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Glucose Metabolism After Gastric

Banding and Gastric Bypass in
Individuals With Type 2 Diabetes:
Weight Loss Effect

Diabetes Care 2017;40:7-15 | DOI: 10.2337/dc16-1376

OBJECTIVE

The superior effect of Roux-en-Y gastric bypass (RYGB) on glucose control compared
with laparoscopic adjustable gastric banding (LAGB) is confounded by the greater
weight loss after RYGB. We therefore examined the effect of these two surgeries on
metabolic parameters matched on small and large amounts of weight loss.

RESEARCH DESIGN AND METHODS

Severely obese individuals with type 2 diabetes were tested for glucose metabo-
lism, B-cell function, and insulin sensitivity after oral and intravenous glucose
stimuli, before and 1 year after RYGB and LAGB, and at 10% and 20% weight loss
after each surgery.

RESULTS

RYGB resulted in greater glucagon-like peptide 1 release and incretin effect, com-
pared with LAGB, at any level of weight loss. RYGB decreased glucose levels
(120 min and area under the curve for glucose) more than LAGB at 10% weight
loss. However, the improvement in glucose metabolism, the rate of diabetes re-
mission and use of diabetes medications, insulin sensitivity, and 3-cell function
were similar after the two types of surgery after 20% equivalent weight loss.

CONCLUSIONS

Although RYGB retained its unique effect on incretins, the superiority of the effect
of RYGB over that of LAGB on glucose metabolism, which is apparent after 10%
weight loss, was attenuated after larger weight loss.

Surgical weight loss leads to improved glucose control with remission of type 2
diabetes in 30-80% of cases (1,2). Surgeries, such as Roux-en-Y gastric bypass
(RYGB), with rerouting of nutrients away from the upper part of the gastrointestinal
track, are more successful at controlling type 2 diabetes than purely restrictive
surgeries, such as laparoscopic adjustable gastric banding (LAGB) (3). In addition
to being more efficient, the metabolic improvements after RYGB appear faster than
those after LAGB (4,5), occur after minimal weight loss, and may be mediated by gut-
dependent mechanisms, independent of weight change (6,7). However, the supe-
rior effect of RYGB on diabetes, compared with LAGB (8,9), is often confounded by
greater weight loss after RYGB (3,10-13).

To investigate the contribution of weight loss amount versus altered nutrient
route to improvement in 3-cell function, we compared the effect of RYGB and LAGB

®

CrossMark

Marlena M. Holter,” Roxanne Dutia,’
Sarah M. Stano, Ronald L. Prigeon,z
Peter Homel,3 James J. McGinty Jr.,4
Scott J. Be/s/ey,4 Christine J. Ren,”
Daniel Rosen,® and Blandine Laferrérel

INew York Obesity Nutrition Research Center,
Department of Medicine, Columbia University
College of Physicians and Surgeons, New York,
NY

?Baltimore Veterans Affairs Medical Center,
Baltimore, MD

3Albert Einstein School of Medicine, Bronx, NY
“Division of Minimally Invasive Surgery, Depart-
ment of Surgery, Mount Sinai St. Luke’s Hospital,
New York, NY

>New York University Langone Medical Center,
New York, NY

®Wyckoff Heights Medical Center, Brooklyn, NY

Corresponding author: Blandine Laferrere, bbl14@
columbia.edu.

Received 27 June 2016 and accepted 8 October
2016.

This article contains Supplementary Data online
at http://care.diabetesjournals.org/lookup/
suppl/doi:10.2337/dc16-1376/-/DC1.

© 2017 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. More infor-
mation is available at http.//www.diabetesjournals
.org/content/license.

0
e
2
0
>
)
m
~
m
=)
c
0O
>
=]
(]
=2
S~
2
(=
=
Ed
=]
o
=2
=
o
]
<
(e}
X
(]
7]
(]
o
>
-



http://crossmark.crossref.org/dialog/?doi=10.2337/dc16-1376&domain=pdf&date_stamp=2016-12-03
mailto:bbl14@columbia.edu
mailto:bbl14@columbia.edu
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license

8 Glucose Control With Gastric Bypass and Banding

on incretin effect, B-cell glucose sensitiv-
ity (BCGS), and insulin sensitivity in indi-
viduals with type 2 diabetes before and
1 year after surgery, and/or after 10%
and at 20% matched weight loss after
the two types of surgery. Furthermore,
to identify the role of the incretin effect
on glucose and insulin parameters, all sub-
jects were studied after oral and intrave-
nous isoglycemic glucose stimuli. Our
primary hypothesis was that the differen-
tial effect of the two types of surgery on
insulin secretion and B-cell function
would be apparent only after an oral glu-
cose challenge, but not after an intrave-
nous glucose challenge. A secondary
hypothesis was that changes in insulin
sensitivity would track weight loss equally
after the two types of surgery.

RESEARCH DESIGN AND METHODS

Subjects

The study was conducted at Mount Sinai
St. Luke’s Hospital. Subjects were se-
lected from an eligible pool of severely
obese individuals with type 2 diabetes,
who were scheduled to undergo either
RYGB or LAGB. All subjects provided
written informed consent prior to par-
ticipating. Exclusion criteria included
age <21 or >65 years, and BMI <35
or >50 kg/mz, and treatment with di-
peptidyl peptidase 4 (DPP-4) inhibitors,
thiazolidinediones, or glucagon-like pep-
tide 1 (GLP-1) agonists.

Study Design

This is a longitudinal prospective study of
individuals with obesity and type 2 diabe-
tes enrolled in the month prior to their
bariatric surgery, and studied at 10% and
20% matched weight loss and/or at 1 year
after surgery. Diabetes remission was de-
fined using American Diabetes Associa-
tion criteria, with HbA. levels <6.5%
(48 mmol/mol), fasting glucose levels
<126 mg/dL, and 120 min postprandial
glucose levels <200 mg/dL (14).

Interventions

RYGB

Laparoscopic surgery with a 30-mL gastric
pouch, a 40-cm afferent limb, a 150-cm
Roux limb, and a 12-mm gastrojejunostomy,
as described previously (7).

LAGB

A silicone adjustable band (~10-12 mm
diameter) was placed around the proxi-
mal portion of the stomach, creating a
30-mL pouch. Adjustment of the band
with saline was performed as needed.

Diet for RYGB and LAGB

Subjects were free living, but the recom-
mended postoperative diet is clear liquids
during week 1, pureed diet during weeks
1-3, and solid foods starting at week 4.

Experimental Procedures

Oral Glucose Tolerance Test

Participants underwent a 3-h oral glucose
tolerance test (OGTT; 50 g of glucose in
200 mL) after a 12-h overnight fast. Blood
samples were collected over 3 h from an
antecubital intravenous catheter from an
arterialized arm vein kept warm with a
heating pad, in chilled EDTA tubes; blood
samples for incretins were also collected
with aprotinin (500 kallikrein inhibitory
units/mL blood; Roche Life Science, Indian-
apolis, IN) and DPP-4 inhibitor (50 pmol/L
or 10 pL/mL blood) (EMD Millipore, St.
Charles, MO). Samples were centrifuged
at 4°C and stored at —80°C.

Isoglycemic Intravenous Glucose Clamp
To measure the incretin effect and to
calculate the relative insulin secretion
after oral and matched IV glucose, an
isoglycemic glucose clamp (iso-IVGC)
was performed, as described previously
(6). Glucose (sterile 20% dextrose solu-
tion) was infused using a Gemini pump
(CareFusion, San Diego, CA) over a 3-h
time period. Blood glucose levels were
monitored using contralateral antecubital
intravenous access every 5 min, and the
glucose infusion rate was adjusted ac-
cordingly, in an effort to mimic the glu-
cose concentration profiles achieved
for each patient during the OGTT. Blood
samples were collected over 3 h as de-
scribed above.

Insulin-Modified Frequently Sampled
Intravenous Glucose Tolerance Test

An insulin-modified, frequently sampled in-
travenous glucose tolerance test (IVGTT)
was performed before and 1 year after sur-
gery. Glucose (0.3 g/kg body wt as dextrose
50 g/dL) was administered intravenously
over ~1 min, and blood was sampled using
a contralateral antecubital vein intravenous
cannulaat2,3,4,5,6,8, 10,12, 14, 16, and
19 min thereafter. At 20 min, 0.025 units/kg
insulin was injected over 20 s, and blood was
sampled at 22, 24, 25, 27, 30, 40, 50, 60, 70,
90, 100, 120, 140, 160, and 180 min (15).

Body Composition
Fat mass was measured using a three-
dimensional photonic scanner (Hama-
matsu Photonics) (16,17) before and
1 year after surgery.
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Assays

Plasma glucose was determined bedside
by the glucose oxidase method with a
glucose analyzer (Analox, Lunenburg,
MA). Total GLP-1 level was measured
by radioimmunoassay after plasma eth-
anol extraction. This assay reacts 100%
with GLP-1(17-36), GLP-1(19-36), and
GLP-1(17-37), but not with glucagon
(0.2%), GLP-2 (<0.01%), or exendin
(<0.01%). Gastric inhibitory polypep-
tide (GIP) was determined by ELISA,
which reacts 100% with GIP(1-42) and
GIP(3-42), but not with GLP-1, GLP-2,
oxyntomodulin, or glucagon. Plasma
insulin and C-peptide levels were mea-
sured by radioimmunoassay. All hor-
mone assays were performed at the
Hormonal Core Laboratory at the New
York Obesity Nutrition Research Center with
commercial kits (EMD Millipore). Intra-
assay and interassay coefficients of var-
iation ranged from 3.4% to 7.4% and
from 4.4% to 7.4%, respectively.

Calculations

Total area under the curve (AUC) during
the OGTT was calculated using the trap-
ezoidal method. The insulin response to
oral and intravenous-isoglycemic glu-
cose clamp were used to calculate the
relative incretin effect (%) on insulin and
C-peptide levels, as follows:

[(AUC |nSU|inOG'r|' — AUC Insuliniso-NGc)/
(AUC Insulinom—r)] X 100.

The OGTT insulin sensitivity index (ISI)
or the Matsuda index calculated as
follows:

10, OOO/ {(fasting glucose X fastinginsulin

X mean glucose o-180min)

- 0.5
X mean insulin o-180min) )

HOMA of insulin resistance (HOMA-IR)
(18) calculated as:

(fasting-insulin,,y m_ X fasting-glucose g a) /
405.

Insulin sensitivity was also assessed using
the Bergman minimal model analysis of
the insulin modified frequently sample
IVGTT (15). This model provides equations
to measure the acute insulin response to
glucose (AIRg; i.e., insulin secretion), the
glucose-dependent glucose disappearance
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(Sg), and the sensitivity of glucose dis-
appearance after insulin (insulin sensitiv
ity [Si]). The intravenous disposition index
(DI) was calculated in response to the
IVGTT (Dl (verm), which is derived from
the product of Si and AIRg, as well as in
response to the iso-IVGC (Dly (iso-vac))s
which is derived from the product of IV-
BCGS and 1/HOMA-IR. The insulinogenic
index was calculated using Alnsuling 3
(omol - L-1/AGlucoseg30)mmor - -1 from
the OGTT. The oral DI (Dlg (Homa-ir)
is derived from the product of the
insulinogenic index and the inverse of
HOMA-IR (19). An additional measure of
the Dlo (Dlp (s)) was derived from the
product of the insulinogenic index and ISI.

Insulin secretion rates (ISRs) calcu-
lated by mathematical deconvolution
using a two-compartment model for
hormone clearance using C-peptide
levels derived from the OGTT (O-ISR)
and iso-IVGC (IV-ISR), using the Chro-
nobiological Series Analyzer (Van Cau-
ter, Hasak, and Leproult, University of
Chicago, Chicago, IL) (20). BCGS was
calculated as the slope between the
ISR (pmol - kg~ - min~?) and the corre-
sponding blood glucose level (mmol - L™,
from baseline to peak glucose level,
from OGTT (O-BCGS) and iso-IVGC
(IV-BCGS).

Nomenclature

Variables derived from OGTT and iso-
IVGC are preceded by “O-” and “IV-,”
respectively (e.g., 0O-BCGS, IV-BCGS)
(see Supplementary Table 1).

Statistical Analysis

Normality was tested and variables were
log transformed if necessary. Nonpara-
metric tests were used if variables were
still not normally distributed. Indepen-
dent and paired t tests were used for
RYGB versus LAGB, and preintervention
versus ~10% weight loss, respectively.
Repeated-measures ANOVA was used
to compare plasma glucose matching
between the OGTT and iso-IVGC. Lin-
ear mixed-model regression analysis
was used to test the effect of surgery
type and percentage of weight loss
on outcome variables. Data are ex-
pressed as the mean = SD except in
figures where values are reported as
the mean * SEM. Statistical signifi-
cance was set at P < 0.05 (two-tailed).
IBM SPSS version 22.0 was used for all
analyses.

RESULTS

Recruitment and Retention

Of the 61 enrolled participants, 41 (26
RYGB participants, 15 LAGB participants)
were restudied at 10% weight loss, and
39 (27 RYGB and 12 LAGB) were restudied
1 year postsurgery.

Baseline Characteristics

Age (LAGB group 48.5 *= 10.2 years,
RYGB group 43.7 £ 8.2 years), diabetes
duration (LAGB group 35.7 = 36.7 months,
RYGB group 29.6 = 27.2 months), dia-
betes control (HbA;. level: LAGB group
6.5 * 0.9% or 48 * 6.64 mmol/mol; RYGB
group 6.8 = 0.7% or 48 * 5.16 mmol/mol),
use of oral diabetes medications (LAGB
group 8 of 12 subjects, RYGB group 20 of
26 subjects) and insulin (LAGB group
00f 12 subjects, RYGB group 2 of 26 sub-
jects), weight, BMI, fat mass, fasting and
postprandial glucose concentrations,
insulin sensitivity (HOMA-IR, ISI, and
Si by IVGTT), incretin effect, ISR, BCGS
after oral or intravenous glucose, AIRg,
and DI were similar between groups
prior to intervention (Tables 1 and 2
and Supplementary Tables 2-4). Base-
line data were also not different be-
tween subjects that completed all
study visits and those who did not
(data not shown).

Study 1: Changes 1 Year After RYGB
and LAGB

Twenty-seven RYGB subjectsand 12 LAGB
subjects completed the 1-year study
point after surgery (Table 1). As ex-
pected, RYGB resulted in about twice
the amount of weight loss at 1 year com-
pared with LAGB (30.1% vs. 16.6%). De-
spite this difference in weight loss, the
usage of diabetes medications de-
creased significantly and similarly in
both groups, and the percentage of pa-
tients with diabetes in remission at
1 year was similar in the two surgical
groups (88% for the RYGB group and
83% for the LAGB group).

Plasma glucose concentrations were
well matched between OGTT and iso-
IVGC except after RYGB at any level of
weight loss, when the drop in postpran-
dial glucose levels at 90 and 120 min
during the OGTT could not be matched
by the glucose clamp (Supplementary
Fig. 1A and B). As shown before, despite
matched glucose levels, the insulin level
(AUC) was significantly lower during the
iso-IVGC (Supplementary Fig. 1A and B).
The amount of glucose delivered during
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the iso-IVGC was ~80% of the oral glu-
cose load (50 g) prior to the interven-
tions, and it was only ~60% 1 year
after RYGB and LAGB. RYGB resulted in
greater incretin effect (P = 0.016) and
GLP-1 release (P = 0.001) (Supplementary
Figs. 1C and D, and 2A), better early (0—
60 min) B-cell response to oral glucose (P =
0.006) (O-BCGS and O-ISR), lower 120-min
glucose level after oral glucose (P =0.002),
and greater improvement in Dlg (Homa-ir)
(P =0.001) compared with LAGB (Table 1,
Figs. 1B and 2B, and Supplementary Figs.
1E and F, 2A, and 3). Despite the larger
weight loss after RYGB, the improvements
in AIRg, SI, Dl,y, and fat mass were not
significantly different after the two types
of surgery (Table 1, Figs. 1A and 2A, and
Supplementary Table 2).

Study 2a: Comparison of RYGB and

LAGB at 10% Matched Weight Loss

Most subjects were restudied at 10%
weight loss (LAGB group, n = 15: 9.6 =
2.0% weight loss; vs. RYGB group, n = 26:
10.0 = 2.0% weight loss, P = NS). It took
twice as long for LAGB patients to lose
the same amount of weight (RYGB group
4.2 = 0.9 weeks, LAGB group 8.7 =
8.5 weeks, P = 0.020) (Table 2). The im-
provement in fasting and postprandial
glucose levels, GLP-1 release and incre-
tin effect, Dlp (Homa-ir), O-BCGS, and
O-ISR was superior after RYGB com-
pared with after LAGB. However, the
response to intravenous glucose (IV-
BCGS and IV-ISR) and insulin sensitivity
(HOMA-IR or ISl) improved similarly in
the two surgical groups (Table 2, Fig.
2B and C, and Supplementary Table 3).

Study 2b: Comparison of RYGB and
LAGB at 10% and 20% Matched
Weight Loss

Only eight individuals in each surgical
group were available for study at 20%
weight loss (Supplementary Table 4).
The time to achieve the 20% weight
loss goal was again shorter after RYGB
(Supplementary Table 4) (median time
26.2 weeks, range 21.3-109.4 weeks)
compared with after LAGB (median time
54.5 weeks, range 52.0-106.7 weeks).
Differences in 120-min glucose levels
and AUC for glucose observed between
groups after 10% matched weight loss
largely disappeared after 20% weight
loss; insulin sensitivity improved similarly
after both types of surgery. However,
after RYGB individuals continued to show
greater improvement in O-BCGS, incretin


http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc16-1376/-/DC1
http://care.diabetesjournals.org

Diabetes Care Volume 40, January 2017

10 Glucose Control With Gastric Bypass and Banding

‘(£ = U g9V ‘€T = U §9AY) LLOAI pue uoiisodwod Apoq 1oy 3dadxa (T = U) gDV PUB (LT = U) 9DAY PUB GOV USSMIS] 30UBIHIP S0'0 > d# ‘SNOUARIIUL 'SA G0'0 > d4+ ‘UOIIUSAIRIUIRId
'SA G0'0 > dx “99AY YUM pue goy] Yim a3ueyd usamiag 3dUaJa)4Ip Y3 J0) a4e pallodal SanjeA ¢ 8y ‘UoIjuaAIIUI YIm 33ueyd ‘y "paledipul 8SIMIBYIO0 SSIjun ‘S F ueaw ayl se pariodal aue sanjep

6200 +G'6C T V'EE #9'8T * ¥’ S'6T ¥ §0C 8'ST FGTT T'9T  0'9¢ T'ST F S'1eC (%) 123443 uza.dUL UlNSU|
100°0> +6°LV ¥ ¥'6S #'LY ¥ TOL v'L ¥ 80T T ¥ 6°€T T'TC * €0€ ST ¥ €9T IR @) g
10 «TL0 = Tv°0 0,0 * 9t°0 L00 ¥ 90°0 T€0 * ST0 670 F TT0 500 = S0°0 EERFD) Mg
1€9°0 +S'OEY F €/8Y 9'2¢S ¥ T¥S9 0'0TC ¥ 6'99T +E€'GLE F €96€ 6'9¥9 & 7’855 T'667 + 6'T9T W) Ay
8680 T F0T STFCE 80F 8T T F0C 6TFSE LTF9T (1/10wd) 1S
669°0 TSTC + 8°56 T0TC * €°8TC SOVT * §°TCT 6'20T ¥ 6'£9 G°LST  €09T ¥'I8T ¥ t'C6 (;_uw -7 nw) Sy
0TT°0 +500°0 = €000 S00°0 * 200 ¥00'0 ¥ T00 +700°0 ¥ £000 S00°0 F 200 7000 * T00 8s
TS0 «67°0 = TT'0 o * LSO 970 F GE'0 S50 ¥ 600 8Y'0 & L0 870 * 8€°0 (;_1/loww - _uiw - ;3 - jowd) $9O8-Al
¥20°0 +CT ¥ EET #19T'T ¥ 96'T 1EV'0 ¥ T9°0 +I8°0 = €5°0 1590 ¥ 60°'T 60 = 95°0 (;_1/loww -, _uiw -3y - jowd) $928-0
[444) «0'S ¥ 8% 0SF1L9 S0F 8T «€E€EFTE SEF VS 8T F ST ISl
898°0 «LEFTL #I'TF0C €V FS6 «7'9 ¥ 89 87 F 8¢ L'LF€E0T HI-VINIOH
¥ST'0 €80T * 0°0C T°00T * 0'8¢¢ S'S0T * 9°S0¢C 6’18 F 6'9C S'6L F TOLT T'TTT ¥ 6'S6T (;_uw - 8- jowd) %9703y YSI-Al
0650 +C'ELE F V'6TT 5'09¢ ¥ 6°7€9 L'96C F 6'8SL TEVY ¥ £°00C T°LST F ¥'655 1967 * ¥'8¢L (;_uiw - 3y - jowd) %8703y YS|-Al
100°0> +6'CIE * 6'9/C #17'T8C F T'0€S 19VTT F ¥'69¢ 9'CIT ¥ 6'LC +T°0ST * 6'S9¢ 10'€ST F 9°09¢C (;_uiw -3y - jowd) %793V YSI-0
09t°0 ¥'0v9 ¥ T'L6 10°0Ly  0'S€6 1€'G9€ T 6'9/8 €Ly ¥ 8'8€ 1T°/2S T T'€88 0'SSY ¥ '8 (;_unw - 8y - jowd) %8170y ¥SI-0
9€E0 «0'€ ¥ G'€ 9T F 0L ¥'C ¥ 0T +8TF ST 6TFT8 6'CF 90T (;_ulw -, _7-joww) ony 2s0an|9
5000 «V'E€EFGS #9T T ¥'S 67 F 80T +GEF6T ST¥48 TEF LOT (;_1 - Joww) 850dn|3 UIW-0ZT
8920 «6'T ¥ €C 60F TG 8T FSL *xSEFTT 0T 9§ 6T F8L (;_1- Joww) asoon|3 Suiisey
STL0 L LT FT8 T'€T * €V€ TUaUFLW €S F 01T ST ¥ TOE 70T F 8'TH (8) (3DAI-0s]) pasnyui 8s0an|9
S59°0 T F L6y S'LT ¥ T°9S (s123m) uoneunp sso| ysBM
100°0> #V'E ¥ TOE 86 F 99T (%) sso| ySrem
0100 «EV ¥ 0'€T #V'€ T TTE L'EF9Y «TSFT8 L'S ¥ T'9€ 6V F v'EY (;_w-3%) INg
sanjeA d v A1agunsysod Jesp T A1a8insaud v A1a8insisod Jeap T A1agunsauid

(42 = u) 9OAY

(zT = u) gov1

gDAYU Pue goy 19k 1eak T sabueyd jeuourioy pue dloqerdw—Ti alqe.l



11

Holter and Associates

care.diabetesjournals.org

Table 2—Comparison of RYGB and LAGB at 10% matched weight loss

LAGB (n = 15) RYGB (n = 26)

Pre-LAGB 10% Weight loss A Pre-RYGB 10% Weight loss A P values
BMI :Am\BNV 424+ 4.9 38.1+4.6 4.3 + 1.6* 447 * 3.6 40.3 = 3.6 4.4+ 1.1* 0.846
Weight loss (%) 9.6 £ 20 10.0 £ 2.0 0.633
Weight loss duration (weeks) 8.7 = 8.5 42 +09 0.020
Glucose infused (iso-IVGC) (g) 446 + 19.1 44.7 = 16.2 0.004 = 19.4 40.5 = 9.4 35.6 £ 12.9 5.0 + 16.0 0.075
Fasting glucose (mmol . _.\J 8.1*+2.0 6.8 = 1.8 13 £ 1.6* 7.4+ 1.5 5.6 = 0.8# 1.6 £ 1.5* 0.574
120-min glucose (mmol - L™ %) 11.7 = 3.7 114+ 4.4 0.3 20 10.7 £ 2.8 6.6 = 1.9# 4.1 *+ 2.6* <0.001
Glucose AUC (mmol - L™ . min~ %) 11.4 £33 105 £ 3.4 0.9 = 1.8* 104 =23 7.9 £ 1.6# 2.5 £ 2.0* 0.011
0-ISR AUCq_130 (pmol - kg™t . min™?) 839.0 = 431.6 933.3 * 468.8 106.3 * 795.7 853.1 * 358.9t 959.8 *+ 377.1t 106.7 * 288.8 0.878
0-ISR AUCq_go (pmol - kg™t . min~?) 262.8 = 144.0t 287.2 + 151.8F 24.4 * 951 260.6 = 113.6t 459.3 *+ 192.61# 198.7 * 129.4* <0.001
IV-ISR AUCq_150 (pmol - kg~ - min %) 767.3 + 453.2 801.9 + 368.4 34.6 + 178.9 732.1 = 290.3 657.4 = 237.0 74.7 * 184.7 0.327
IV-ISR AUCp_go (pmol - _AmlH . 35|J 202.5 £ 100.7 218.9 = 118.3 16.4 = 81.0 203.2 £ 105.2 226.5 * 102.0* 23.3 *+ 49.4* 0.768
HOMA-IR 9.1 %£5.2 5.7+ 3.1 3.5 = 4.5% 9.6 £ 3.9 40=*20 5.6 = 3.8*% 0.134
ISI 23 %16 31*23 0.8 * 2.0* 1.8 +0.8 3.0 £17 1.2 = 1.8* 0.547
DI,y (iso-IVGC) 0.04 = 0.05 0.18 = 0.37 0.14 = 0.33 0.05 = 0.05 0.17 = 0.17 0.12 + 0.15* 0.812
Dlo (Homa-IR) 13.6 £ 23.1 22.8 = 29.9 9.2 = 15.9* 104 £ 7.0 46.6 = 35.7# 36.2 = 36.4* 0.002
0-BCGS (pmol . _Am\H .min~ 1. 330_\_.\J 0.50 = 0.461 0.89 * 0.73% 0.39 £ 0.85* 0.62 £ 0.41t 1.54 = 0.70t# 0.92 £ 0.65* 0.047
IV-BCGS (pmol - kg~ - min~*. mmol/L™?) 0.32 = 0.28 0.56 = 0.54 0.24 * 0.32* 0.34 = 0.25 0.49 * 0.34 0.15 * 0.31* 0.367
Insulin incretin effect (%) 19.8 = 255 34.0 * 15.5 15.3 * 26.6* 20.2 = 20.0 50.8 + 14.3# 30.6 + 27.6* 0.090

Values are reported as the mean = SD, unless otherwise indicated. The P values reported are for the difference between change with LAGB and with RYGB. A, change with intervention. *P < 0.05 vs.

preintervention; TP < 0.05 vs. intravenous; #P < 0.05 vs. LAGB.
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Figure 1—Effect of RYGB and LAGB on the DI in response to IVGTT (A) (n = 7 for LAGB, n = 13 for
RYGB); and OGTT (B) (n = 12 for LAGB, n = 27 for RYGB). Insets: Effect of RYGB and LAGB on DI,y
(A) and Dlg (B). Circles, RYGB; squares, LAGB; open symbols, presurgery; closed symbols, 1 year
after surgery. Values are reported as mean * SEM for all groups. *P < 0.05 vs. preintervention;

#P < 0.05 vs. LAGB.

effect, and Dlo (Homa-ir) cOmpared with
after LAGB (Supplementary Table 4).
Although this group was small, data ob-
tained after 10% weight loss did not differ
from that obtained for the larger group
after the same amount of weight loss.

Weight Loss Versus Surgery Type
Effect

Finally, there was a strong relationship
shown between insulin sensitivity and
BMI (Fig. 2), and between O-BCGS
and 2-h plasma glucose level (overall:
r=—0.647, P < 0.001; within RYGB: r =
—0.652, P < 0.001; within LAGB: r =
—0.595, P < 0.001) (Supplementary
Fig. 3A). Results from mixed-model re-
gression analysis showed that surgery
type and weight loss were both signifi-
cant predictors of postsurgery glucose
level (fasting glucose vs. surgery P =
0.043; weight loss P < 0.001; 120-min
glucose vs. surgery P < 0.001; weight
loss P < 0.001; glucose AUC vs. surgery
P = 0.005; weight loss P < 0.001), B-cell
function (Dlo (Homa-Ir)) (surgery P =
0.024, weight loss P < 0.001), and
O-BCGS (surgery P = 0.018, weight loss
P = 0.007). Weight loss, but not surgery
type, predicted ISI (P < 0.001), HOMA-IR
(P < 0.001), and early-phase insulin se-
cretion (INSayco-s0) (P << 0.001). Surgery
type, but not weight loss, predicted GLP-1
release (GLP-1 peak P < 0.001, GLP-1 AUC
P < 0.001) and the incretin effect (incre-
tin effect on insulin P < 0.001, incretin
effect on C-peptide level P = 0.033)
(Supplementary Table 5).

CONCLUSIONS

The major findings of the current study
are that in morbidly obese individuals
with type 2 diabetes: 1) insulin sensitivity

(ISI, HOMA-IR, and Si) and insulin secre-
tory response to an IV stimulus (either
AIRg or total ISR from 0 to 180 min dur-
ing intravenous-isoglycemic clamp) im-
proved as a function of weight loss,
regardless of the type of bariatric surgery;
2) BCGS and ISR after oral glucose in-
creased twofold to fourfold more after
RYGB compared with after LAGB, regard-
less of the degree of weight loss; 3) the
incretin effect is associated with elevated
GLP-1 level and lower postprandial glu-
cose level, an effect specific to RYGB, in-
dependent of the degree of weight loss;
and 4) the difference in metabolic out-
comes between the two types of surgery
observed at 10% weight loss is signifi-
cantly attenuated at 20% weight loss.

Weight loss, but not surgery type,
was a predictor of insulin sensitivity by
HOMA-IR and ISI. Insulin sensitivity, as-
sessed by HOMA-IR, Si from IVGTT and/or
ISI during OGTT, improved after both types
of surgery, confirming well-documented
data after RYGB (21,22) or LAGB (23-25).
Moreover, we show that the effect is a
function of weight loss, independent of
the surgery type. Insulin sensitivity im-
proves equally after LAGB and RYGB
after similar amounts of weight loss.
Similar improvement in insulin sensitiv-
ity was also shown after 20% matched
weight loss after RYGB and LAGB in in-
dividuals without diabetes (26), or after
7-8% weight loss by either a very low-
calorie diet or RYGB (27).

Similarly, insulin secretion measured
after acute (AIRg) or prolonged (3-h intra-
venous-isoglycemic clamp) intravenous
administration of glucose, improves simi-
larly 1 year after RYGB and LAGB. Others
have shown recovery of AIRg in individuals
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with type 2 diabetes as early as 1 month
after RYGB with sustained elevation up to
2 years after RYGB (28). Parameters of
IVGTT were shown to improve similarly
after 7-8% weight loss via either RYGB
or a very low-calorie diet in subjects with
type 2 diabetes (27).

On the contrary, the greater magni-
tude of change in parameters of 3-cell
function (O-BCGS and early-phase insulin
secretion or ISR from 0 to 60 min) in re-
sponse to oral glucose administration af-
ter RYGB, compared with LAGB, observed
at any level of weight loss, suggest a spe-
cific RYGB effect, independent of weight
loss. This is in agreement with our work-
ing hypothesis. This specific effect of
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Figure 2—Relationship between weight loss
and improved insulin sensitivity measured
during IVGTT (4; LAGB, n = 7; RYGB, n =
13), fasted condition (B), and OGTT (C). Cir-
cles, RYGB; squares, LAGB; open symbols,
presurgery (LAGB, n = 15; RYGB, n = 27);
“target” symbols, 10% matched weight loss
(LAGB, n = 15; RYGB, n = 26); gray symbols,
20% matched weight loss (n = 8 for LAGB and
RYGB); closed symbols, 1 year after LAGB (n =
12) or RYGB (n = 27). Values are reported as
the mean =+ SEM for all groups. *P < 0.05 vs.
preintervention; #P << 0.05 vs. LAGB.
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RYGB, not observed after LAGB, is likely
related to the unique rise of GLP-1 after
RYGB, and can be blocked by the GLP-1
receptor antagonist exendin 9 (29,30).
Our data are in agreement with those of
Kashyap et al. (31), who showed a greater
improvement of -cell function, assessed
during a meal test, 1 week and 4 weeks
after RYGB compared with restrictive gas-
tric surgery (vertical sleeve gastrectomy
and LAGB) in obese subjects with type 2
diabetes. Both our study and that by
Kashyap et al. (31) point to a potential role
for the gastrointestinal tract, in addition
to weight loss, in the improvement in
B-cell function after RYGB during nutrient
ingestion. Comparison of the contribution
of weight loss versus the gastrointestinal
tract in the improvement in B-cell func-
tion has been explored by other studies.
Salinari et al. (22) compared the effects of
the oral versus the IV route on 3-cell func-
tion and showed that RYGB increased DI
during both the OGTT and IVGTT after
10% weight loss in subjects with type 2
diabetes. Although Salinari et al. (22) did
not report whether the relative improve-
ment was greater after oral or IV glucose
stimulation, it appears that the percent-
age increase was greater during the
OGTT. However, caution should be used
for the interpretation of data on 3-cell
function measured during an OGTT or a
meal test after RYGB, because the absorp-
tion of glucose is rapid after RYGB.

This is in agreement with our work
showing that O-BCGS or O-ISR are 2.54.3
larger after RYGB vs LAGB, at any given
level of weight loss, while -cell response
to intravenous glucose administration
(IV-BCGS and IV-ISR) seems to track weight
loss similarly after both types of surgery.
The specificity of our study design, using
both the oral and IV route to expose the
B-cell to matched glycemic stimuli, as well
as different levels of weight loss after RYGB
and LAGB, gives a unique opportunity to
isolate a “gut incretin effect” versus a
weight loss effect.

Our group has shown an early (1 month)
(6) and durable (3 years) (32) recovery
of the blunted incretin effect in patients
with type 2 diabetes after RYGB. This
effect was not seen after an equiva-
lent 10% weight loss induced by diet
(7). Here we confirmed that surgery
type, but not weight loss, is the main
predictor of the recovery of the incretin
effect. The enhanced GLP-1 response is
specifically observed after RYGB, at any

level of weight loss. We previously re-
ported that GLP-1, which rises consis-
tently after this RYGB (6,7,33,34), was a
significant predictor of postsurgery
B-cell function, in a cohort observed up
to 3 years after RYGB (32). Other studies
(35) have also shown that postprandial
GLP-1 level is associated with 3-cell func-
tion in a postbariatric population. Al-
though weight loss had no predictive
value on incretin effect in a mixed-model
regression analysis, interestingly there
was a small, nonsignificant 50-150% in-
crease in the incretin effect after LAGB,
albeit of much smaller magnitude than
the ~250-330% increase after RYGB. Be-
cause GLP-1 levels do not change after
LAGB, GLP-1 is likely not the mediator of
the small increase in incretin effect after
LAGB, although we cannot exclude a
greater sensitivity to endogenous GLP-1
after LAGB weight loss. Recent data (36)
show that the density of both cells im-
munoreactive for GLP-1 and for GIP in-
creased in patients after RYGB. However,
the role of GIP as a mediator of the en-
hanced incretin effect and improved
B-cell function after RYGB or LAGB is
less well defined, mainly because of the
lack of a specific inhibitor available for
human testing. A nonspecific amplifica-
tion of GIP signaling with DPP-4 inhibi-
tion did not modify glucose tolerance
after RYGB (37). The postprandial
change in GIP levels is less consistent
after RYGB (6,38) and is of a lesser mag-
nitude than the change in GLP-1 levels.
In this study, the greater rise in GIP
levels after RYGB, compared with
LAGB, was apparent after 10% weight
loss. However, after larger weight
loss and/or 1 year after both types
of surgery, GIP levels were not differ-
ent between them, suggesting that
the new metabolic status of reduced
weight, rather than the surgery type,
mediated the GIP levels. Therefore, it
is possible that some of the recovery
of the incretin effect after either type
of surgery could be mediated by changes
in GIP.

Finally, our data show that the differ-
ence in the metabolic outcome between
the two types of surgery is attenuated
after larger weight loss. This is an impor-
tant finding. Our study is the only one, to
our knowledge, that compares RYGB
and LAGB after large weight loss in indi-
viduals with type 2 diabetes, matched
prior to the surgical interventions for
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B-cell function and insulin sensitivity.
Larger (16.6% or 20%) weight loss after
LAGB results in a decrease in fasting glu-
cose levels and glucose AUC similar to
that observed after 20% or 30% weight
loss after RYGB, showing the importance
of achieving a certain amount of weight
loss over that of surgery type. This is in
agreement with the study by Bradley
etal. (26) inindividuals without diabetes
and with recent data from the Swedish
Obese Subjects study (39), which also
suggest that weight change, rather
than surgery type, is the best predictor
of glucose control 2 and 10 years after
bariatric surgery.

Therefore, although the magnitude of
the weight-independent effect of RYGB
on the incretin system during the inges-
tion of nutrients is highly significant and
sustained overtime, its contribution to
long-term glucose control and diabetes
remission may be limited. These data
differ from those reported by Purnell
et al. (40), which suggest that the signif-
icant differences in 3-year rates of dia-
betes remission between RYGB and
LAGB are independent of weight loss
and manifest from unique metabolic
mechanisms of RYGB. Their findings
may be attributed to possible presur-
gery differences in 3-cell function and
insulin sensitivity between their groups,
key predictors of glucose control after
bariatric surgery, which, unfortunately,
were not measured in their study (40).

Although this study makes a critical
contribution to the literature, there are
several limitations that should be recog-
nized. The assighnment to LAGB or RYGB
was not randomized, but was dictated
by the preferences of patients and sur-
geons. However, the two groups did not
differ before intervention in terms of
the following known clinical predictors
of diabetes remission: diabetes duration
and control, medication and insulin use,
and various measures of 3-cell function
or BMI. Diet was not controlled for, and
participants followed the standard die-
tary recommendation after bariatric sur-
gery. The time it took the LAGB group to
achieve any weight loss goals was not
only significantly longer, but also highly
variable, compared with a shorter and
less variable time for the RYGB group. It
is likely that the rate of weight loss was
faster after RYGB than after LAGB. How-
ever, controlling for the rate of weight
loss showed equivalent improvement in
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B-cell function after intravenous glucose
administration after RYGB or diet (27),
suggesting that this may not be impor-
tant. The limitations of the techniques
used to assess B-cell function in this
study, including the 50-g OGTT (vs. 75-g
OGTT) and iso-IVGC (to derive 3-cell func-
tion), with the difficulty in matching
glucose levels after RYGB, have been dis-
cussed in detail in a recent publication
from our group (32). In addition, caution
should be used for the interpretation of
measures of 3-cell function after oral glu-
cose administration due to the change in
glucose absorption after RYGB. Follow-up
was of short duration (12 months). Fi-
nally, the overall number of LAGB partic-
ipants who completed all study visits was
small, especially those who achieved 20%
weight loss, which may have underpow-
ered some of the results. Further, this
selected group of LAGB participants with
large weight loss is likely not representa-
tive of the overall effect of LAGB, which is
usually more modest. Our study design
aimed at using LAGB as a comparative
group to RYGB, at a matched 20% weight
loss. Challenges included the significant
bias of the bariatric surgeons to prefer-
entially offer RYGB—or vertical sleeve
gastrectomy—to patients with type 2
diabetes, rather than LAGB, and the
highly variable weight loss outcome after
LAGB. Despite these difficulties, we were
able to show that, after 15-20% weight
loss after LAGB, fewer metabolic differ-
ences exist between the two types of sur-
geries, highlighting the importance of the
effect of weight loss, in selected groups
well matched for preintervention {3-cell
function, on improvement of glucose
metabolism. Our data also confirm the en-
gagement of the gastrointestinal track dur-
ing nutrient ingestion after RYGB, which
provides an additional benefit on B-cell
function, via the incretin effect, indepen-
dent of weight loss. However, the overall
importance of the gut mechanism on long-
term diabetes remission may be limited.
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