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Limited Recovery of p-Cell
Function After Gastric Bypass
Despite Clinical Diabetes

Remission

The mechanisms responsible for the remarkable
remission of type 2 diabetes after Roux-en-Y gastric
bypass (RYGBP) are still puzzling. To elucidate the
role of the gut, we compared p-cell function
assessed during an oral glucose tolerance test
(OGTT) and an isoglycemic intravenous glucose
clamp (iso-IVGC) in: 1) 16 severely obese patients
with type 2 diabetes, up to 3 years post-RYGBP;

2) 11 severely obese normal glucose-tolerant
control subjects; and 3) 7 lean control subjects.
Diabetes remission was observed after RYGBP.
B-Cell function during the OGTT, significantly
blunted prior to RYGBP, normalized to levels of
both control groups after RYGBP. In contrast,
during the iso-IVGC, B-cell function improved
minimally and remained significantly impaired
compared with lean control subjects up to 3 years
post-RYGBP. Presurgery, p-cell function, weight
loss, and glucagon-like peptide 1 response were all
predictors of postsurgery B-cell function, although
weight loss appeared to be the strongest predictor.
These data show that p-cell dysfunction persists

after RYGBP, even in patients in clinical diabetes
remission. This impairment can be rescued by oral
glucose stimulation, suggesting that RYGBP leads
to an important gastrointestinal effect, critical for
improved g-cell function after surgery.
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Roux-en-Y gastric bypass (RYGBP) remits type 2 di-
abetes in ~40-80% of cases (1,2); however, mecha-
nisms surrounding this remarkable improvement are
still elusive. Although caloric restriction and weight loss
are important contributors, evidence suggests that al-
tered gut physiology, including bypass of the proximal
small intestine, may also contribute. Bolus delivery of
oral glucose elicits significantly lower plasma glucose
excursions compared with intravenous (IV) bolus de-
livery, and an isoglycemic IV glucose clamp (iso-IVGC)
leads to significantly lower insulin excursions than an
oral glucose tolerance test (OGTT) (3). These experi-
ments highlight the importance of gut-mediated factors
in the regulation of glucose metabolism and insulin
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secretion. The difference in postprandial insulin excursion,
or incretin effect, is severely blunted in diabetes and
normalized shortly after RYGBP, in parallel with a marked
increase in the incretin hormone glucagon-like peptide 1
(GLP-1) (4), which has been shown to improve glucose
tolerance, insulin secretion, and (-cell glucose sensitivity
(BCGS) (5-8). In fact, GLP-1 agonists are used for diabetes
management.

B-Cell function, often evaluated using BCGS, re-
lating insulin secretion to plasma glucose levels, and
the disposition index (DI), which also adds an insulin
sensitivity component, has been shown to be an opti-
mal predictor of diabetes risk (9-11). B-Cell function is
impaired in diabetes (12,13) and significantly im-
proved after RYGBP (13-15); evidence suggests this
could be GLP-1-mediated (8,16,17). However, the
contribution of the gastrointestinal tract to improve-
ment in B-cell function after RYGBP has not been di-
rectly tested. To investigate this, we examined change
in B-cell function up to 3 years after RYGBP in severely
obese individuals with type 2 diabetes who experienced
clinical diabetes remission post-RYGBP (OB-DM) and
compared them to both nonoperated, obese normal
glucose-tolerant (OB-NGT) and lean NGT (LEAN)
subjects. To assess if improvements in B-cell function
after RYGBP were mediated by the gut, we compared
measures of B-cell function during an oral and iso-
glycemic glucose challenge. Lastly, we studied pre-
dictors of B-cell function and glucose control after
RYGBP.

RESEARCH DESIGN AND METHODS

Subjects

A total of 185 outpatient testing procedures were per-
formed. Sixteen severely obese subjects with type 2 di-
abetes of short duration (mean 3.0 = 2.6 years) were
studied before (OB-DMO; n = 16) and at 1 month (OB-
DM1M; n = 16), 1 year (OB-DML1Y; n = 15), 2 years (OB-
DMZ2Y; n = 16 for OGTT, n = 14 for iso-IVGC), and 3
years after RYGBP (OB-DM3Y; n = 13). Diabetes and
diabetes remission were defined using American Diabetes
Association (ADA) criteria (18). Exclusion criteria in-
cluded insulin therapy, diabetes duration =10 years,
current treatment with thiazolidinediones, GLP-1 ago-
nists, or dipeptidyl peptidase-4 inhibitors, and type 1
diabetes. Medications used presurgery, including met-
formin and/or sulfonylurea (9 of 16 subjects), were
withheld 2 to 3 days prior to study visits. Eleven severely
OB-NGT and 7 LEAN subjects were used as control
subjects (all OB-NGT control subjects: fasting plasma
glucose <5.5 mmol/L, 2-h postprandial glucose <7.7
mmol/L, and HbA;, <6.5%). The study was approved by
the Institutional Review Board at St. Luke’s-Roosevelt
Hospital Center. OB-NGT and OB-DM were recruited
from the bariatric center of our institution, LEAN from
the community, and all provided written informed
consent.
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Surgery

OB-DM subjects underwent laparoscopic RYGBP with
a 30-mL gastric pouch, 40-cm afferent limb, 150-cm
Roux limb, and 12-mm gastrojejunostomy, as described
previously (19).

Experimental Procedures

OGTT

After a 12-h overnight fast, subjects underwent a 180-min
OGTT (50 g glucose in 200 mL). Blood samples were
collected in chilled tubes with EDTA from an antecubital
IV catheter from an arterialized arm vein warmed with
a heating pad. Blood samples for incretin measurements
were treated with aprotinin (500 kallikrein inhibitory
U/mL blood; Roche Applied Sciences, Indianapolis, IN)
and dipeptidyl peptidase-4 inhibitor (50 pwmol/L or

10 pL/mL blood; EMD Millipore, Darmstadt, Germany).
Samples were centrifuged at 4°C and stored at —80°C.

Iso-IVGC

Glucose (20% dextrose solution) was infused using

a Gemini pump (CareFusion, San Diego, CA) over 180 min
to match the plasma glucose concentration profiles
achieved for each subject during the OGTT. Blood glucose
was monitored using contralateral antecubital IV access
every 5 min, and glucose infusion rate was adjusted
accordingly.

Assays

Plasma glucose was determined at bedside by the glucose
oxidase method with an Analox glucose analyzer (Analox
Instruments, Lunenburg, MA). Total GLP-1 was mea-
sured by radioimmunoassay (Millipore) after plasma
ethanol extraction. The assay reacts 100% with GLP17_3g,
GLP19_36, and GLP;7_37, but not with glucagon (0.2%),
GLP-2 (<0.01%), or exendin (<0.01%). Gastric in-
hibitory peptide (GIP) was determined by ELISA (Milli-
pore) and reacts 100% with GIP;_4, and GIP3_4, but not
with GLP-1, GLP-2, oxyntomodulin, or glucagon. Plasma
insulin and C-peptide were measured by radioimmuno-
assay (Millipore). All hormone and metabolite assays
were performed at the Hormonal Core Laboratory at the
Obesity Nutrition Research Center. Intra- and interassay
coefficients of variance ranged from 3.4-7.4 and 4.4-
7.4%, respectively. Lipids were assayed by Ortho Clinical
Diagnostics Vitros Fusion 5.1 (Ortho Clinical Diag-
nostics, Rochester, NY).

Calculations

Area under the curve (AUC) was calculated using the
trapezoidal method for 180 min unless otherwise in-
dicated. Homeostasis model assessment of insulin re-
sistance (HOMA-IR) calculated as: (fasting-insulin, y/mr, X
fasting-glucosey,g/ar)/405. Incretin effect of insulin, C-peptide,
and insulin secretion rate (ISR; "X") calculated as dif-
ference in 3-cell response, or action of the incretin factor,
expressed as the percentage of response to oral glucose:
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([XAUCOGTT - XAUciSO-IVGC]/[XAUCoGTT]) X 100. In-
sulin sensitivity index (ISI) calculated as: 10,000/([fast-
ing glucose X fasting insulin X mean glucoseg_189 min X
mean insuling 180 minl"). ISR calculated by mathematical
deconvolution using a two-compartment model for hor-
mone clearance using C-peptide from the OGTT (i.e,,
O-ISR) and iso-IVGC (i.e., IV-ISR), using the Chronological
Series Analyzer (CSA) (Van Cauter, Hasak and Leproult,
University of Chicago) (20). ISR was calculated both ad-
justed and unadjusted for body weight. Measures of (3-cell
function include insulin secretion index (ISX), BCGS,

and DI. ISX calculated as: ISR AUC/glucose AUC from
0-180 min, from either the OGTT (O-ISX) or iso-IVGC
(IV-ISX). BCGS calculated as: slope between ISR
(pmol/kg/min) and corresponding blood glucose
(mmol/L), from baseline to peak glucose level, from OGTT
(O-BCGS) and iso-IVGC (IV-BCGS). DI calculated for OGTT
(O-DI) and iso-IVGC (IV-DI) as: BCGS X (1/HOMA-IR). DI
was alternatively calculated as BCGS X ISI (21,22).

Nomenclature

Variables derived from OGTT and iso-IVGC are preceded
by O- and IV-, respectively. For example: O-ISR, IV-ISR,
O-ISX, IV-ISX, O-BCGS, IV-BCGS, O-DI, and IV-DI.

Statistical Analysis

Data are expressed as mean * SD except in figures, in
which mean = SEM is reported. The study sample con-
sisting of 15 to 16 subjects was originally powered to
compare incretin levels (3,22). An additional power
analysis was completed to justify the use of this sample
to look at differences in other outcomes, namely, O-DI
and IV-DI (OB-DMO vs. OB-DM1Y). This indicated that
the minimum effect size was 1.15, which required at least
eight subjects to achieve 80% power (o = 0.05) for
a simple paired means comparison of each of these
outcomes. We therefore proceeded with these analyses.
Normality was tested, variables were log-transformed
if not normally distributed, and nonparametric tests
were used if variables were still not normally distributed.
ANOVA with a Bonferroni post hoc test was used to
analyze data across all groups presurgery, and Dunnett
post hoc test used at all time points postsurgery to
compare LEAN and OB-NGT to OB-DM postsurgery.
Independent ¢ tests were used to compare OB-NGT
versus OB-DM, if no LEAN comparison was possible.
Paired t tests were used to compare data (ISR, ISX, BCGS,
and DI) for OGTT versus iso-IVGC. Repeated-measures
ANOVA was used to compare plasma glucose matching
between the OGTT and iso-IVGC. Mixed-model re-
gression used to compare changes over time in OB-DM
and with additional covariates to evaluate predictors of:
1) B-cell function measured during oral glucose stimu-
lation, and 2) fasting and postprandial oral glucose after
surgery. R” values were estimated for predictors in
mixed-model regression analyses based on improvements
in log likelihoods between baseline and more complex
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models (e.g., model containing one or more predictors
compared with model with slope only) (23). Statistical
significance was set at P < 0.05 (two-tailed). All analyses
were completed using SPSS 19 (IBM, Armonk, NY).

RESULTS
Presurgery Characteristics

Clinical characteristics are provided in Table 1. Fasting
and 120-min glucose were significantly higher (Table 1),
and B-cell function was significantly lower (Fig. 1), in OB-
DM prior to surgery compared with OB-NGT and LEAN.
No difference in fasting or postoral incretin concen-
trations was observed between groups (Supplementary
Table 1). Triglycerides were significantly higher in OB-
DM versus OB-NGT, and no difference in total, LDL, or
HDL cholesterol was observed (Table 1).

Effects of RYGBP Surgery on Weight Loss, Glucose
Metabolism, Lipids, and Incretin Levels

Weight loss was ~11% at 1 month, ~31% at 1 year, and
sustained at 2 and 3 years (Table 1). Rate of weight
loss was 2.7 kg/week at 1 month and 0.5 kg/week from
1 month through 1 year.

All subjects in OB-DM were in diabetes remission (18)
from 1 month onwards except one subject that did not
remit until 1 year and relapsed (relapse defined as no
longer meeting ADA criteria for remission) at 3 years.
Diabetes was significantly improved in this subject, and
including or excluding this subject from the data analysis
did not alter the overall results (data not shown). Glucose
levels, HOMA-IR, and ISI all improved as early as 1
month, and glucose and HOMA-IR normalized by 1 year;
this was sustained at 2 and 3 years, compared with
presurgery (Table 1). Similarly, total and LDL cholesterol
and triglycerides improved (Table 1).

As expected, plasma concentrations of incretins, in re-
sponse to oral glucose, were significantly increased after
RYGBP. The increase was rapid, with peak GLP-1 elevated
approximately fivefold at 1 month compared with pre-
surgery, further increased to ~10-fold at 1 year, and
remained approximately five- to sevenfold higher at 2 to 3
years. Compared with presurgery values, peak GIP was
significantly elevated ~1.4-fold by 1 month and sustained
thereafter up to 3 years. At all time points after surgery,
GLP-1 and GIP peak responses in OB-DM were signifi-
cantly higher than both control subjects (Supplementary
Table 1).

Effects of RYGBP Surgery on the Incretin Effect
Overall, glucose values were well matched between the
OGTT and iso-IVGC. However, a significant time X test
(OGTT vs. iso-IVGC) interaction (P = 0.02) was observed,
with a trend for slightly higher glucose values during the
iso-IVGC from 45 min onwards. Individually, a signifi-
cant time X test interaction was observed in only the
OB-DM1M (P = 0.04) and OB-DM2Y (P = 0.01) groups;
no significant differences were observed in any other


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1176/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1176/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1176/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1176/-/DC1

1217

Dutia and Associates

diabetes.diabetesjournals.org

Table 1—Clinical characteristics

LEAN OB-NGT OB-DMO OB-DM1M OB-DM1Y OB-DM2Y OB-DM3Y
Age (years) 35.4 =83 36.3 + 7.6 471 + 8.5t
Weight (kg) 73.8 = 11.2 122.6 = 18.8* 113.7 = 16.2* 101.2 = 14.6*1% 78.0 = 12.011§ 79.0 = 12.511§ 81.0 = 11.811§
BMI (kg/m?) 235 = 21 44.7 = 6.9* 43.9 = 4.9 39.2 = 5.1*f% 30.3 = 3.7*11§ 30.5 = 3.6"11§ 31.1 = 3.0"11§
Weight loss (kg) 125 £ 4.9 35.4 = 10.5§ 34.7 = 10.9§ 35.0 = 10.4§
HbA ¢ (%) 54 £ 05 7.1 £ 1.0t 5.4 * 0.4% 5.5 * 0.4% 5.7 = 0.4%
Fasting glucose (mmol/L) 4.96 = 0.44 5.17 = 0.26 8.05 = 2.62*F 5.86 = 1.00*t% 4.79 = 0.661§ 4.98 + 0.831§ 5.17 = 0.681§
Fasting insulin (pmol/L) 47.3 = 27.8 144.2 + 66.0* 185.1 = 64.5* 117.4 = 50.6*% 73.2 = 36.811§ 70.2 = 28.9t1§ 66.7 = 33.611§
120-min glucose (mmol/L) 4.79 = 0.66 6.04 = 0.88* 11.33 = 3.08*t 6.47 = 1.74*% 5.00 = 1.3811§ 4.37 = 1.3711§ 5.08 = 1.731§
HOMA-IR 1.51 £ 0.97 4.61 = 2.08 9.48 = 5.46*t 4.44 + 2.54*t 2.22 = 1.2411§ 2.23 = 1.1411§ 2.19 + 1.2511§
ISI composite 10.55 * 6.85 3.47 = 1.95* 1.97 + 0.89*t 3.27 = 1.57*¢ 5.25 + 2.79*1§ 4.88 = 1.83*1§ 4.52 = 1.58*t§
Total cholesterol (mg/dL) 193.1 = 443 200.2 = 41.5 161.5 = 25.3t% 146.9 = 49.81% 149.6 = 32.3t%
LDL cholesterol (mg/dL) 115.4 = 41.5 105.5 = 34.6 83.5 = 24.7t 83.5 = 32.0t 73.8 = 2711
HDL cholesterol (mg/dL) 53.7 £ 19.2 48.6 = 12.3 53.6 £ 16.7 53.5 = 13.9 54.7 + 14.6
Triglycerides (mg/dL) 120.7 = 48.7 234.7 * 203.31 129.6 = 119.5% 91.7 = 58.6% 106.5 = 93.2%

Data are mean = SD. *P < 0.05 vs. LEAN; 1P < 0.05 vs. OB-NGT; P < 0.05 vs. OB-DMO; §P < 0.05 vs. OB-DM1M.
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Figure 1—Effect of RYGBP on ISR and B-cell function. A: ISR during the OGTT or iso-IVGC over the entire experiment (180 min) was not
different between groups. In all groups and conditions, ISR AUCg_1g0 min Was significantly greater during the OGTT vs. iso-IVGC (P < 0.05).
B: ISX was significantly impaired during the OGTT in the OB-DM group presurgery and significantly increased immediately after surgery;
this increase was maintained up to 3 years postsurgery. However, no increase in ISX was observed during the iso-IVGC. In all groups and
conditions, ISX was significantly greater during the OGTT vs. iso-IVGC (P < 0.05). C: ISR during the first 60 min of the OGTT was sig-
nificantly increased immediately after surgery and this increase was maintained up to 3 years postsurgery. No increase in ISR during the
iso-IVGC was observed. In all groups and conditions, ISR AUCg_s0 min Was significantly greater during the OGTT vs. iso-IVGC (P < 0.05).
D: In the OB-DM group presurgery, BCGS during the OGTT and iso-IVGC was significantly lower than both control groups. After surgery,
0O-BCGS normalized to the levels of both control groups by 1 month and was further increased at 1 to 2 years. In contrast, IV-BCGS

remained significantly lower compared with both control groups up to 3 years. BCGS was significantly greater during the OGTT vs. iso-
IVGC in the OB-NGT group and OB-DM group at all conditions postsurgery (P < 0.05), but not in the LEAN or OB-DM group prior to

surgery. E: In the OB-DM group presurgery, DI during the OGTT and iso-IVGC was significantly impaired compared with both control

groups. After surgery, O-DI normalized to the levels of the OB-NGT group by 1 month and LEAN by 1 year. In contrast, IV-DI remained
significantly lower compared with the LEAN control subjects up to 3 years postsurgery. DI was significantly greater during the OGTT vs.
iso-IVGC in the OB-NGT group and in the OB-DM group at all conditions postsurgery (P < 0.05), but not in the LEAN or OB-DM group
prior to surgery. Data are mean = SEM. *P < 0.05 vs. LEAN; 1P < 0.05 vs. OB-NGT; P < 0.05 vs. OB-DMO; §P < 0.05 vs. OB-DM1M.

groups or conditions. Furthermore, none of the in-
dividual group contrasts were significant at any time
point overall, or for any group/condition individually,
after correcting for the number of comparisons (Sup-
plementary Fig. 1).

The severely impaired incretin effect of insulin,
C-peptide, and ISR in OB-DM rapidly normalized to the
level of both control subjects from 1 month onwards
(Fig. 2 and Supplementary Figs. 2 and 3).

Effects of RYGBP Surgery on the p-Cell Response to
Oral and IV Glucose

ISR and -cell function, assessed during oral glucose stim-
ulation, normalized after RYGBP. O-ISR during the first 60

minutes nearly doubled 1 month after RYGBP, and this
improvement was maintained up to 3 years postsurgery; in
fact, this variable was significantly greater compared with
OB-NGT from 1 year onwards after surgery (Fig. 10).
Measures of B-cell function including O-ISX, O-BCGS, and
O-DI, severely impaired in OB-DM presurgery, normalized
to levels of control subjects postsurgery (Fig. 1B, D, and E).
O-ISX and O-BCGS both normalized to levels of both
control groups from 1 month onwards (Fig. 1B and D), and
O-DI normalized to OB-NGT levels from 1 month onwards
and to LEAN from 1 year onwards (Fig. 1E).

Contrary to what was observed during oral glucose
stimulation, insulin secretion and B-cell function, mea-
sured during the iso-IVGC, improved minimally and never
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Figure 2—ISR during the OGTT and iso-IVGC and the incretin effect of ISR. A-G: ISR AUC (pmol/kg/min) was significantly greater during the
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normalized to levels of LEAN, even up to 3 years after
RYGBP (Fig. 1), despite sustained weight loss and clinical
diabetes remission. Similar results were obtained when
measures of (3-cell function were not adjusted for body
weight (Supplementary Fig. 5).

Figure 3 illustrates the striking difference in the
change in DI during oral, versus IV, glucose stimulation.
A rapid and significant improvement in O-DI was ob-
served in OB-DV, illustrated by a shift upwards and to
the right, equivalent to OB-NGT by 1 month and nor-
malized to the levels of LEAN by 1 year post-RYGBP (Fig.
3A). In contrast, during the iso-IVGC, a much smaller,
albeit significant, improvement in IV-DI was observed;
however, this remained significantly impaired compared
with LEAN control subjects up to 3 years after RYGBP
(Fig. 3B).

Predictors of 3-Cell Function and Diabetes Control
After RYGBP in OB-DM

Results for B-cell function (O-BCGS and O-DI) as out-
come were similar. Weight loss, presurgery -cell func-
tion, and GLP-1 response were all significant predictors
of postsurgery B-cell function, although weight loss was
consistently the strongest predictor for O-BCGS, and
both weight loss and presurgery O-DI were strong pre-
dictors of postsurgery O-DI, based on R” values (Sup-
plementary Table 2); this remained true when all
significant univariate predictors were put into a multi-
variate model. Age, presurgery BMI, and diabetes dura-
tion and control were not significant.

Postsurgery, B-cell function (O-BCGS) and weight loss
were both important, roughly equivalent predictors of
fasting glucose after RYGBP in univariate and multivariate
models (Supplementary Table 2). Presurgery 3-cell function
and BM]I, age, and diabetes duration were not significant.

Weight loss along with pre- and postsurgery B-cell
function were all predictors of 120-min glucose (Sup-
plementary Table 2) based on univariate modeling.
Weight loss and presurgery B-cell function (O-DI) both
remained significant in a multivariate model, although
presurgery O-DI was slightly better as a predictor of
postprandial 120-min glucose. Age, diabetes duration,
presurgery BMI, the incretin effect of insulin, and GLP-1
and GIP response were not significant.

DISCUSSION

This study demonstrates that impairment in 3-cell
function persists up to 3 years post-RYGBP, in subjects
with "clinical diabetes remission" (18). However, this
impairment was only detected when glucose was ad-
ministered IV, as parameters of B-cell function normal-
ized upon oral glucose stimulation after surgery,
highlighting the critical role of gut factors in the im-
provement in (3-cell function after RYGBP. Although
engagement of the gut appears important for the stun-
ning improvement in 3-cell function and insulin secre-
tion after RYGBP, predictor analyses in our limited, small
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cohort suggest that weight loss was the strongest pre-
dictor of postsurgical B-cell function, along with pre-
surgery B-cell function and GLP-1.

This study is the first to demonstrate the importance
of the oral route to improvements in B-cell function after
RYGBP and to show that improvements persist 3 years
after surgery. Other studies have observed an improve-
ment in 3-cell function after RYGBP using an oral glucose
or meal test (13-15). BCGS, impaired in diabetes, shown
in this study and in others (12,13), increases acutely (1-6
weeks) after RYGBP, with little further improvement
longer term (3-12 months) (13-15). This is similar to
our observations, as O-BCGS markedly increased
1 month after RYGBP, with a more modest increase at
1 year. This increase in BCGS post-RYGBP is not ob-
served in NGT populations (13,24). Furthermore, al-
though we observed a normalization of O-BCGS in
OB-DM after RYGBP, compared with LEAN and OB-NGT
control subjects by 1 year, others (13,15) observed
a lesser improvement at 1 year in subjects with diabetes.
However, in these studies (13,15), diabetes also im-
proved to a lesser extent after RYGBP than in our OB-
DM group, thus corroborating the discrepancy in BCGS.
Note, after adjustment for insulin sensitivity (i.e., DI),
similar improvements were observed. DI, impaired in
diabetes, shown in this study and in others (13,24,25),
increases after RYGBP regardless of diabetes status. We
showed that O-DI normalized to the levels of both con-
trol groups, LEAN and OB-NGT, by 1 year. This is similar
to Jorgensen et al. (13), who showed that by 1 year
postsurgery, DI in subjects with diabetes approached
levels of unoperated obese NGT populations.

Despite the rapid and marked improvement in [3-cell
function and increase in ISR during oral glucose stimu-
lation after RYGBP, exposure to equivalent plasma glu-
cose levels via an iso-IVGC, to calculate the incretin effect
(8), elicited a much smaller response, suggesting that
gastrointestinal factors are important for the remarkable
improvement in B-cell function after RYGBP. We ob-
served that BCGS and DI were not significantly different
between the OGTT and iso-IVGC in OB-DM subjects
prior to surgery; however, this differential was restored
after surgery. This is in agreement with Muscelli et al.
(12), who observed greater BCGS during an OGTT versus
an iso-IVGC in NGT individuals, but not individuals with
diabetes. Furthermore, the rapid normalization of the
incretin effect 1 month after surgery, in agreement with
previous studies (4), is sustained up to 3 years.

GLP-1, significantly increased after RYGBP and a sig-
nificant predictor of postsurgery -cell function in our
study, may be one of the factors that explains the dif-
ference in B-cell function after oral and iso-IVGC glucose
stimulation. Indeed, infusion of GLP-1 with a hypergly-
cemic clamp in healthy subjects significantly increased
the slope of ISR versus plasma glucose (6). Furthermore,
the blunted stimulation in insulin, C-peptide, and ISR
during an iso-IVGC can be rescued, and even further
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Figure 3—Effect of RYGBP on the DI during the OGTT and iso-IVGC. A: OGTT. O-DI, significantly impaired in OB-DM prior to surgery (P <
0.05 vs. both LEAN and OB-NGT groups), improved rapidly and significantly, as illustrated by a shift upwards and to the right. O-Dl in the
OB-DM group normalized to levels of OB-NGT control subjects by 1 month and was not significantly different from the LEAN from 1 year
onwards (P < 0.05). B: Iso-IVGC. IV-DI was significantly impaired in OB-DM prior to surgery (P < 0.05 vs. both LEAN and OB-NGT

groups). Contrary to the O-DlI, IV-DI improved minimally, albeit significantly (P < 0.05), with a shift to the right and minimal shift upward,
after RYGBP. However, IV-DI remained significantly lower than the OB-NGT control subjects at 1 month and lower than the LEAN control
subjects at all time points postsurgery (P < 0.05). Mean = SEM for all groups except LEAN. LEAN presented as each individual subject.

amplified compared with an OGTT, with an IV GLP-1
infusion (17). Additionally, exendin(9-39), a GLP-1 re-
ceptor antagonist, has been used to illustrate GLP-1’s
role in postprandial insulin secretion in post-RYGBP
subjects (5,8,16,26). These studies highlight the crucial
role of GLP-1 in glucose-stimulated insulin secretion and
implicate the robust GLP-1 response after RYGBP in the
improvement in insulin secretion and -cell function
observed in our study after oral, but not IV, glucose
stimulation. However, the effect of GLP-1 on glucose
control, albeit significant, may be small. Exendin(9-39)
administration does not severely worsen glucose toler-
ance in individuals after RYGBP (8,16). Other factors
such as accelerated gastric emptying (GE) and GIP, as
well as yet unknown intestinal factors, may be important.
Although the GIP response after RYGBP was not a sig-
nificant predictor of B-cell function in our study, others
have shown that GIP infusion mildly enhances insulin
secretion (17). The development of GIP antagonists for
human studies will clarify GIP’s role in insulin secretion
and glucose metabolism.

Despite the important influence of intestinal factors,
we cannot discount the contribution of weight loss to
improvement in (-cell function after RYGBP. Although
GLP-1 and presurgical B-cell function predicted post-
surgical B-cell function, weight loss appears to be a su-
perior predictor. Weight loss, along with postsurgical
B-cell function (O-BCGS) predicted fasting glucose, and
weight loss, along with presurgical B-cell function (O-DI),
predicted 120-min glucose. Yet, these predictor analyses
should be interpreted with caution due to the small
sample size.

The importance of weight loss versus an independent
effect of the gut after RYGBP is a topic of fervent in-
vestigation. Bradley et al. (24) showed that in a non-
diabetic population, equivalent 20% weight loss after
RYGBP and gastric banding similarly improved DI during
a meal test coupled with a clamp. However, diabetes re-
mission has been reported after duodenal bypass, sans
weight loss (27). Future studies comparing 3-cell function
in a diabetic population, at matched weight loss after
RYGBP, compared with caloric restriction and/or re-
strictive bariatric surgery will help elucidate the impact of
weight loss versus gut-mediated factors.

Although this study has merits, with a unique com-
parison of B-cell function after oral and IV glucose, in
a cohort of patients with diabetes followed for 3 years
postsurgery, there are limitations to its interpretation.
There are some technical issues that should be discussed.
First, during the latter part of the experiment, plasma
glucose levels during the iso-IVGC were slightly greater
than during the OGTT; however, this would actually fa-
vor increased insulin secretion during IV versus oral
glucose. Second, the amount of glucose administered
during an iso-IVGC is ~50% of that administered dur-
ing a 50-g OGTT (54% reported [28] and 46% in
OB-NGT) in an NGT individual; however, the amount
delivered IV is similar (88% in our OB-DM group) in
individuals with diabetes (28). Third, a lower amount of
glucose is delivered IV after RYGBP, and it could be
hypothesized that this may elicit a lesser insulin re-
sponse. Yet, the amount of glucose delivered IV post-
surgery was higher than both the LEAN and OB-NGT
groups, suggesting that the lackluster improvement in IV
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B-cell function postsurgery is not an artifact of the lower
amount of glucose infused. To correct for this we pre-
sented ISR versus glucose concentrations (ISX; Fig. 1)
and still did find an increase in ISR during IV glucose
stimulation after RYGBP. Fourth, we did not report
glucagon levels in this study, although effects of RYGBP
on glucagon have been reported by our group (29) and
others (16). Interestingly, with type 2 diabetes, glucagon
suppression is impaired during oral, but not IV, glucose
stimulation (30), and this may be secondary to a change
in the balance in incretin levels (17).

The 50-g OGTT also introduces some limitations. This
lower load was used to circumvent dumping post-RYGBP
and has been used previously to derive indices of insulin
secretion (28,31). However, this may have under-
estimated diabetes status in OB-NGT and postsurgery
OB-DM subjects. Diabetes remission was defined
according to ADA criteria (18); however, the in-
terpretation of remission after RYGBP is controversial
(32,33), as faster GE and episodes of hypoglycemia
complicate the interpretation of postprandial glucose and
HbA; . levels. Using more stringent criteria (32,33), we
observed some deterioration of glucose control at
3 years, which is consistent with recent data showing
diabetes remission wanes from 1 to 3 years (34). It is
possible that the persistent defect in (3-cell function, only
revealed with IV glucose stimulation, may contribute to
the relapse in diabetes observed years after surgery.

Another point worthy of discussion is the calculation
of the DI. OGTT-derived DI (from a 75-g OGTT) has been
shown to correlate with DI derived from frequently
sampled IV glucose tolerance tests (35), as well as predict
future diabetes status (11). To calculate DI, we measured
the slope of the relationship between ISR versus plasma
glucose levels (i.e., BCGS) from a 50-g OGTT or matched
iso-IVGC and adjusted this for insulin sensitivity using
HOMA-IR or ISI. Using HOMA-IR circumvents obvious
changes in postprandial glucose dynamics after RYGBP
and has been reported previously post-RYGBP (13).
However, ISI provides a measure of whole-body insulin
sensitivity that correlates well with clamp-derived
measures (21) and has been suggested for use in DI
calculations (22). In this study, HOMA-IR in OB-DM
normalized to the level of LEAN from 1-3 years post-
surgery, despite obesity (BMI = 30). ISI improved post-
RYGBP but still remained significantly lower versus
LEAN, and levels slightly deteriorated from 1-3 years.
Using either HOMA-IR or ISI in the DI measurement
showed a similar trend, with a far greater improvement
in DI after oral than after IV glucose stimulation. How-
ever, using ISI (Supplementary Fig. 4) revealed a more
pronounced deterioration in DI at 2 to 3 years post-
surgery. Furthermore, it should be acknowledged that the
rapid GE and resulting leftward shift in glucose and in-
sulin curves (Supplementary Figures 1 and 2) post-
RYGBP may complicate the comparison with OB-NGT
and LEAN and potentially overestimate BCGS and DI
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after surgery; however, the remarkable paradox in (-cell
function after surgery between the oral and IV glucose
measurements remains unaffected by this.

This study shows that in the setting of clinical di-
abetes remission and large, sustained weight loss, RYGBP
does not rescue impairment in insulin secretion and
B-cell function when the gastrointestinal tract is not
engaged. However, oral glucose stimulation rescues im-
pairment rapidly, at 1 month, and this is sustained up to
3 years after RYGBP, demonstrating the essential role of
the gut in this effect. Predictor analyses showed that
weight loss, GLP-1, and presurgery 3-cell function are all
important contributors to postsurgical -cell function.
Evidence from the literature suggests GLP-1 may mediate
some of this remarkable effect; however, it is possible
that there are other gut-mediated factors, aside from
incretins, that are important in this phenomenon.

Acknowledgments. The authors thank the participants; Gary Wang and
Phoebe Johnson-Black, who contributed to some of the data collection and/
or preliminary analyses of ISR (New York Obesity Nutrition Research Center);
Yim Dam and Ping Zhou for technical assistance (New York Obesity Nutrition
Research Center Hormonal Core Laboratory); and the entire General Clinical
Research Center-Clinical and Translational Science Award staff.

Funding. This study was supported by grants from the National Institutes
of Health (R01-DK-067561, P30-DK-26687-30, P30-DK-063608), the
American Diabetes Association (ADA 1-09-CR-34), and Columbia University’s
Clinical and Translational Science Award grant UL1-TR-000040 from the
National Center for Advancing Translational Sciences, National Institutes of
Health, formerly the National Center for Research Resources through grant
UL1-RR-024156. R.D. was supported by New York Obesity Nutrition Re-
search Center training grant 5T32-DK-007559-22.

Duality of Interest. No potential conflicts of interest relevant to this
article were reported.

Author Contributions. R.D. collected and analyzed the data and wrote
the manuscript. K.B. and P.B. collected and analyzed the data. F.P. analyzed
the data and provided statistical consultation. P.H. analyzed the data, provided
statistical consultation, and edited the manuscript. A.C.C. edited the manu-
script. J.M. referred subjects and edited the manuscript. B.L. designed the
study, collected and analyzed the data, and wrote the manuscript. B.L. is the
guarantor of this work and, as such, had full access to all the data in the study
and takes responsibility for the integrity of the data and the accuracy of the
data analysis.

References

1. Schauer PR, Kashyap SR, Wolski K, et al. Bariatric surgery versus intensive
medical therapy in obese patients with diabetes. N Engl J Med 2012;366:
1567-1576

2. Buchwald H, Estok R, Fahrbach K, et al. Weight and type 2 diabetes after
bariatric surgery: systematic review and meta-analysis. Am J Med 2009;
122:248-256.6245

3. Shapiro ET, Tillil H, Miller MA, et al. Insulin secretion and clearance. Com-
parison after oral and intravenous glucose. Diabetes 1987;36:1365—1371

4. Laferrére B, Heshka S, Wang K, et al. Incretin levels and effect are
markedly enhanced 1 month after Roux-en-Y gastric bypass surgery in
obese patients with type 2 diabetes. Diabetes Care 2007;30:1709-
1716


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1176/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1176/-/DC1

diabetes.diabetesjournals.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Jiménez A, Casamitjana R, Viaplana-Masclans J, Lacy A, Vidal J. GLP-1
action and glucose tolerance in subjects with remission of type 2 diabetes
after gastric bypass surgery. Diabetes Care 2013;36:2062—2069

Brandt A, Katschinski M, Arnold R, Polonsky KS, Goke B, Byrne MM.

GLP-1-induced alterations in the glucose-stimulated insulin secretory
dose-response curve. Am J Physiol Endocrinol Metab 2001;281:E242—
E247

Kiems LL, Holst JJ, Vglund A, Madsbad S. The influence of GLP-1 on
glucose-stimulated insulin secretion: effects on beta-cell sensitivity in type
2 and nondiabetic subjects. Diabetes 2003;52:380—-386

Salehi M, Prigeon RL, D’Alessio DA. Gastric bypass surgery enhances
glucagon-like peptide 1-stimulated postprandial insulin secretion in hu-
mans. Diabetes 2011;60:2308-2314

Ferrannini E, Natali A, Muscelli E, et al.; RISC Investigators. Natural history
and physiological determinants of changes in glucose tolerance in a non-
diabetic population: the RISC Study. Diabetologia 2011;54:1507-1516

Ferrannini E, Gastaldelli A, Miyazaki Y, et al. Predominant role of reduced
beta-cell sensitivity to glucose over insulin resistance in impaired glucose
tolerance. Diabetologia 2003;46:1211-1219

Utzschneider KM, Prigeon RL, Faulenbach MV, et al. Oral disposition index
predicts the development of future diabetes above and beyond fasting and
2-h glucose levels. Diabetes Care 2009;32:335-341

Muscelli E, Mari A, Casolaro A, et al. Separate impact of obesity and
glucose tolerance on the incretin effect in normal subjects and type 2
diabetic patients. Diabetes 2008;57:1340—1348

Jorgensen NB, Jacobsen SH, Dirksen C, et al. Acute and long-term effects
of Roux-en-Y gastric bypass on glucose metabolism in subjects with type 2
diabetes and normal glucose tolerance. Am J Physiol Endocrinol Metab
2012;303:E122-E131

Kashyap SR, Daud S, Kelly KR, et al. Acute effects of gastric bypass versus
gastric restrictive surgery on beta-cell function and insulinotropic hor-
mones in severely obese patients with type 2 diabetes. Int J Obes (Lond)
2010;34:462-471

Nannipieri M, Mari A, Anselmino M, et al. The role of beta-cell function and
insulin sensitivity in the remission of type 2 diabetes after gastric bypass
surgery. J Clin Endocrinol Metab 2011;96:E1372-E1379

Jorgensen NB, Dirksen C, Bojsen-Mgller KN, et al. Exaggerated glucagon-
like peptide 1 response is important for improved 3-cell function and
glucose tolerance after Roux-en-Y gastric bypass in patients with type 2
diabetes. Diabetes 2013;62:3044-3052

Lund A, Vilshell T, Bagger JI, Holst JJ, Knop FK. The separate and com-
bined impact of the intestinal hormones, GIP, GLP-1, and GLP-2, on glu-
cagon secretion in type 2 diabetes. Am J Physiol Endocrinol Metab 2011;
300:E1038-E1046

American Diabetes Association. Standards of medical care in diabetes—
2013. Diabetes Care 2013;36(Suppl. 1):511-S66

Laferrere B, Teixeira J, McGinty J, et al. Effect of weight loss by gastric
bypass surgery versus hypocaloric diet on glucose and incretin levels in
patients with type 2 diabetes. J Clin Endocrinol Metab 2008;93:2479-
2485

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31,

32.

33.

34.

35.

Dutia and Associates 1223

Van Cauter E, Mestrez F, Sturis J, Polonsky KS. Estimation of insulin se-
cretion rates from C-peptide levels. Comparison of individual and standard
kinetic parameters for C-peptide clearance. Diabetes 1992;41:368-377

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral
glucose tolerance testing: comparison with the euglycemic insulin clamp.
Diabetes Care 1999;22:1462—1470

Retnakaran R, Shen S, Hanley AJ, Vuksan V, Hamilton JK, Zinman B.
Hyperbolic relationship between insulin secretion and sensitivity on oral
glucose tolerance test. Obesity (Silver Spring) 2008;16:1901-1907

Magee L. R2 Measures based on Wald and likelihood ratio joint signifi-
cance tests. Am Stat 1990;44:250-253

Bradley D, Conte C, Mittendorfer B, et al. Gastric bypass and banding
equally improve insulin sensitivity and 3 cell function. J Clin Invest 2012;
122:4667-4674

Kashyap SR, Bhatt DL, Wolski K, et al. Metabolic effects of bariatric surgery
in patients with moderate obesity and type 2 diabetes: analysis of a ran-
domized control trial comparing surgery with intensive medical treatment.
Diabetes Care 2013;36:2175-2182

Woerle HJ, Carneiro L, Derani A, Goke B, Schirra J. The role of endogenous
incretin secretion as amplifier of glucose-stimulated insulin secretion in healthy
subjects and patients with type 2 diabetes. Diabetes 2012;61:2349-2358

Cohen RV, Rubino F, Schiavon G, Cummings DE. Diabetes remission
without weight loss after duodenal bypass surgery. Surg Obes Relat Dis
2012;8:666—68

Knop FK, Aaboe K, Vilsbell T, et al. Impaired incretin effect and fasting
hyperglucagonaemia characterizing type 2 diabetic subjects are early signs
of dysmetabolism in obesity. Diabetes Obes Metab 2012;14:500-510

Bose M, Teixeira J, Olivan B, et al. Weight loss and incretin responsiveness
improve glucose control independently after gastric bypass surgery. J Diab
2010;2:47-55

Knop FK, Vilsbgll T, Madsbad S, Holst JJ, Krarup T. Inappropriate sup-
pression of glucagon during OGTT but not during isoglycaemic i.v. glucose
infusion contributes to the reduced incretin effect in type 2 diabetes
mellitus. Diabetologia 2007;50:797-805

Knop FK, Vilshell T, Hejberg PV, et al. Reduced incretin effect in type 2
diabetes: cause or consequence of the diabetic state? Diabetes 2007;56:
1951-1959

Pournaras DJ, Aasheim ET, Sgvik TT, et al. Effect of the definition of type Il
diabetes remission in the evaluation of bariatric surgery for metabolic
disorders. Br J Surg 2012;99:100-103

Ramos-Levi AM, Cabrerizo L, Matia P, Sanchez-Pernaute A, Torres AJ,
Rubio MA. Which criteria should be used to define type 2 diabetes re-
mission after bariatric surgery? BMC Surg 2013;13:8

Arterburn DE, Bogart A, Sherwood NE, et al. A multisite study of long-term
remission and relapse of type 2 diabetes mellitus following gastric bypass.
Obes Surg 2013;23:93-102

Retnakaran R, Qi Y, Goran MI, Hamilton JK. Evaluation of proposed oral
disposition index measures in relation to the actual disposition index.
Diabet Med 2009;26:1198-1203



