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Abstract

Introduction About 20% of patients operated with Roux-en-Y gastric bypass (RY GBP) experience poor long-term weight result.
This study compared levels of leptin and gut hormones in long-term weight responders with non-responders after RYGBP. In a
subgroup analysis, hormone levels were assessed in T2DM (type 2 diabetes mellitus) and normoglycemic participants.
Methods Insulin, glucose, leptin, acyl-ghrelin, total PY'Y, active GLP-1, and GIP were measured during an oral glucose tolerance
test (OGTT) in post-RYGBP subjects: 22 non-responders (BMI 40.6 + 6.0 kg/m? after an excess BMI loss [EBMIL] of 26.0 +
15.9%) and 18 responders (BMI 29.5 + 3.5 kg/m? after an EBMIL of 74.9 + 18.2%). Subjects were matched for preoperative age,
BMI, and years of follow-up. Measures of glucose homeostasis were calculated, and body composition was measured.

Results Fat mass—adjusted fasting leptin correlated negatively with %EBMIL (r=—0.57, p <0.01). Non-responders presented
higher levels of leptin during the OGTT. Leptin decreased and ghrelin returned to baseline levels earlier in non-responders.
Despite having higher insulin resistance than responders, non-responders demonstrated similar OGTT responses of GLP-1, GIP,
and PYY. T2DM participants demonstrated lower GLP-1 levels than normoglycemic participants of similar weight.
Conclusion Fasting leptin is associated with weight result after RYGBP, and hormonal responses to a glucose oral load might
work towards promoting obesity in long-term non-responders after RYGBP. Poor long-term weight result and glycemic status

after RYGBP are each associated with differences in peptide hormone levels.
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Introduction

Bariatric surgery is considered to be a safe and reliable method
to achieve substantial weight loss and relief of obesity-related
comorbidities, with superior outcomes compared with non-
surgical alternatives [1, 2]. Roux-en-Y gastric bypass
(RYGBP) [3] results in durable weight loss for most patients
[4], with marked hormonal changes occurring promptly after
surgery, even before tangible weight loss ensues [5]. However,
some degree of postsurgical weight regain is common, as not-
ed in one-half of patients 2 years after surgery [6]. After
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5 years, about 20% of patients will have lost less than half
of their preoperative overweight [7], a hallmark of failed bar-
iatric surgery [8].

To study mechanisms involved in weight loss and weight
maintenance, research has been aimed at investigating various
peptide hormones that regulate appetite and glucose homeo-
stasis. Leptin is an adipocyte-derived hormone involved in
satiety sensing and energy balance regulation that mainly
changes in tandem with fat mass [9]. Leptin decreases after
diet-induced weight loss and remains low during weight main-
tenance [10]. In obese subjects, decreased sensitivity to circu-
lating leptin is suspected [11]. Amongst endocrine signaling
hormones in the upper gastrointestinal tract, the orexigenic
hormone ghrelin [12] and gastric inhibitory peptide (GIP)
[13] are higher in obese individuals than in normal-weight
individuals. After increasing during diet-induced weight loss,
ghrelin and GIP both return to baseline levels during weight
maintenance [14, 15]. These changes speak in favor of a tran-
sient regulatory role of ghrelin and GIP in diet-induced short-
term weight loss.
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Glucagon-like peptide-1 (GLP-1) is an insulinogenic and
anorexigenic hormone from the lower gastrointestinal tract.
Fasting GLP-1 levels increase after diet-induced weight loss
and after 1 year of weight maintenance [15], and postprandial
GLP-1 levels are lower in obese subjects than in lean subjects
[16]. Peptide YY (PYY) reduces the postprandial insulin re-
sponse and postprandial PY'Y was found to increase after diet-
induced weight loss and remained higher than baseline 1 year
after maintenance of reduced body weight [15]. GLP-1 and
PYY are expected to dampen hunger signaling and promote
weight loss, and thus, changes in these hormones after diet-
induced weight loss are believed to contribute to long-term
weight maintenance.

To identify hormonal differences associated with disparate
long-term outcomes of bariatric surgery, the primary aim of
this study was to compare circulating leptin and peptide hor-
mones during an oral glucose tolerance test (OGTT) in sub-
jects with and without satisfactory long-term weight loss after
RYGBP. In a subgroup analysis, hormone levels in post-
RYGBP subjects with type 2 diabetes mellitus (T2DM) were
compared with weight-similar normoglycemic subjects.

Material and Methods
Participant Selection

Female subjects operated with RYGBP were screened for in-
clusion amongst 474 subjects answering our follow-up ques-
tionnaire regarding body weight 5 years after surgery.
Selection criterion for non-responders was less than 50% ex-
cess BMI loss (%2EBMIL), while responders were recruited
from the remaining patients. Excess BMI was defined as BMI
over 25 kg/m?, and 22.8% of answering subjects reported an
EBMIL of <50%. Non-responders (n=22) and responders
(n=18) were matched at inclusion for preoperative age,
weight, and height, as well as number of years between sur-
gery and examination (Table 1). After a median of 11 years
after surgery, non-responders had a BMI of 40.6 + 6.0 kg/m*
and responders had a BMI of 29.5 + 3.5 kg/m?, corresponding
to an EBMIL 0f26.0% + 15.9% and 74.9% + 18.2%, means +
SD, respectively. Because the majority of patients having bar-
iatric surgery are female, male participants were excluded
from the present study for the sake of uniformity.

T2DM Subgroup

T2DM subjects were identified according to the diagnostic
criteria of the OGTT: fasting blood glucose values >
7.0 mmol/L and/or blood glucose >11.0 mmol/L at the
120-min checkpoint of the test. Normoglycemic subjects
were identified as having fasting blood glucose of <
6.1 mmol/L. To better define the groups, four participants

Table 1 Group characteristics at surgery and at examination for non-
responders and responders after RY GBP. Age, weight, height, BMI, and
weight loss in non-responders and responders before and after gastric
bypass, as well as years of follow-up. Parametric variables expressed as
mean values + standard deviation, non-parametric variables expressed as
median values (interquartile range). Differences analyzed using Welch’s ¢
test and Wilcoxon’s rank sum test where applicable

Non- Responders p value
responders (n=18)
(n=22)
Data at surgery
Age (years) 41.0 (15.8) 38.5(14.5) 0.56
Weight (kg) 124.5 (21.3) 119.0 (19.3) 0.18
Height (m) 1.65+0.06 1.65+0.05 0.92
BMI (kg/m?) 453 (5.5) 42.5(5.0) 0.12
Data at examination
Age (years) 52.0+75 532+114 0.71
Weight (kg) 109.6+17.1 79.7+9.7 <0.01
Height (m) 1.64 £0.06 1.65+0.06 0.86
BMI (kg/m?) 40.6+6.0 29.5+3.5 <0.01
Weight loss and follow-up
Excess BMI loss (%)  26.0£15.9 749+18.3 <0.01
Total weight loss (%) 125+6.3 324+84 <0.01
Follow-up (years) 11.5 (8.0) 9.5(7.0) 0.38

with impaired glucose tolerance were excluded from the
subgroup analysis. Thus, seven subjects with T2DM
(BMI 34.7+5.3 following EBMIL 46.2+26.3%, 11.7 +
4.5 years after surgery) were compared with 29
normoglycemic subjects (BMI 34.3+6.5 following
EBMIL 52.9 +27.9%, 11.7 &+ 3.8 years after surgery, means
+ SD respectively) regarding glucose homeostasis and hor-
mone levels. There were 2 responders and 5 non-
responders in the diabetic group, and 15 responders and
14 non-responders in the normoglycemic group. T2DM
subjects did not significantly differ from normoglycemic
participants in preoperative age, BMI, %EBMIL, or years
of follow-up.

Surgical Technique

The main part of the stomach and duodenum were exclud-
ed from the passage of ingested nutrients by the construc-
tion of a proximal gastric pouch. The jejunum was divid-
ed 30 cm after the ligament of Treitz, and the distal end
was anastomosed to the gastric pouch. Biliary continuity
was restored by anastomosing the proximal end to the
jejunum, 70 cm distal to the gastroenteroanastomosis.
All participants were operated upon using the same tech-
nique. All participants followed the same postoperative
course and follow-up.
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Oral Glucose Tolerance Test

Participants were asked to fast overnight and to take no med-
ications on the day of the examination. On arriving to the
laboratory at 08:30 AM, they were informed about the
OGTT details. An intravenous line was inserted into an
antecubital vein, and anthropometric data (length and weight)
were collected. Fasting blood samples were collected before
ingestion of 75 g of glucose dissolved in 250 mL water to start
the OGTT. Additional blood samples were drawn at 30, 60,
90, and 120 min after the oral glucose load. Samples were later
assayed for leptin and acyl-ghrelin (hereinafter ghrelin), the
incretins GIP and active GLP-1, as well as total PY'Y, insulin,
and glucose.

Blood Sample Handling

A protease inhibitor cocktail was prepared, as described in
earlier studies [17-19], consisting of 5.5 uL 10 mM KR-
62436 [20] (DPP4 inhibitor) in DMSO and a
SIGMAFAST® protease inhibitor tablet [21] (both produced
by Sigma-Aldrich Corp., St. Louis, MO, USA, cat no. K4264
and S8830) dissolved in 2100 pL of distilled water (50%
stock). Blood samples were immediately put on ice, and
160 puL of the 50% protease inhibitor cocktail was added.
Tubes were vortexed for 10 s and centrifuged at 4 °C,
10 min, and 2500 RCF. The resulting supernatant (plasma)
was immediately frozen at —25 °C until assayed. Blood was
also drawn into 6-mL tubes in parallel for HbA 1c, insulin, and
glucose analyses. These were sent at room temperature for
analysis at the hospital clinical chemistry laboratory immedi-
ately after the examination was completed.

Multiplex ELISA by Electrochemiluminescence

Plasma concentrations of ghrelin, GIP, active GLP-1, lep-
tin, and total PYY were assayed by multiplex ELISA
using electrochemiluminescence detection. Plasma sam-
ples were thawed and vortexed. Samples were then ana-
lyzed in duplicate on 96-well multispot plates (Meso
Scale Diagnostics, Rockville, MD, USA) coated with cap-
ture antibodies against ghrelin, GIP, active GLP-1, leptin,
and total PYY according to manufacturer’s instructions.
The Meso Scale Diagnostics QuickPlex SQ120 imager
was used to read the plates. Resulting duplicate sample
values were used to calculate percent coefficient of vari-
ation (CV%) values, which were as follows (intra/inter-
assay): ghrelin 19.8/3.5; GIP 3.6/6.9; active GLP-1 8.8/
27.5; leptin 4.4/9.1; total PYY 5.1/4.0. Intra-assay CV%
was possible using a quality control plasma sample on all
plates. Lower limits of detection calculated from 5 stan-
dard curves were as follows (ng/L): ghrelin 6.4; GIP 4.0;
active GLP-1 0.5; leptin 65; total PYY 12.5. Reference
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fasting values for these assays obtained from 41 healthy
humans were as follows (mean + SD, ng/L): ghrelin 118
+93; GIP 204 +197; active GLP-1 2.3 +£2.5; leptin 4202
+8520; total PYY 38.5+£15.8.

Measures of Glucose Homeostasis

Whole-body insulin sensitivity was estimated using the
Matsuda Index [22]. 3 cell function was estimated by the
insulinogenic Index, using the formula: Insulinogenic Index
= (30 min insulin — fasting insulin)/((30 min glucose — fasting
glucose) x 18) [23]. Glucose and insulin responses were cal-
culated as the incremental area under the curve (1IAUC) by use
of the trapezoid rule on values obtained by calculating the
difference between measures in each control point and base-
line (fasting values).

Body Composition

As leptin is known to be produced in the adipose tissue, it was
considered necessary to adjust leptin values for fat mass. For
this purpose, body composition was measured in all partici-
pants at the examination using a combination of bioelectrical
impedance analysis (InBody S20, Biospace, Seoul, Korea)
and air displacement plethysmography (BodPod, Life
Measurements Inc., Concord, CA, USA).

Statistics

Data were investigated for normality using the Shapiro-
Wilk test. Parametric variables were described as mean +
standard deviation and non-parametric variables as medi-
an with interquartile range. Correlations between
%EBMIL, and fasting leptin and ghrelin (non-normally
distributed) were done using Spearman’s product-
moment correlation. The ratio between ghrelin and fat
mass—adjusted leptin was calculated by dividing the for-
mer with the latter. Hormone data, ghrelin/leptin ratio,
glucose, and insulin (non-normally distributed) during
the OGTT were investigated for differences between
groups using the Wilcoxon test and Holm’s method for
correction for multiple comparisons. Differences in hor-
mone levels within groups between baseline and different
time points were examined with the Friedman test follow-
ed by Dunn’s test to correct for multiple comparisons.

For all analyses, p values < 0.05 were considered signifi-
cant. Statistical analyses were conducted using R software (R
version 3.2.5, The R Foundation for Statistical Computing,
Vienna, Austria) and GraphPad Prism 8.1 software
(GraphPad Software Inc., San Diego, CA, USA).



OBES SURG (2019) 29:4008-4017

4011

Results
Leptin

Postsurgical weight loss, measured as %EBMIL, correlated
negatively with fat mass—adjusted fasting plasma leptin (»=
—0.57, p<0.001, Fig. 1). This finding was consistent in the
normoglycemic subgroup (r=—0.61, p<0.001). Non-
responders showed higher levels of fat mass—adjusted leptin
than responders during fasting and throughout the 60-, 90-,
and 120-min time points. During the OGTT, non-responders
showed lower-than-fasting leptin levels at the 90- and 120-
min time points. Responders showed no differences in leptin
from fasting levels throughout the OGTT (Fig. 2).

1500 p<0.01
—_ ([ J _
> r=-0.57
>
X
=
D
£
=
L
=
2
)
-

I 1
-50 0 50 100 150
%EBMIL

1500 - 0=0.06
r=0.30
= °
S 1000
£
=
)
£ 500
o
° °
® os@ w—‘—.‘ -
I_._P_"& | $ T 1
-50 0 50 100 150
%EBMIL

Fig. 1 Scatterplot of fasting leptin and ghrelin vs %EBMIL. Scatterplot
with linear regression line demonstrating the relationship between fasting
leptin and ghrelin levels, and percent of excess BMI loss (%EBMIL). r,
Spearman’s coefficient

Ghrelin

There was a tendency for a positive correlation between
%EBMIL and fasting plasma ghrelin (»=0.30, p =0.06, Fig.
1), but this correlation was not found in the normoglycemic
subgroup. Ghrelin levels did not differ between responders
and non-responders during fasting or throughout the OGTT.
Ghrelin returned to baseline levels in non-responders at the
120-min time point, whereas responders showed lower-than-
baseline ghrelin levels throughout the OGTT (Fig. 2).

Ghrelin/Leptin Ratio

Responders showed a higher ghrelin to leptin ratio during
fasting and at the 60- and 90-min time points compared with
non-responders (Fig. 2).

GIP, GLP-1, and PYY

Fasting levels of GIP, GLP-1, and PY'Y did not differ between
non-responders and responders. For all three hormones, both
groups demonstrated increased plasma levels in response to
the OGTT at all times. There was a tenfold increase in GLP-1
from baseline to the 30-min time point in both groups (Fig. 2).

Glucose Homeostasis

Non-responders presented with a higher fasting blood glucose
and lower insulin sensitivity than responders. No differences
were observed between responders and non-responders re-
garding fasting serum insulin, 3 cell function, and glucose
or insulin response to the OGTT (Table 2, Fig. 3).

T2DM Subgroup Analysis

As expected, the T2DM group presented higher levels of
fasting glucose, higher glucose response, and lower insulin
response to the OGTT than the normoglycemic group.
T2DM subjects also had lower insulin sensitivity and 3 cell
function compared with normoglycemic subjects. T2DM sub-
jects showed lower GLP-1 levels compared at the 90- and
120-min time points compared with normoglycemic partici-
pants, but comparable levels of leptin, ghrelin, PY'Y, and GIP
(Fig. 4). There were no differences between groups regarding
the ratio between ghrelin and leptin throughout the OGTT.

Discussion

Fasting plasma levels of leptin and ghrelin correlated with
weight result more than 5 years after surgery, and hormonal
response to glucose differed between weight responders
and non-responders during an OGTT. Furthermore,
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Fig. 2 Plasma glucose and serum insulin levels in responders, non-responders, T2DM, and normoglycemic participants after RYGBP. Measured at
baseline (0), 30, 60, 90, and 120 min during an oral glucose tolerance test. Presented as median values with 95% CI. *p <0.05; **p <0.01

Table 2 Measures of peptide

hormones and glucose Non-responders (7 =22) Responders (n=18) p value
homeostasis in non-responders
and responders after RY GBP. Leptin and gut hormones
iAUC, incremental area under the Fasting leptin/FM (ng/(L x kg)) 592 (442) 226 (196) <0.01
curve; Leptin/FM, fat mass— Fasting ghrelin (ng/L) 77 (133) 111 (83) 0.26
adjusted leptin. Variables are Fasting GIP (ng/L) 72.1 (34.3) 543 (27.9) 0.18
expressed as median values with Fasting GLP-1 (ng/L) 262 (1.71) 1.93 (12) 0.62
interquartile range and analyzed Fasting PYY (ng/L) 36.8 (28.7) 46.0 (27.8) 0.29
using Wilcoxon’s rank sum test .
Glucose homeostasis
Fasting P-glucose (mmol/L) 5.9 (1.1) 5.2 (0.6) <0.05
Fasting S-insulin (mU/L) 8.6 (6.2) 6.6 (3.0) 0.06
B-HbA I¢ (mmol/mol) 37.0 (3.8) 36.5 (4.8) 0.58
P-glucose iIAUC (mmol/L x h) 5.4 (6.0) 53@.7) 0.60
S-insulin iIAUC (mU/L x h) 93.4 (85.9) 82.8 (88.5) 0.25
Matsuda Index 34(2.2) 4.4 (2.0) <0.05
Insulinogenic Index (mU/mmol) 0.97 (1.23) 0.55 (0.65) 0.10
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Fig. 3 Adipose and gut peptide hormones in non-responders and responders after RY GBP. Measured at baseline (0), 30, 60, 90, and 120 min during an
oral glucose tolerance test (OGTT). Hormone levels presented as medians with 95% CI. *p < 0.05; **p <0.01

differences in gut hormones known to change after
RYGBP were associated with glucose homeostasis in
post-RYGBP participants.

There is no single best method with which to evaluate

postoperative weight result. Changes in excess BMI, total
body weight, and degree of weight regain have all been used
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Fig. 4 Adipose and gut peptide hormones in T2DM and normoglycemic participants after RY GBP. Measured at baseline (0), 30, 60, 90, and 120 min
during an oral glucose tolerance test (OGTT). Hormone levels presented as medians with 95% CI. *p < 0.05

for this purpose [24]. The use of %EBMIL, although reported
to yield greater results in lighter subjects compared with
heavier ones [25], is considered safe in this study as the pre-
sented groups were matched for preoperative BMI. Beyond
changes in excess BMI, a definition of successful weight loss

@ Springer

should also include remission of comorbidities and improve-
ment of patients’ quality of life.

Circulating leptin is known to decrease by 50% during the
first postoperative week after RYGBP surgery and to decrease
further throughout the first postoperative year during weight loss



OBES SURG (2019) 29:4008-4017

4015

[26]. Long-term weight result correlated negatively with fat
mass—adjusted fasting leptin levels, with non-responders show-
ing higher levels of leptin than responders during the OGTT as
well as lower-than-baseline levels at the end of the OGTT. This is
in line with earlier findings where leptin levels in morbidly obese
subjects (BMI 45 kg/m?) were higher than in lean subjects [27].
The present data suggests that short-term RY GBP-induced leptin
decreases are not sustained in subjects with poor weight result
many years after surgery, with leptin levels and response to
OGTT resembling those of non-operated obese subjects.

Although a tendency for positive correlation was found
between fasting ghrelin and %EBMIL, no differences in
fasting or glucose-stimulated ghrelin were found between
weight responders and non-responders, which agrees with
earlier studies where no change in fasting ghrelin was ob-
served in weight-reduced patients up to 2 years after
RYGBP surgery [28, 29]. Non-responders rather showed
fasting ghrelin levels similar to those found in overweight
non-operated subjects with similar fasting blood glucose
levels [30]. Interestingly, variations in ghrelin levels occurred
in both groups during the OGTT, where non-responders
returned earlier to baseline levels. Diurnal and postprandial
variations of ghrelin are otherwise known to disappear in
obese subjects, and postprandial levels of ghrelin to be sup-
pressed up to 2 years after RYGBP [29, 31]. These findings
suggest that, early postoperative changes notwithstanding,
leptin and ghrelin levels in non-responders many years after
surgically induced weight loss resemble those of non-operated
obese individuals, probably due to preserved or regained ad-
iposity. The earlier rise of ghrelin to baseline level combined
with leptin decreasing below baseline level at the end of the
OGTT in non-responders would presumably have a stimulat-
ing effect on appetite, thus favoring weight gain.

Leptin is known to cross the blood-brain barrier, acting on
hypothalamic neurons. The ghrelin assay in this study is high-
ly selective for acyl-ghrelin, which preferentially (compared
with other forms of ghrelin) crosses the blood-brain barrier,
engaging GHS1R receptors of hypothalamic neurons [32]. It
is intriguing that, although there were clear differences in both
leptin and ghrelin, the ratios between the two hormones were
preserved between responders and non-responders. The net
consequences of these different permutations of ghrelin and
leptin for hunger and reward systems of the hypothalamus are
unclear. The neural circuitry of these systems is complex,
involving several types of neurons [33]. Cross-talk between
ghrelin and leptin at different concentrations through, for ex-
ample, AgRP/NPY neurons when their ratios are clamped
may be a fruitful line of future research.

Fasting levels of GLP-1, PYY, and GIP, as well as their
responses to an oral glucose load, were similar in responders
and non-responders. After RYGBP, GLP-1 increases progres-
sively during the first postoperative year, albeit with consid-
erable delay after improvement in glucose homeostasis and

weight loss [5], and therefore, the causative effect of GLP-1
on these changes has been challenged. As reported earlier, the
plasma levels of GLP-1 in the short term after RYGBP [34],
both our groups present a 30-min peak, with GLP-1 levels
increasing tenfold compared with baseline. Similar to GLP-
1, RYGBP surgery increases fasting [35] as well as postpran-
dial PYY levels postoperatively compared with lean and
obese control subjects [36, 37]. This study shows none of
the short-term changes in these two hormones reported to be
associated with the long-term weight result, despite typical
postoperative gut hormone patterns [36]. Moreover, GLP-1
analogues have been introduced as a pharmacological therapy
for weight loss [38]. The similar GLP-1 responses in re-
sponders and non-responders can be interpreted to indicate
that use of GLP-1 analogues in non-responders to improve
weight loss after RYGBP probably increases the circulating
pool of GLP-1 agonists to super-physiological levels, as op-
posed to restoring sub-physiological levels to normal levels.
The prevalence of T2DM in subjects with morbid obesity
undergoing RYGBP, about 16%, is reduced postsurgically
[39]. In the subgroup analysis, the T2DM group showed lower
fasting ghrelin and PYY than the weight-similar
normoglycemic group. Lower levels of GLP-1 in response
to an oral glucose load could explain relapse to diabetes years
after RYGBP in individuals with T2DM prior to their surgery.

Limitations

This study is limited by the lack of longitudinal data, like the
participants’ preoperative hormone levels or preoperative hor-
monal responses to an OGTT, nor were non-hormonal factor,
e.g., eating habits and physical exercise studied. Also, while pro-
viding a degree of uniformity, the inclusion of only female partic-
ipants operated with shorter limb lengths than those used nowa-
days may be a limiting factor. In addition, there is a large variation
in follow-up years within each group but as all participants were
operated more than 5 years prior to the present investigations, this
study represents long-term outcomes of bariatric surgery.

Conclusion

Poor long-term weight result and glycemic status after RYGBP
are each associated with differences in peptide hormone levels.
Although correlations between weight result and fasting leptin
and ghrelin levels may in part be attributed to adiposity in long-
term non-responders after RYGBP, the temporal pattern of these
hormonal responses to an oral glucose load suggests they might
promote obesity by way of hunger/satiety signaling. This stresses
the importance of early identification of non-responders to
RYGBP surgery. Lower GLP-1 levels seen in this postoperative
study in subjects that had T2DM prior to surgery could explain
their hyperglycemic status years after RYGBP.
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