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OBJECTIVE—To investigate the effect of biliopancreatic diversion (BPD) surgery on (3-cell
function in grade I and II obese patients with type 2 diabetes using oral and intravenous glucose
loads.

RESEARCH DESIGN AND METHODS —Sixiy-cight women were divided into the fol-
lowing three groups: 19 lean-control (23.0 * 2.2 kg/m”) and 18 obese-control (35.0 * 4.8 kg/m?)
subjects with normal glucose tolerance, and 31 obese patients with type 2 diabetes (36.3 * 3.7
kg/mz). Of the 31 diabetic women, 64% underwent BPD (n = 20, BMI: 36.5 * 3.7 kg/mz) and
were reassessed 1 month after surgery. Oral glucose tolerance tests and hyperglycemic clamps
were performed. Mathematical modeling was used to analyze basal and stimulated B-cell func-
tion, insulin sensitivity (IS), hepatic extraction (HE) of insulin, and delay time of B-cell response
to a specific plasma glucose concentration.

RESULTS —After BPD, restoration of the basal disposition index (P < 0.001) and improve-
ment of the stimulated disposition indices in oral and intravenous glucose stimulation of the
B-cell were observed (P < 0.05). In both dynamic tests, there were no changes in the delay time of
B-cell response. IS for oral glucose stimulation (IS,,) and intravenous clamp glucose stimulation
(IS¢tamp) Was completely normalized (P < 0.001). 1S5 and 1S¢jamp, increased approximately 5.0-
fold and 3.5-fold, respectively (P < 0.01). The HE of insulin increased in the basal (P < 0.05) and
stimulated states (P < 0.01).

CONCLUSIONS —B-Cell function, 1S, and HE of insulin improved after BPD, which im-
proved glycemic control.
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bolic disease that results from two

main pathophysiological defects:
impaired insulin sensitivity (IS) and
B-cell failure (1). In a small proportion
of obese individuals with type 2 diabetes,
conventional medical therapy is effective
to maintain adequate blood glucose

Type 2 diabetes is a complex meta-

control. However, significant, long-term
weight reduction, which may help control
type 2 diabetes, is often difficult to attain
in clinical practice (2).

In 1987, Pories and colleagues (3)
published an unexpected finding in
which 99% of morbidly obese patients
with type 2 diabetes or prediabetes who

00 00 0000000000000 00000000000000000000000000000000

From the 'Laboratory of Investigation on Metabolism and Diabetes, Gastrocentro, State University of Cam-
pinas, Sao Paulo, Brazil; the *Department of Surgery, Diabetic Surgery Unit, State University of Campinas,
Sao Paulo, Brazil; and the *Department of Information Engineering, University of Padua, Padua, Italy.

Corresponding author: Ana Carolina Junqueira Vasques, anacarolinavasques@yahoo.com.br.

Received 3 April 2013 and accepted 31 July 2013.

DOI: 10.2337/dc13-0530. Clinical trial reg. no. RBR-9kdzdv, www.ensaiosclinicos.gov.br (universal trial no.

U1111-1137-0489).

© 2013 by the American Diabetes Association. Readers may use this article as long as the work is properly
cited, the use is educational and not for profit, and the work is not altered. See http://creativecommons.org/

licenses/by-nc-nd/3.0/ for details.

underwent gastric bypass rapidly restored
euglycemia although they were still mor-
bidly obese. Despite the diagnostic bias of
type 2 diabetes that leads to an overesti-
mation of remission, this study has signif-
icant historical value and is considered a
former benchmark. According to several
subsequent studies, bariatric surgery has
become an alternative therapeutic strat-
egy for morbidly obese patients with
poorly controlled type 2 diabetes (4).

According to a recent meta-analysis of
bariatric surgery, 78.1% of patients with
type 2 diabetes had complete remission
of the disease, and 86.6% of patients
showed improvement after surgery.
Weight loss and type 2 diabetes remission
were highest in patients undergoing bil-
iopancreatic diversion (BPD) compared
with other techniques (3).

The mechanism of type 2 diabetes
remission after BPD is not completely
understood. Some studies have demon-
strated a dramatic improvement in IS after
BPD (5-11). There are only a few, dispa-
rate studies on changes in -cell function
with BPD. Unlike IS, there is no gold stan-
dard method to assess B-cell function be-
cause insulin secretion differs depending
on the stimulus (oral vs. intravenous). In
addition, peripheral insulin concentra-
tions do not accurately reflect pancreatic
insulin secretion because the hepatic ex-
traction (HE) of insulin rate varies signifi-
cantly under different metabolic conditions.
To circumvent these difficulties, the C-peptide
measurements may be used because this
peptide is cosecreted with insulin in equi-
molar concentrations. C-peptide mea-
surements and mathematical modeling
methods provide a more accurate charac-
terization of B-cell function (12).

The studies that assessed B-cell func-
tion in type 2 diabetic patients after BPD
included grade III obese patients and ap-
plied either the classical plasma insulin
measurement method (5,8,10) or the
plasma C-peptide measurement model-
ing method (6,7,9,13). There is only one

care.diabetesjournals.org

DiaBETES CARE, VOLUME 36, DECEMBER 2013

4117


mailto:anacarolinavasques@yahoo.com.br
http://www.ensaiosclinicos.gov.br
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

L _________________________________________________________________________________________|
Changes in type 2 diabetes pathophysiology after BPD

study that assessed B-cell function after
BPD in overweight and obese grade I pa-
tients with type 2 diabetes using insulin
measurements (11).

To provide additional evidence for the
underlying pathophysiological mechanisms
associated with type 2 diabetes remission
after BPD, we assessed grade I and 1I obese
type 2 diabetes patients 1 month after BPD
(before significant weight loss) to determine
B-cell function, IS, HE of insulin, and delay
time using oral and intravenous glucose.

RESEARCH DESIGN AND
METHODS

Subjects

The current study was performed with 68
premenopausal women divided into three
groups according to their BMI and glu-
cose tolerance level, as follows: lean,
normal glucose tolerant (LeanNGT; n =
19; BMI: 23.0 £ 2.2 kg/mz); obese, nor-
mal glucose tolerant (ObeseNGT; n = 18;
BMI: 35.0 = 4.8 kg/mz); and obese with
overt type 2 diabetes (ObeseT2DM; n =
31; BMI: 36.3 *+ 3.7 kg/m?). Of the 31
ObeseT2DM subjects, 20 underwent the
BPD surgery. The surgical group was
studied at baseline and 1 month postsur-
gery. Diabetes was diagnosed according
to the American Diabetes Association cri-
teria (14). In the ObeseT2DM group, the
mean duration of diabetes was 4.7 = 4.5
years. Of the patients who underwent the
BPD surgery, 12 were treated exclusively
with metformin, 7 were treated with met-
formin and sulfonylureas, and 1 was treated
with diet and exercise.

The inclusion criteria were age >20
years, premenopause, and negative islet
autoimmunity. The exclusion criteria
were use of incretin mimetics, dipeptidyl
peptidase-4 inhibitors, or insulin; signifi-
cant kidney or liver dysfunction; recent
neoplasia (<5 years); and use of oral or
injectable corticosteroids for >14 consec-
utive days in the last 3 months.

This study was approved by the Ethics
Committee of the State University of
Campinas. All participants provided writ-
ten informed consent before participation.

BPD surgery

All of the procedures in this study were
performed by the same surgical team.
BPD promotes a permanent and selective
maldigestion and malabsorption of energy-
rich nutrients, specifically fat and protein,
by displacing digestive juices and re-
routing the food transit in the small gut.
The original technique reduces the total

length of intestinal absorption to 250 cm
with a 50-cm common channel, increas-
ing malnutrition risk (15), particularly in
less obese individuals.

This study uses an adapted BPD
technique to avoid nutritional complica-
tions. The BPD is performed with an
~60% distal gastric resection and a long
Roux-en-Y reconstruction. The volume of
the stomach after surgery is ~300 mL.
The small bowel is transected at 2.8-3.2
m from the ileocecal valve, and its distal
end is anastomosed to the remaining
stomach. The proximal end of the ileum,
comprising the remaining small bowel
(involved in carrying biliopancreatic juice
but excluded from food transit), is anas-
tomosed to the bowel in an end-to-side
fashion 80-120 cm proximal to the ileocecal
valve. Consequently, the total length of ab-
sorbing bowel is reduced to 280-320 cm, of
which the final 80-120 c¢m, the common
channel, is where biliopancreatic juices
and ingested food mix.

Anthropometrical and body
composition assessment

BMI was calculated. The waist circumfer-
ence was measured at the umbilical level.
The amounts of body fat and fat-free mass
were determined using a bioimpedance
analyzer (model BIA 310) according to
the manufacturer’s protocol.

Dynamic tests for (3-cell function
and IS

To assess different aspects of the complex
B-cell response to different stimuli, we
performed oral and intravenous glucose
tests. Oral hypoglycemic drugs were dis-
continued 24-48 h before the dynamic
tests.

The oral stimulus was an oral glucose
tolerance test (OGTT); at 8 AM., aftera 12-h
overnight fast, an intravenous catheter was
placed into the antecubital vein. At time 0,
the subjects ingested a 75-g glucose load.
Blood samples were collected at —30,
—15, 0, 10, 20, 30, 60, 90, 120, 180, and
240 min to measure glucose, insulin, and
C-peptide concentrations (16).

The intravenous stimulus was a hy-
perglycemic clamp test; at 8 aMm., after a
12-h overnight fast, a cannula was retro-
gradely inserted into a peripheral hand
vein and kept patent by a constant saline
infusion. The hand was kept warm in a
hot box maintained between 50 and 60°C
for blood arterialization. Glucose was in-
fused into an antecubital vein in the
opposite arm and divided into the follow-
ing two phases: the “first dose,” which

included a sufficient amount of glucose
to increase the blood glucose levels to
the desired plateau (180 mg/dL); and
the “maintenance dose,” which was calcu-
lated every 5 min during the test and was
dependent on blood glucose measure-
ments. Blood samples were obtained ev-
ery 2.5 min during the first 10 min of
glucose infusion and then every 5 min
up to 180 min. Glucose levels were mea-
sured in all blood samples. Insulin and
C-peptide levels were measured at the
same time as glucose under basal condi-
tions, and for the first 20 min of infusion
and every 20 min thereafter (17).

The homeostasis model assessment
(HOMA)-insulin resistance (IR) index, a
measure of fasting hepatic IR, was calcu-
lated as follows: ([glucose] [times] [in-
sulin])/22.5 (18).

Minimal model indexes

For the OGTT, the oral C-peptide mini-
mal model was used to derive the follow-
ing B-cell responsivity (®) indices: basal
@ is nonstimulated; dynamic ® (Py) re-
fers to multiple distal steps of insulin se-
cretion; static @ (®,) refers to earlier steps
of insulin secretion; and total ® (P, is
the overall response calculated from
@4 and P, (16). The oral glucose minimal
model was used to derive IS (IS, (19).
The basal, dynamic, static, and total dis-
position indexes (DI, D14, DI, and DIy,
respectively), representing (-cell func-
tion adjusted to IS, were calculated by
multiplying B-cell responsivity indices
by IS.

For the hyperglycemic clamp test, the
C-peptide minimal model was used to
obtain the following B-cell responsivity
indices: @4 refers to the first phase of in-
sulin secretion; ®, refers to the second
phase of insulin secretion; and total ®
(Dcjamp) is the overall response calculated
from @y and P, (16). The glucose mini-
mal model was used to obtain IS (IS¢jamp)
(20). The disposition indices (Dly, DI,
and DI jmp) were then calculated by mul-
tiplying B-cell responsivity indices by IS.

The basal HE (HE;)) of insulin and the
stimulated HEs of insulin during both dy-
namic tests (i.e., HEq, and HE jump) were
calculated from plasma C-peptide and in-
sulin measurements (12).

Under normal physiological condi-
tions, B-cells respond to acute, intrave-
nous glucose stimulation with biphasic
insulin secretion. The readily releasable
pool of insulin granules contributes to the
first phase of insulin secretion. When
this pool is depleted, new granules
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translocate to the cell membrane to pro-
duce the second phase of insulin secre-
tion. The time required to recruit new
insulin granules to form the pool of read-
ily releasable granules in response to in-
creased glycemia is called the delay time
(12). The C-peptide minimal model was
used to calculate the delay time during
the OGTT and the hyperglycemic clamp
test (12).

Assays

Plasma glucose levels were promptly
measured in the fasting state and during
the dynamic tests using a glucose anal-
yzer (YSI 2700; YSI Life Sciences, Yellow
Springs, OH) with a coefficient of varia-
tion of 2%. The glycated hemoglobin
was measured with high-performance lig-
uid chromatography. Plasma insulin and
C-peptide levels were analyzed using an
automated two-site chemiluminescent im-
munometric assay (Immulite 1000 Sys-
tem; Siemens Health Diagnostics). The
intra-assay and interassay coefficients of
variation were 5.2-6.4% and 5.9-8.0%,
respectively, for insulin, and 1.9-3.3%
and 3.8-5.5%, respectively, for C-peptide.
Adiponectin levels were measured by an
ELISA (Linco Research), and all had coef-
ficients of variation below 10%.

Statistical analysis

Statistical analyses were performed using
IBM SPSS-Statistics version 20.0. The
data are presented as the mean = SD for
normally distributed data and as median
(interquartile range) for nonparametric
data, according to the Shapiro-Wilk
test. The Kruskal-Wallis test was used to
compare three groups (LeanNGT vs.
ObeseNGT vs. ObeseT2DM presurgery and
LeanNGT vs. ObeseNGT vs. ObeseT2DM
postsurgery). A post hoc analysis with a
Duncan multiple range test was used to
show which groups differ from the other
groups. The Wilcoxon signed rank test
was used to compare the ObeseT2DM
group before surgery versus after surgery.
Significance was set at P < 0.05.

RESULTS

Clinical and metabolic characteristics
at baseline and postsurgery

Interestingly, even with the same grade
of obesity (BMI and body fat percent-
age), patients within the ObeseT2DM
group had larger waist circumferences
than those within the ObeseNGT group
(P < 0.001), indicating increased cen-
tral fat distribution. The HOMA-IR in-
dex was significantly increased in the

Junqueira Vasques and Associates

ObeseT2DM group compared with the
LeanNGT and ObeseNGT groups (P <
0.01). Plasma insulin and adiponectin
levels were similar between the Obe-
seNGT and ObeseT2DM groups, which
were different from those of the
LeanNGT group (Table 1).

All patients from the surgical group
were studied 1 month after the BPD. BMI,
waist circumference, and body fat per-
centage significantly decreased (P <
0.01). HbA, levels, fasting glycemia lev-
els, glycemia 2-h postchallenge levels,
HOMA-IR index, and plasma insulin lev-
els were reduced, and adiponectin levels
were increased (P < 0.05) (Table 1).

Antidiabetes treatment continued af-
ter surgery in two patients: one received
metformin, and the other received a com-
bination of metformin and a sulfonylurea.
The fasting glycemia (P < 0.001) and gly-
cemia 2-h postchallenge (P < 0.01) levels
were significantly improved after surgery.
Twelve patients had normal fasting
plasma glucose levels (<100 mg/dL),
3 patients were in the intermediate range
(100-126 mg/dL), and 5 patients had ele-
vated levels (>126 mg/dL). According
to the OGTT, the plasma glucose levels
2 h postchallenge were adequate in
14 patients (<140 mg/dL), impaired in

Table 1—Clinical and metabolic characteristics of the study subjects at baseline and 1 month after BPD surgery

Baseline group

Control Surgery Surgery group
LeanNGT ObeseNGT ObeseT2DM Pre-BPD Post-BPD

Variables (n=19) (n=18) (n=31) P (n = 20) (n =20) P°
Age (years) 3-5(26-41) 37 (30-44) 45 (40-48)°¢ 0.001 — — —
BMI (kg/mz) 22.9(21.5-23.9) 33.2 (30.8-40.4) 36.0 (33.2-39.3)° 0.001 36.5 £ 3.7 324 *£34 0.001
Waist

circumference

(cm) 825*53 108.6 = 11.6 116.0 + 9.8%¢ 0.001 1175 £ 11.0 107.1 =103 0.001
Body fat (%) 29.0 * 3.0 39.6 £ 4.2 40.9 = 2.6° 0.001 412 *x25 38.1 £2.8 0.001
HbA, (%) 44 *0.6 49 *0.7 7.3 + 1.5 0.001 72*+13 6.1x1.1 0.004
Fasting plasma

glucose

(mg/dL) 85.1 (81.8-90.1) 92.5 (88.8-94.7) 135.7 (107.3-161.0)“ 0.001 132.8 £ 37.6 08.2 = 18.6 0.001
2-hPG plasma

glucose

(mg/dL) 102.0 (95.9-115.0) 120.0 (111.0-136.0) 260.0 (225.0-320.0)> 0.001 258.5 (230.5-306.0) 119.0 (110.0-180.0) 0.002
Fasting insulin

(rU/L) 5.0 (3.9-6.7) 6.6 (5.4-11.6) 11.2 £ (6.9-16.5)° 0.001 11.7 (8.6-16.7) 5.2 (3.6-7.5) 0.001
HOMA-IR 0.91 (0.55-0.96) 1.52 (1.30-2.82) 322 (1.37-5.95¢  0.001 3.14 (1.20-5.58) 1.24 (0.90-1.65)  0.002
Adiponectin

(pug/mL) 43 (2.1-5.6) 2.13 (1.15-3.55) 1.64 (1.14-2.94)° 0.002 1.71 (1.14-3.20) 2.45(2.04-4.34) 0.036

The data are the mean % SD for variables with normal distribution and the median (interquartile range) for variables without normal distribution, according to the
Shapiro-Wilk test. 2-hPG, 2-h postchallenge. *Kruskal-Wallis test was performed, followed by the Bonferroni test for baseline comparisons. "Wilcoxon signed rank
test was performed for the pre-BPD and post-BPD comparisons. P < 0.05 vs. LeanNGT. 9P < 0.05 vs. ObeseNGT.
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5 patients (140-200 mg/dL), and elevated
in one patient (>200 mg/dL).

Acute effect of BPD on IS, HE of
insulin, -cell function, and delay
time

IS. At baseline, the ObeseT2DM group
had reduced IS compared with the
LeanNGT group and had similar IS
compared with the ObeseNGT group
(Fig. 1A and Table 2).

After surgery, 1S, increased ap-
proximately 5.0-fold, and IS amp in-
creased approximately 3.5-fold (P <
0.01) (Fig. 2). After surgery, the IS of
the ObeseT2DM group was comparable
to that of the LeanNGT group and higher
than that of the ObeseNGT group in
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and stimulated HE of insulin did not
differ among the three study groups in
both dynamic tests (Table 2).

The postoperative HE},, HEg.4
(Fig. 2), and HE jamp, (data not shown)
improved in the ObeseT2DM group
(P < 0.05).

The postsurgical HE, remained simi-
lar among all groups, whereas the post-
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significantly higher in the ObeseT2DM
group than in the ObeseNGT group.
There was no observed difference be-
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Figure 1—A: Comparison of the IS and the DIs obtained from the oral and the intravenous
mathematical minimal models in the pre-BPD and post-BPD groups and the two control groups.
B: Relationship between IS and overall B-cell responsivity during the OGTT in the pre-BPD
and post-BPD groups and in the two control groups. A: Bars represent the median and semi-
interquartile range. The Kruskal-Wallis test and Duncan post hoc test were used. *P < 0.05 vs.
LeanNGT; **P < 0.05 vs. ObeseNGT. B: Data are presented as the median and interquartile
range. Black circle, ObeseT2DM pre-BPD group; black triangle, ObeseT2DM post-BPD group;
black square, ObeseNGT group; black diamond, LeanNGT group.

B-Cell function. IS measurements must
be used to accurately determine B-cell
function. The DI adjusts 3-cell secretion
measurements to IS to calculate B-cell
function with the oral and intravenous
minimal models. The following B-cell
function results are reported using the DI.
Basal insulin secretion. At baseline, the
DI}, was significantly diminished in the
ObeseT2DM group compared with the
control groups (Table 2). After surgery,
the DI}, increased significantly (Fig. 2),
reaching a level similar to that of both
control groups (Table 2).

Dynamic and first phase of insulin
secretion. At baseline, DIy (from OGTT)
was diminished in the ObeseDMT2 group
compared with both control groups; the
ObeseT2DM group DIy (from hypergly-
cemic clamp) was reduced compared
with that of the LeanNGT group and
was similar to that of the ObeseNGT
group (Table 2). The postoperative D1y in-
creased in both tests (Fig. 2). The post-BPD
DI4 (from OGTT) of the ObeseT2DM
group increased to levels similar to that of
the ObeseNGT group but remained smaller
than that of the LeanNGT group. No im-
provement was observed for the DIy
(from hyperglycemic clamp) after surgery
(Table 2).

Static and second phase of insulin
secretion. At baseline, the DI (from
OGTT) was significantly reduced in the
ObeseT2DM group compared with that
of the control subjects; the DI, (from hy-
perglycemic clamp) in the ObeseT2DM
group was reduced compared with that
of the LeanNGT group and similar to
that of the ObeseNGT group (Table 2).
The postoperative DI improved in
the oral and intravenous tests (Fig. 2).
The post-BPD ObeseT2DM DI (from
OGTT) was similar to that of the Obe-
seNGT group and remained lower than
that of LeanNGT group; however, the
DI, (from hyperglycemic clamp) was
similar to that of the LeanNGT group
and higher than that of the ObeseNGT
group (Table 2).

Overall responsivity. At baseline, the
Dl of the ObeseT2DM group was di-
minished compared with those of the
control groups, and the Dljam, was sim-
ilar to that of the ObeseNGT group but
less than that of the LeanNGT group (Fig.
1A and Table 2). The postoperative DIs
improved substantially (Fig. 2). Post-
BPD, the DI, of the ObeseT2DM group
was similar to that of the ObeseNGT
group and remained lower than that of
the LeanNGT group; however, the Dl jamp

4120

DiaBETES CARE, VOLUME 36, DECEMBER 2013

care.diabetesjournals.org



Table 2—Comparison of the IS, HE of insulin, B-cell responsivity indexes, and DIs obtained from the oral and the intravenous
mathematical minimal models among the three study groups, pre-BPD and post-BPD

Junqueira Vasques and Associates

Obese type ObeseT2DM
LeanNGT ObeseNGT 2 diabetes post-BPD
Characteristics (n=19) (n=18) (n=31) P? (n=20) p°
OGTT
ISera (10~ dI/kg/min
per wU/mL) 22.2 (18.8-38.2) 13.5 (7.4-22.2) 6.3 (3.8-11.6)° 0.001  20.3(14.2-29.3)¢  0.024
HE;, (dimensionless) 0.49 (0.39-0.66) 0.55 (0.39-0.63) 0.49 (0.30-0.58) 0.491  0.59 (0.47-0.75)  0.310
HE, . (dimensionless) 0.77 (0.71-0.81) 0.71 (0.58-0.74) 0.72 (0.64-0.83) 0.059  0.84 (0.65-0.88)  0.009
®, (107" min~ Y 6.1 (4.9-7.5) 10.5 (7.2-11.6) 7.8 (4.6-10.7)Y  0.004 6.8 (4.5-8.4)1 0.001
®y [(107°) 494 (398-794) 556 (402-697) 97 (19.0-165)¢  0.001 284 (118-424)¢ 0.011
®, (10 min~ Y 54.9 (39.8-83.0) 58.2 (35.9-84.2) 19.1 (8.4-31.49¢ 0.001  33.6(20.8-66.2)  0.032
Do (1077 min™h) 72.9 (48.7-90.0) 75.7 (42.0-96.0) 182 (8.8-31.8)°Y 0.001  32.9(21.9-77.49)¢  0.006
DI, (10~ "* dl/kg/min®
per pmol/L) 258 (170-455) 169 (119-326) 66.6 (43.5-145)>¢  0.001 236 (143-385) 0.505
DIy (10~ dI/kg/min
per pmol/L) 24,870 (14,226-43,342) 9,559 (6,875-21,494) 826 (225-2,293)>¢ 0.001 8,183 (2,803-20,429)° 0.026
DI, (10~ "* di/kg/min®
per pmol/L) 2,133 (1,417-4,225) 1,241 (680-1,914) 147 (67.8-433)°Y  0.001  1.362 (807-2,318)°  0.048
Dlop (10~ '* dI/kg/min®
per pmol/L) 2,822 (1,581-6,076) 1,415 (770-2,173) 163 (71.1-437)°¢  0.001 1,278 (804-2,402)°  0.019
Delay time (min) 8.9 (6.8-15.3) 7.2 (5.4-28.7) 19.9 (11.2-57.5)%¢ 0.002  17.4 (9.6-1000°¢  0.017
Hyperglycemic clamp test
IS¢jamp (10™* dL/kg/min
per wU/mL) 15.1 (8.3-24.2) 5.6 (2.6-11.2) 7.2 (3.2-16.8°  0.005 18.1 (8.9-52.3)  0.001
HE jomp, (dimensionless) 0.79 (0.54-0.81) 0.61 (0.54-0.68) 0.76 (0.58-0.82) 0.185  0.77 (0.64-0.88)  0.049
By (1079 188 (147-212) 195 (98.1-231) 35.8 (1.8-90.8)%¢  0.001  52.2 (15.1-83.5)°¢  0.001
®, (10"  min~ Y 21.1 (19.4-27.5) 31.4 (21.4-39.2) 19.1 (9.6-35.4) 0.066 382 (26.1-47.4°  0.024
Djmp (10~  min™h) 22.3(20.3-28.5) 32.3(22.8-41.7) 19.4 (10.1-35.5)¢ 0.045  38.7(26.1-47.8)°  0.027
DIy (10~ "* dl/kg/min
per pmol/L) 4,695 (2,555-7,893) 1,408 (765-4,933) 323 (38.0-947)° 0.001 1401 (575-5,218)° 0.008
DI, (10~ '* dl/kg/min®
per pmol/L) 590 (291-784) 295 (93.6-456) 223 (112-555)°  0.033 1,155 (387-1,607)%  0.006
Dlijamp (10~ dL/kg/min®
per pmol/L) 630 (307-825) 311 (95.9-478) 231 (115-555)° 0.028 1,163 (387-1,626)%  0.007
Delay time (min) 17.5 (8.6-35.5) 22.8 (9.4-36.6) 100 (24.5-101)¢  0.001 100 (43.7-232)¢  0.001

Data are presented as median (interquartile range) unless otherwise stated. Basal ®, @y, “Kruskal-Wallis test (LeanNGT vs. ObeseNGT vs. ObeseT2DM presurgery)
was performed. PKruskal-Wallis test (LeanNGT vs. ObeseNGT vs. Obese T2DM postsurgery) was performed. P < 0.05 vs. LeanNGT. P < 0.05 vs. ObeseNGT by

Duncan post hoc test.

of the ObeseT2DM group was similar to
that of the LeanNGT group and higher
than that of the ObeseNGT group (Fig.
1A and Table 2).

When IS was assessed with the @,

(Fig. 1B), BPD was associated with con-
comitant improvements in both param-
eters, reflecting the acute effect of BPD
on glucose tolerance.
Delay time. At baseline, the delay time
was markedly increased in the ObeseT2DM
group compared with the control subjects
(Table 2).

The postoperative delay time did not
change after BPD in the OGTT (pre-BPD
20 min [11-58 min] vs. post-BPD 17
min [9-100 min]; P = 0.795) or the hy-
perglycemic clamp (pre-BPD 100 min

[25-101 min] vs. post-BPD 100 min
[44-232 min]; P = 0.124).

Consequently, no improvement in
the delay time was observed postsurgery
(Table 2).

CONCLUSIONS —This is the first
study that investigates the effect of BPD
in grade I and 1T obese subjects with type 2
diabetes using accurate methods to char-
acterize the major aspects of the B-cell
function in detail. The data show the fol-
lowing: 1) normalization of IS; 2) increases
in basal and stimulated HE of insulin; 3)
improvement in basal and stimulated
B-cell function with both oral and intra-
venous glucose loads; and 4) lack of im-
provement in the delay time of B-cell

response during oral and intravenous glu-
cose loads.

The acute improvement of IS 1
month after surgery is in accordance
with previous reports that analyzed BPD
in obese patients with type 2 diabetes
using the fasting index of IS (HOMA-IR)
(8,10,11), the stimulated indexes of
whole-body IS from the OGTT (7), and
the hyperinsulinemic-euglycemic clamp
(6,7,9). The acute normalization of IS af-
ter BPD may be partially independent
of weight loss. Few studies that used the
hyperinsulinemic-euglycemic clamp to di-
rectly measure IS have shown significant
results (6,21,22). Guidone et al. (6) dem-
onstrated that most of the long-term im-
provement was achieved within 7-10
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Figure 2—Effect of BPD on IS (A); basal and orally stimulated HE of insulin (B); basal B-cell
function (C); the dynamic, static, and total B-cell functional parameters from the OGTT (D); and
the hyperglycemic clamp test (E). *P < 0.05; **P < 0.01; ***P < 0.001. Wilcoxon signed rank
test for related samples, considering only the patients who underwent the BPD procedure (n=20).

days after BPD, before significant weight
loss, which is partially explained by calo-
ric restriction (23). However, after a very
low-calorie diet, a selective improvement
in hepatic IS without changes in whole-
body IS was demonstrated (21,22). Fur-
thermore, our group has shown that
there were no improvements in the
whole-body IS of premenopausal women
1 month after Roux-en-Y gastric bypass
(22), which supports the hypothesis of
differential mechanisms associated with
different surgical techniques that was
also demonstrated by our group in col-
laboration with a research group from
Italy (24). The mechanisms of rapid

improvement in IS have not been fully
elucidated. Changes in nutrient absorp-
tion and sensing, especially in lipid mal-
absorption (6); intramyocellular lipid
depletion (25); bile acid metabolism al-
terations (26); the synergy among gut
microbiota modifications, intestinal per-
meability, and intestinal gluconeogenesis
(27,28); and increased serum adiponectin
(29) may be important in enhancing IS
after BPD.

The liver plays a key role in modifying
the circulating levels of insulin because a
significant portion (~50%) of secreted in-
sulin undergoes HE. In the current study,
the HE of insulin increased after BPD and

exceeded the HE rates of the ObeseNGT
group. Similar increases in HE were also
demonstrated after weight loss with calo-
ric restriction in obese patients with type
2 diabetes (30). Free fatty acids, which are
elevated in obesity and diabetes, can im-
pair insulin binding and degradation in
isolated rat hepatocytes (31). Studies in
animals (32) and humans demonstrated
that the HE of insulin is reduced in the
presence of obesity (33) and mild glucose
intolerance (34). Glucose homeostasis is
maintained with increased insulin secre-
tion and/or decreased first-pass HE of in-
sulin, which may provide a physiological
mechanism to preserve pancreatic 3-cell
function.

B-Cell dysfunction is a sine qua non
pathophysiological feature for the devel-
opment of type 2 diabetes. In the current
study, significant improvements of basal,
stimulated, and overall B-cell function
were demonstrated after BPD. Basal insu-
lin secretion (Dly,s,) Was normalized 1
month after BPD compared with our con-
trol groups, which reflects an adaptation
to the increased IS. The OGTT dynamic
B-cell responsivity (DIy) significantly im-
proved and was restored to the ObeseNGT
group levels; whereas the static respon-
sivity (DIy), related to the second phase of
insulin secretion, and overall B-cell re-
sponsivity (Dlgjamp) had larger improve-
ments with the clamp and were restored
to the LeanNGT group levels. Studies using
the C-peptide modeling approach with an
oral and intravenous glucose load in grade
111 obese patients with type 2 diabetes after
BPD surgery have shown significant im-
provement in B-cell glucose sensitivity after
7 days (6), fully normalized first phase of
insulin secretion after 1 month (9), and a
tendency for improvement in B-cell glu-
cose sensitivity 7 days after BPD (7). Addi-
tional studies (5,8,10) have demonstrated
improved acute insulin response 1 month
after BPD.

BPD bypasses a wide area of the small
intestine and allows nutrients to enter
directly into the last part of the ileum. The
improvement of B-cell function after BPD
may be, in part, related to the modula-
tion of the incretin effect caused by the
rapid delivery of food to the distal parts
of the gastrointestinal tract. A decreased
glucagon-like peptide 1 (GLP-1) meal re-
sponse has been associated with obesity,
type 2 diabetes, or both, whereas an in-
crease of GLP-1 has been reported in many
studies early after BPD (6,35,36). In addition
to the GLP-1 insulinotropic effect, higher
GLP-1 concentrations should suppress
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glucagon release, possibly through direct
activation of GLP-1 receptors on pancre-
atic a-cells. Although the precise mecha-
nism is not entirely clear, the inhibitory
effect of GLP-1 on glucagon secretion in
vivo is only observed at glucose levels at or
above fasting levels. Thereby, the glucagono-
static effect of GLP-1 may contribute to
limit postprandial glucose excursions and
improve glucose metabolism (37). In addi-
tion, the reduction in lipotoxicity, gluco-
toxicity (38), and the newly described
aminotoxicity, which is due to a reduction
in the levels of circulating branched-chain
amino acids and aromatic amino acids,
after bariatric surgery (39) may also con-
tribute to the improvement of B-cell func-
tion and IS.

The unchanged delay time of 3-cell
insulin secretion response after a glucose
load may be caused by a genetic defect
that cannot be restored with surgery.
The extent of B-cell function restoration
appears to be dependent on the age of the
patient, the severity and duration of dia-
betes, metabolic control, and IR. After
bariatric surgery, the absence of diabetes
remission and the reappearance of glu-
cose intolerance could be related to a ge-
netic susceptibility to dysglycemia, such
as unknown B-cell defects (40). Long-
term studies will determine the progress
of delay time after BPD.

The impact of BPD on type 2 diabetes
is huge, with excellent effects on the
glucose homeostasis and with the highest
and most durable degree of excess weight
loss (4). On the other hand, the original
BPD technique is used in a minority of
obese patients with type 2 diabetes, because
its nutritional risks are higher compared
with the mainly restrictive procedures. In
the current study, an adapted BPD tech-
nique was used in selected patients to re-
duce the long-term risks of nutritional
complications.

The current study was limited be-
cause all of our subjects were premeno-
pausal women; it did not include other
currently approved techniques (Roux-en-Y
gastric bypass and sleeve gastrectomy)
in the comparison with the BPD group;
and it did not assess renal insulin clear-
ance, as much as the kidney is the other
important site of insulin clearance, re-
moving almost 50% of peripheral insulin.
Furthermore, the hyperinsulinemic state
obtained during the hyperglycemic clamp
did not completely suppress hepatic glu-
cose output, continuing with hepatic
production that contributed ~5% of the
total glucose amount during the test. So,

the IS value does underestimate peripheral
IS in insulin-resistant states. To accu-
rately measure hepatic glucose produc-
tion, it is necessary to use glucose tracer
methods, which are costly and time-
consuming. Unfortunately, the glucose
tracer method was not available in the
current study.

In summary, the current study shows
several acute positive physiological adap-
tations after BPD surgery in patients with
grade [ and II obesity and type 2 diabetes,
such as restoration of IS, improvement in
the HE of insulin, and amelioration in
static and dynamic B-cell functions.
These adaptations contribute to the ob-
served acute improvement in glycemic
control. The lack of improvement in the
delay time of insulin secretion highlights a
characteristic of type 2 diabetes that may
be irreversible and recidivistic. A compre-
hensive approach using BPD may assist
clinicians in defining the role of the gut
in the pathophysiology of type 2 diabetes,
and in developing new clinical and surgi-
cal therapeutic agents to treat this disease.

Acknowledgments—This research was sup-
ported by grants 2008/09451-7 and 2008/
07312-0 from the Sao Paulo Research Foun-
dation. Complementary financial support was
provided by Ethicon Endo-Surgery Group. No
other potential conflicts of interest relevant to
this article were reported.

A.C]J.V. participated in the study co-
ordination, participant enrollment, nutrition
oversight of participants, data collection, sta-
tistical analysis, data interpretation, and the
composition of the article. J.C.P. participated
in the conception and design of the study,
study coordination, medical oversight of par-
ticipants, and surgical operations. M.d.S.d.O.
and F.S.N. participated in the participant en-
rollment, medical oversight of participants,
and data collection. M.M.d.O.L. participated
in the participant enrollment and medical
oversight of participants. E.A.C. participated
in the medical oversight of participants. F.P.
and C.D.M. participated in the modeling
analysis and data interpretation. C.C. partici-
pated in the coordination of modeling analysis
and data interpretation. B.G. participated in
the conception and design of the study, study
coordination, and data interpretation. A.C.J.V.
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.

The authors thank Dr. Daniella de Oliveira
Magro (Department of Internal Medicine, State
University of Campinas) and Dr. Walkyria de
Paula Pimenta (Department of Internal Medi-
cine, School of Medicine, Universidade Estadual
Paulista Julio Mesquita Filho, Botucatu, Sao

Junqueira Vasques and Associates

Paulo, Brazil) for their scientific and technical
assistance at the beginning of the study.

References
1. Ferrannini E. Insulin resistance versus
insulin deficiency in non-insulin-dependent
diabetes mellitus: problems and prospects.
Endocr Rev 1998;19:477—490
2. Malik VS, Hu FB. Popular weight-loss
diets: from evidence to practice. Nat Clin
Pract Cardiovasc Med 2007;4:34—41
3. Pories WJ, Caro JF, Flickinger EG,
Meelheim HD, Swanson MS. The con-
trol of diabetes mellitus (NIDDM) in
the morbidly obese with the Greenville
Gastric Bypass. Ann Surg 1978;206:316—
323
4. Buchwald H, Estok R, Fahrbach K, et al.
Weight and type 2 diabetes after bariatric
surgery: systematic review and meta-
analysis. Am ] Med 2009;122:248-256
5. Polyzogopoulou EV, Kalfarentzos F,
Vagenakis AG, Alexandrides TK. Resto-
ration of euglycemia and normal acute
insulin response to glucose in obese
subjects with type 2 diabetes following
bariatric surgery. Diabetes 2003;52:1098—
1103
6. Guidone C, Manco M, Valera-Mora E,
et al. Mechanisms of recovery from type 2
diabetes after malabsorptive bariatric
surgery. Diabetes 2006;55:2025-2031
7. Mari A, Manco M, Guidone C, et al. Res-
toration of normal glucose tolerance in
severely obese patients after bilio-pancreatic
diversion: role of insulin sensitivity and
beta cell function. Diabetologia 2006;49:
2136-2143
8. Briatore L, Salani B, Andraghetti G, et al.
Restoration of acute insulin response in
T2DM subjects 1 month after biliopancreatic
diversion. Obesity (Silver Spring) 2008;16:
77-81
9. Salinari S, Bertuzzi A, Asnaghi S, Guidone
C, Manco M, Mingrone G. First-phase
insulin secretion restoration and differ-
ential response to glucose load depending
on the route of administration in type 2
diabetic subjects after bariatric surgery.
Diabetes Care 2009;32:375-380
10. Briatore L, Salani B, Andraghetti G, et al.
Beta-cell function improvement after bil-
iopancreatic diversion in subjects with
type 2 diabetes and morbid obesity. Obesity
(Silver Spring) 2010;18:932-936
11. Scopinaro N, Adami GF, Papadia FS, et al.
The effects of biliopancreatic diversion on
type 2 diabetes mellitus in patients with
mild obesity (BMI 30-35 kg/m2) and
simple overweight (BMI 25-30 kg/m2):
a prospective controlled study. Obes Surg
2011;21:880-888
12. Cobelli C, Toffolo GM, Dalla Man C, et al.
Assessment of beta-cell function in hu-
mans, simultaneously with insulin sensi-
tivity and hepatic extraction, from
intravenous and oral glucose tests. Am ]

care.diabetesjournals.org

DiaBETES CARE, VOLUME 36, DECEMBER 2013

4123



L _________________________________________________________________________________________|
Changes in type 2 diabetes pathophysiology after BPD

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Physiol Endocrinol Metab 2007;293:E1-
El5

Camastra S, Manco M, Mari A, et al. Beta-
cell function in severely obese type 2
diabetic patients: long-term effects of bari-
atric surgery. Diabetes Care 2007;30:1002—
1004

American Diabetes Association. Executive
summary: standards of medical care in
diabetes—2012. Diabetes Care 2012;35
(Suppl. 1):54-S10

Scopinaro N, Gianetta E, Civalleri D,
Bonalumi U, Bachi V. Bilio-pancreatic
bypass for obesity: II. Initial experience in
man. Br J Surg 1979;66:618-620

Breda E, Cavaghan MK, Toffolo G,
Polonsky KS, Cobelli C. Oral glucose
tolerance test minimal model indexes of
beta-cell function and insulin sensitivity.
Diabetes 2001;50:150-158

Mitrakou A, Vuorinen-Markkola H,
Raptis G, et al. Simultaneous assessment
of insulin secretion and insulin sensitivity
using a hyperglycemia clamp. J Clin En-
docrinol Metab 1992;75:379-382
Matthews DR, Hosker JP, Rudenski AS,
Naylor BA, Treacher DF, Turner RC. Ho-
meostasis model assessment: insulin re-
sistance and beta-cell function from fasting
plasma glucose and insulin concentrations
in man. Diabetologia 1985;28:412-419
Dalla Man C, Caumo A, Cobelli C. The
oral glucose minimal model: estimation of
insulin sensitivity from a meal test. IEEE
Trans Biomed Eng 2002;49:419-429
Cobelli C, Caumo A, Omenetto M. Mini-
mal model SG overestimation and SI un-
derestimation: improved accuracy by a
Bayesian two-compartment model. Am ]
Physiol 1999;277:E481-E488

Petersen KF, Dufour S, Befroy D, Lehrke M,
Hendler RE, Shulman GI. Reversal of non-
alcoholic hepatic steatosis, hepatic insulin
resistance, and hyperglycemia by moderate
weight reduction in patients with type 2
diabetes. Diabetes 2005;54:603—608

Lima MM, Pareja JC, Alegre SM, et al.
Acute effect of roux-en-y gastric bypass on

23.

24.

25.

26.

27.

28.

29.

30.

31.

whole-body insulin sensitivity: a study
with the euglycemic-hyperinsulinemic
clamp. J Clin Endocrinol Metab 2010;95:
3871-3875

Isbell JM, Tamboli RA, Hansen EN, et al.
The importance of caloric restriction in
the early improvements in insulin sensi-
tivity after Roux-en-Y gastric bypass sur-
gery. Diabetes Care 2010;33:1438-1442
Muscelli E, Mingrone G, Camastra S, et al.
Differential effect of weight loss on insulin
resistance in surgically treated obese pa-
tients. Am ] Med 2005;118:51-57

Greco AV, Mingrone G, Giancaterini A,
et al. Insulin resistance in morbid obesity:
reversal with intramyocellular fat de-
pletion. Diabetes 2002;51:144-151
Nakatani H, Kasama K, Oshiro T,
Watanabe M, Hirose H, Itoh H. Serum bile
acid along with plasma incretins and se-
rum high-molecular weight adiponectin
levels are increased after bariatric surgery.
Metabolism 2009;58:1400-1407

Shen J, Obin MS, Zhao L. The gut mi-
crobiota, obesity and insulin resistance.
Mol Aspects Med 2013;34:39-58
Mithieux G. A synergy between incretin
effect and intestinal gluconeogenesis ac-
counting for the rapid metabolic benefits
of gastric bypass surgery. Curr Diab Rep
2012;12:167-171

Salani B, Briatore L, Andraghetti G, Adami
GF, Maggi D, Cordera R. High-molecular
weight adiponectin isoforms increase after
biliopancreatic diversion in obese subjects.
Obesity (Silver Spring) 2006;14:1511—
1514

Henry RR, Brechtel G, Griver K. Secretion
and hepatic extraction of insulin after weight
loss in obese noninsulin-dependent diabetes
mellitus. J Clin Endocrinol Metab 1988;66:
979-986

Svedberg J, Bjorntorp P, Smith U,
Lonnroth P. Effect of free fatty acids on
insulin receptor binding and tyrosine ki-
nase activity in hepatocytes isolated from
lean and obese rats. Diabetes 1992:;41:
294-298

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wiesenthal SR, Sandhu H, McCall RH,
et al. Free fatty acids impair hepatic in-
sulin extraction in vivo. Diabetes 1999;48:
766774

Rossell R, Gomis R, Casamitjana R, Segura
R, Vilardell E, Rivera F. Reduced hepatic
insulin extraction in obesity: relationship
with plasma insulin levels. J Clin Endo-
crinol Metab 1983;56:608-611

Bonora E, Zavaroni I, Coscelli C, Butturini U.
Decreased hepatic insulin extraction in
subjects with mild glucose intolerance.
Metabolism 1983:32:438—446

Valverde I, Puente J, Martin-Duce A, et al.
Changes in glucagon-like peptide-1 (GLP-1)
secretion after biliopancreatic diversion or
vertical banded gastroplasty in obese sub-
jects. Obes Surg 2005;15:387-397
Astiarraga B, Gastaldelli A, Muscelli E,
et al. Biliopancreatic diversion in non-
obese patients with type 2 diabetes: im-
pact and mechanisms. J Clin Endocrinol
Metab 2013;98:2765-2773

Nauck MA, Heimesaat MM, Behle K, et al.
Effects of glucagon-like peptide 1 on
counterregulatory hormone responses,
cognitive functions, and insulin secretion
during hyperinsulinemic, stepped hypo-
glycemic clamp experiments in healthy
volunteers. J Clin Endocrinol Metab
2002;87:1239-1246

Weir GC, Marselli L, Marchetti P, Katsuta H,
Jung MH, Bonner-Weir S. Towards better
understanding of the contributions of
overwork and glucotoxicity to the beta-cell
inadequacy of type 2 diabetes. Diabetes
Obes Metab 2009;11(Suppl. 4):82-90
Laferrere B, Reilly D, Arias S, et al. Dif-
ferential metabolic impact of gastric by-
pass surgery versus dietary intervention in
obese diabetic subjects despite identical
weight loss. Sci Transl Med 2011;3:80re2
Hirsch FF, Pareja JC, Geloneze SR, Chaim E,
Cazzo E, Geloneze B. Comparison of met-
abolic effects of surgical-induced massive
weight loss in patients with long-term re-
mission versus non-remission of type 2
diabetes. Obes Surg 2012;22:910-917

4124

DiaBETES CARE, VOLUME 36, DECEMBER 2013

care.diabetesjournals.org



