decreases in body weight,
BMI, fat and FFM after surgery. The RYGB group had greater
absolute and %weight loss (%WL), BMI and FFM (and subse-
quently a higher percent body fat) than the LAGB group after
surgery.
Fasting plasma c-peptide significantly decreased after LAGB

surgery. After RYGB, FPG and insulin (and therefore, HOMA-IR)
significantly decreased and calculated % hepatic insulin extraction
significantly increased.

Acute plasma responses during meal ingestion
Changes and differences in acute plasma responses during
meal ingestion (defined as change from meal initiation to meal
termination or minutes 0–20) were analyzed within and between
surgery groups, respectively, at pre- and post-op visits (Table 2).
RYGB and LAGB surgery groups were similar in meal responses
prior to surgery and there were no significant differences in meal
responses before and after LAGB. For RYGB, despite lower fasting
concentrations after surgery, acute plasma responses of both
glucose and insulin were greater (in absolute and relative terms)
during this early phase. In contrast, the acute plasma PP MMT
response was lower after RYGB.

Meal test plasma response curves before and after surgery
Prior to surgery, the RYGB and LAGB groups had similar plasma
profiles and MMT responses for glucose, insulin, c-peptide, PP,
GIP, aGLP-1 and estimated % hepatic insulin extraction during the
20-minute meal plus 3-h post-prandial period. Except for the
aGLP-1 response in LAGB subjects, all measured factors demon-
strated a significant response to the slowly ingested 200 kcal solid,
low-carbohydrate meal (trajectory in Figures 1 and 2).

Table 1. Subject characteristics and fasting plasma profiles within 2 months before and after surgery

Variable RYGB (n= 10) LAGB (n= 8)

Pre-op Post-op Δ Pre-op Post-op Δ

General characteristics
Age (year) 39.3 (6.6) 36.2 (7.6)
Height (cm) 163.9 (3.6) 167.3 (9.1)
Weight (kg) 122.9 (10.3) 108.8 (7.9)a − 14.1b 117.9 (17.5) 109.1 (16.9)a − 8.8
BMI (kg m–2) 46.5 (3.2)b 41.1 (2.3)a − 5.3b 42.0 (3.6) 38.8 (3.6)a − 3.2
Body fat (%) 51.6 (3.7) 53.5 (3.1)b 1.9 49.5 (5.2) 49.7 (3.6) 0.1
Fat mass (kg) 63.3 (5.6) 58.1 (4.4)a − 5.2 58.2 (8.7) 54.1 (8.5)a − 4
FFM (kg) 59.6 (7.7) 50.6 (5.8)a − 9.0b 59.8 (12.8) 55.0 (10.3)a − 4.8
Weight loss (%) 24.7 (4.2)b 19.3 (5.2)

OGTT
Fast glucose (mmol l–1) 5.4 (0.6) 5.2 (0.4)
2h glucose (mmol l–1) 7.3 (1.6) 137 (19)
Fast Insulin (pmol l–1) 84 (24) 102 (36)
2h Insulin (pmol l–1) 552 (240) 612 (222)

Meal test (fasting)
Glucose (mmol l–1) 5.6 (0.3) 4.9 (0.5)a − 0.7b 5.4 (0.4) 5.3 (0.4) − 0.1
Insulin (pmol l–1) 81.6 (60, 108) 37.2 (30, 42)a,b − 44.4 94.8 (60, 126) 66 (51, 84) − 28.8

HOMA-IR 3.34 (1.26) 1.37 (0.43)a,b − 2.0b 3.84 (1.62) 2.63 (1.12) − 1.2
c-peptide (pmol l–1) 662 (331) 629 (232) − 33.1 761 (232) 530 (232)a − 232
HIE (%) 84.0 (6.2) 92.3 (2.8)a,b 8.3b 85.6 (4.1) 82.6 (9.6) − 3
PP (pmol l–1) 5.6 (4.1, 8.4) 4.0 (2.1, 7.1) − 1.6 5.5 (4.0, 14.4) 8.6 (4.1,10.3) 3.2
GIP (pmol l–1) 1.8 (1.4, 2.2) 2.6 (1.4, 3.2) 0.8 3.3 (2.4, 7.2)b 3.0 (2.2, 4.2) − 0.3
aGLP-1 (pmol l–1) 4.6 (13.9, 11.5) 4.4 (3.0, 9.4) − 0.18 4.5 (3.6, 11.8) 3.9 (1.5, 8.5) − 0.6

Abbreviations: aGLP-1,active glucagon-like peptide 1; BMI, body mass index; FFM, fat-free mass; GIP, gastric inhibitory peptide; HIE, hepatic insulin extraction;
LAGB, laparoscopic adjustable gastric band; OGTT, oral glucose tolerance test; PP, pancreatic polypeptide; RYGB, Roux-en-Y gastric bypass. aP⩽ 0.05 (paired
t-test; difference between pre- versus post-operative visit within each surgery group). bP⩽ 0.05 (Student’s t-test; difference between LAGB versus RYGB group
at pre- or post-op visit). Values are means (s.d.) or median (25, 75) for variables with unequal distribution.
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When comparing main effect differences between pre- to post-
op visits within each surgery group (TREATMENT), only the RYGB
group had a significant shift downward in the overall plasma
glucose MMT response after surgery although both groups had
significant post-operative decreases in the overall insulin MMT

response (Figure 1). In addition, the shape of the trajectory of the
insulin response to the MMT was different post-RYGB (indicated
by the trajectory × treatment interaction term), with an earlier
peak response. A significant downward shift in the plasma MMT
profiles of c-peptide was observed after LAGB, but not RYGB.

Table 2. Acute changes in plasma glucose and hormone concentrations from beginning to end of meal ingestion (0–20 min)

Variable RYGB (n= 10) LAGB (n=8)

Pre-op Post-op Δ Pre-op Post-op Δ

Glucose (mmol l–1) 0.01 (0.21) 0.27 (0.26)a,b 0.26a 0.1 (0.4) − 0.05 (2.2) − 0.15
% Glucosec 0.12 (0.04) 5.6 (0.05)a,b 5.5a 2.2 (8.9) − 0.8 (4.3) − 3
Insulin (pmol l–1) 18 (12, 24) 63 (48, 66)a,b 45a 39 (0, 120) 9 (3, 45) − 30
% Insulin 24 (18, 50) 150 (113, 180)a,b 124a 34 (0, 217) 16 (4.5, 68) − 18
c-peptide (pmol l–1) 23 (142) 149 (222) 126 129 (301) 73 (119) − 56
% c-peptide 7.7 (18.9) 26.2 (44.3) 18.5 23.0 (47.1) 24 (34.8) 1
PP (pmol l–1) 8.3 (5.0, 15.7) 2.2 (0.5, 10.3)b − 6.1 12.2 (3.6, 32.5) 8.4 (5.1, 15.3) − 3.8
% PP 187 (96, 321) 57 (26, 134) b − 130 241 (113, 359) 162 (85, 219) − 79
GIP (pmol l–1) 0.9 (−0.3, 3.2) 5.2 (1.1, 14.0) 4.2 3.9 (0.5, 10.2) 4.6 (1.8, 6.9) 0.7
% GIP 46 (−5, 331) 215 (160, 458) 169 91 (15, 183) 169 (50, 270) 78
aGLP-1 (pmol l–1) 0.7 (−0.7, 2.0) 1.5 (0.4, 4.3) 0.8 0.03 (−0.1, 2.6) 0.3 (−0.06, 1.8) 0.27
% aGLP-1 8.6 (−5, 38) 34 (4, 138) 25.4 0.70 (−0.4, 72) 0 (−1.1, 10.4) − 0.7

Abbreviations: aGLP-1,active glucagon-like peptide 1; GIP, gastric inhibitory peptide; LAGB, laparoscopic adjustable gastric band; PP, pancreatic polypeptide;
RYGB, Roux-en-Y gastric bypass. aP⩽ 0.05 (Student’s t-test; difference between LAGB versus RYGB group at pre- or post-op visit) bP⩽ 0.05 (paired t-test;
difference between pre- versus post-operative visit within each surgery group). c% values for variables= (Peak prandial concentration – fasting concentration/
fasting concentration) ×100. Values are means (s.d.) or median (25, 75) for variables with unequal distribution.

Figure 1. Plasma glucose (a and b), c-peptide (c and d) and insulin (e and f), and calculated % hepatic insulin extraction (HIE; g and h)
responses (means; s.e.m.) during (20 min) and following (3 h) ingestion of a solid MMT before and 4–8 weeks after RYGB surgery or LAGB.
RYGB: pre-operative=open squares; dashed lines; post-operative= closed squares; solid lines. LAGB: pre-operative=open circles; dashed
lines; post-operative closed circles, solid lines. Results from mixed model analyses are provided for changes over time (trajectory), surgery
effect (treatment) and interaction of trajectory × treatment.
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Figure 2. Plasma PP (a and b), GIP (c and d) and aGLP-1 (e and f) responses (means; s.e.m.) during (20 min) and following (3 h) ingestion of a
solid MMT before and 4–8 weeks after RYGB surgery or LAGB. RYGB: pre-operative=open squares; dashed lines; post-operative= closed
squares; solid lines. LAGB: pre-operative=open circles; dashed lines; post-operative closed circles, solid lines. Results from mixed model
analyses are provided for changes over time (trajectory), surgery effect (treatment) and interaction of trajectory × treatment.

Figure 3. Clamp measurements before and 4–8 weeks after RYGB surgery (n= 5). Individual changes within 4–8 weeks after RYGB surgery in
(a) basal EGP, (b) steady-state plasma insulin concentrations and (c) the mean relationships of glucose disposal rate (Rd) to plasma insulin
concentrations from fasting state to euglycemic–hyperinsulinemia before (open triangles, dashed line) and after (closed triangle, solid line)
RYGB surgery (insulin infusion= 40 mU m–2 min–1; with 3-3H-glucose tracer). Fasting Rd was assumed to be equal to basal EGP (Ra, steady-state
assumption). P value is for pre- versus post-operative differences in Δglucose/Δinsulin where Δglucose= (Rd–basal EGP) and Δinsulin=
(steady-state plasma insulin during clamp-fasting plasma insulin).
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Consequently, estimated %hepatic insulin extraction did not
change after LAGB surgery but increased significantly after RYGB
surgery (Figure 1). The magnitude and patterns of plasma PP,
GIP and aGLP-1 MMT responses did not change significantly
after LAGB. In contrast, the plasma aGLP-1 response to the
MMT demonstrated an increased peak and prolonged response
(trajectory × treatment, P= 0.05) and overall plasma MMT
responses of GIP and PP were lower after RYGB (Figure 2).

Associations between changes in body composition and glycemia
With both groups combined, weight change (WTΔ) was associated
with FPGΔ (r= 0.51, P= 0.03). When including WTΔ in mixed
models, RYGB surgery had an independent effect on lowering
overall plasma glucose MMT profiles (fixed effects: trajectory,
P= 0.02; WTΔ and TREATMENT, both Po0.0001).

Measurements from the clamp
(Figures 3a–c) In the subset of five RYGB patients who had pre-
and post-op euglycemic–hyperinsulinemic clamps, both basal EGP
and steady-state plasma insulin concentrations during insulin
infusion were lower (P= 0.001 and 0.015, respectively; Figures 3a
and b) with a subsequently higher calculated whole-body
MCR-INS after RYGB surgery (pre: 0.52 ± 0.12 l min–1, post:
0.64 ± 0.09 l min–1, P= 0.003). Improvement in peripheral insulin
action was evident from a greater Δglucose/Δinsulin before and
during the clamp after RYGB surgery (pre = 0.014 ± 0.006, post =
0.023 ± 0.006, P= 0.03; Figure 3c). Because EGP was completely
suppressed during clamps both before and after surgery, we were
unable to directly assess hepatic insulin action.

DISCUSSION
In obese but otherwise healthy patients, RYGB and LAGB
procedures resulted in distinctly different early changes in body
composition, and fasting, prandial and post-prandial response
patterns of plasma glucose, insulin, and the gut hormones GIP,
aGLP-1 and PP by 4–8 weeks after surgery. Specifically, RYGB
patients had a greater loss of FFM, significant decreases in fasting
and post-prandial plasma glucose and insulin concentrations,
enhanced acute plasma glucose and insulin responses during
meal ingestion, increased estimated hepatic insulin clearance
rates, alterations in plasma aGLP-1 MMT response patterns, and
attenuation of MMT plasma GIP and PP profiles. Clamp data from a
subset of RYGB subjects, pre- and post-surgery, confirmed early
improvement in basal EGP and peripheral insulin action and
clearance after gastric bypass surgery. Collectively, these differ-
ences are consistent with the greater improvement in glycemia
observed after RYGB than LAGB surgery.
Improvement in glycemia after any bariatric surgery procedure

is attributed to caloric restriction and subsequent weight loss,2

and, specifically to RYGB procedure, anatomical alterations3,4 and
rapid delivery of incompletely digested nutrients to a more distal
portion of the small intestine.5 In our study, mean weights before
and after surgery were similar between RYGB and LAGB groups
and all patients had lost a significant amount of weight at the time
of the post-op measurements. However, by 8 weeks, there was
greater weight loss after RYGB than LAGB due to a greater FFM
loss. Early accelerated loss of FFM particularly after RYGB has been
previously reported.34,35

Weight loss was associated with an overall decrease in FPG in
our combined cohort but RYGB still had an independent effect on
lowering overall plasma glucose MMT profiles. Studies with equal
early weight losses between RYGB and gastric restrictive
surgeries9,10,14,36,37 or between RYGB patients and matched
dietary caloric restriction controls18,38 have reported greater
improvements in fasting and/or post-prandial plasma glucose
regulation after RYGB. Similar decreases in FPG after either LAGB

or RYGB surgery has been reported,13 but this was after a longer
post-operative interval (⩾4–6 months).
Early improvement in glycemia after RYGB is attributed to

anatomical alterations that result in direct jejunal nutrient
delivery.3,4 Although absolute plasma concentrations of glucose
and insulin were lower after both RYGB and LAGB surgery, the
RYGB procedure resulted in absolute and percent increases in
early meal test (0–20 min) responses, as well as post-operative
changes in overall plasma insulin and aGLP-1 meal test response
patterns. Enhanced early glucose and insulin responses to
nutrients concur with studies that have looked at RYGB
alone,17,22,39 or in comparison to LAGB surgery9–16 using high-
CHO liquid challenges. Because the pattern of the early insulin
response to a nutrient challenge is at least as, if not more,
important than absolute plasma insulin levels for improving post-
prandial glycemia,20,21 these differences in acute meal plasma
glucose and insulin responses may at least partially account for
the greater improvement in overall glycemia that was observed
after RYGB than LAGB surgery.
A small (~0.28 mmol l–1) acute increase in glucose lead to 150%

increase in the acute insulin response indicating that modest
changes in plasma glucose responses robustly affect insulin
secretion. In contrast to earlier studies, the greatest proportion of
the rise in plasma aGLP-1 in the RYGB group occurred later and
not concurrently with or before the acute rise in insulin10,15,16 nor
was there a greater MMT response in c-peptide profiles.13,14,22

These differences could be due to measuring active versus total
GLP-1, exclusion of T2DM, and/or use of a slowly ingested lower-
CHO, higher fat, solid meal test compared to other studies.
The rate of nutrient delivery to the gut is a key factor in

regulating glycemia.40,41 In humans, direct delivery of nutrients
bypassing the duodenum and proximal jejunum via a nasogastric
tube enhanced insulin sensitivity and clearance in both normal
glucose tolerant and T2DM patients.42 Animal models indicate
that nutrient sensing in the gut regulates EGP and hepatic insulin
sensitivity via neural-hormonal communication within a gut–
brain–liver axis.6–8 In humans, plasma PP can be used as a marker
for vagal efferent signaling to the pancreas.43 Interestingly, the
meal test plasma profile of PP was attenuated after RYGB, but not
LAGB surgery consistent with other reports of diminished post-
prandial PP response within 2 weeks after RYGB.22,44

PP affects satiety and slows gastric emptying,45 but less is
understood about other potential metabolic actions. Increased
plasma PP levels can prolong the postprandial plasma glucose rise
and delay meal-induced insulin responses45—actions which are
compatible with the lower plasma PP levels, we observed after
RYGB surgery. In patients with T2DM, lower plasma PP release
after diet-induced weight loss was associated with improved ß-cell
glucose sensitivity and function.46 These collective observations
indicate that changes in plasma PP may explain the improved
blood glucose regulation following RYGB.
Previous euglycemic–hyperinsulinemic clamp studies with

tracers demonstrated that caloric restriction alone46 or RYGB
surgery47–50 improved hepatic insulin sensitivity and/or decreased
EGP. Using a tracer during a liquid MMT, Bradley et al13 reported
decrease in EGP 4–6 months after RYGB, but not LAGB surgery,
despite similar weight loss and improvements in insulin action
and B-cell activity. Our MMT results indicate that the decrease in
fasting and post-prandial plasma insulin concentrations after
RYGB were the result of increased hepatic insulin clearance rather
than lower pancreatic insulin secretion.
In a limited number of subjects, our clamp data demonstrated

decreased basal EGP with a lower fasting plasma insulin, increased
whole-body MCR-INS, and improved peripheral insulin action.
Other studies failed to find early improvement in whole-body
glucose uptake rates after RYGB.50–52 We found a significant
difference in the slope of Δglucose/Δinsulin from the basal to
insulin-stimulated state after surgery. These results indicate that
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after RYGB, both insulin action and clearance were improved,
however, because of the small sample size, we cannot draw
definitive conclusions from our clamp data.
These data should be considered in the context of certain

limitations. Although hepatic insulin clearance was estimated
with indirect measures, our results concur with other human
studies.39,44,50 Gastric emptying rates were not measured but meals
were carefully delivered in the exact same manner so changes in
plasma hormone response patterns most likely represent changes in
nutrient delivery or absorption rates. We do not have data on plasma
FFA levels which might have been informative as another potential
mechanism for changes in liver metabolism.44,50,53 Finally, clamp data
was only available from the RYGB group so we cannot speculate if
similar changes in EGP or insulin action also occurred after LABG
surgery. Although HOMA-IR—an estimate of fasting hepatic insulin
sensitivity54—did decrease after LABG surgery, it was to a lesser
degree than after RYGB surgery and was more so a function of a
decrease in fasting plasma insulin than glucose.
A novel aspect and strength of our study was the use of a slowly

ingested solid meal that was easily tolerated by all the patients
and avoided any nausea or vomiting which might confound
interpretation of plasma hormonal responses. The MMT consisted
of foods preferred early after bariatric surgery and therefore was
representative of their dietary intake. Without a glucose challenge,
we demonstrated similar changes in the patterns of hormone
responses as in other studies, but without exaggerated spikes in
plasma glucose or insulin. Our results confirm that regardless
of the nutrient challenge used, altered nutrient delivery—as
reflected in changes in early hormone response patterns—is an
important factor for regulation of glycemia. It also validates the
current clinical guidelines for avoiding high-carbohydrate chal-
lenges early after surgery to prevent the large glucose spikes
observed in other studies which may have potential adverse
cardiovascular consequences.13

In obese but otherwise healthy patients, RYGB and LAGB
procedures resulted in distinctly different early changes in body
composition, and fasting, prandial and post-prandial responses of
plasma glucose, insulin, GIP, aGLP-1 and PP by 4–8 weeks after
surgery. The changes in acute glucose and insulin meal responses
coupled with the evidence from the clamp data indicating early
improvements in basal EGP, insulin clearance and insulin action
observed after RYGB may explain the improved glycemia observed
after RYGB compared to LAGB surgery.
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