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Abstract

Objective—To examine the effect of an equivalent weight loss, by gastric bypass surgery (GBP)
or by diet, on peptide YY3_35 (PYY3_36), ghrelin, and leptin levels and to determine the effect of
diabetes status on PY'Y3_3g levels.

Summary Background Data—The increased PY'Y3_zg levels after GBP may be involved in the
magnitude and the sustainability of weight loss after surgery.

Methods—Of the 30 morbidly obese women who participated in the study, 21 had type 2 diabetes
mellitus, and were studied before and after equivalent weight loss of 10 kg by either GBP (n = 11)
or by diet (n = 10).

Results—PY'Y3_34 levels were higher in obese diabetic as compared with nondiabetic individuals
(64.1+34.4pg/mL vs. 39.9 £ 21.1 pg/mL; P <0.05). PYY3_3g levels increased markedly in response
to oral glucose after GBP (peak: 72.3 £ 20.5 pg/mL-132.7 + 49.7 pg/mL; P <0.001; AUCq_1g0: 51.5
+23.3 pg/mL.min~1-91.1 + 32.2 pg/mL.min~1 P < 0.001), but not after diet (peak: 85.5 + 51.9 pg/
mL—-84.8 + 41.13 pg/mL; P = NS; AUC(_1g0: 68.3 + 38.5 pg/mL.min"1-61.1 + 42.2 pg/mL.min~1

P = NS). Fasting ghrelin levels increased after diet (425 + 91 pg/mL-519 + 105 pg/mL; P < 0.05),

but did not change after GBP (506 + 121 pg/mL-482 + 196 pg/mL; P = NS).

Conclusions—Diabetes status seems to be a determinant of PY'Y3_3g levels. GBP, but not diet-
induced weight loss, resulted in markedly increased glucose-stimulated PY'Y3_zg levels. The increase
in stimulated PY'Y3_3¢ levels after GBP is likely a result of the surgery rather than a secondary
outcome of weight loss. Changes in PYY3_3¢ levels and ghrelin could contribute to the success of
GBP in sustaining weight loss.

Weight loss by diet is often of small magnitude and difficult to sustain over time. On the
contrary, bariatric surgery, particularly Roux-en-Y gastric bypass (GBP), typically results in
loss of 50% excess body weight within the first year, and the effect is often sustained at 10
years. The rapid and dramatic resolution of type 2 diabetes mellitus (T2DM) after GBP has led
to the hypothesis that some of the metabolic effects of the surgery may be independent of
weight loss1™3 and may be related to the changes in incretins, gut hormones that stimulate
insulin secretion.4:5 The mechanisms by which GBP suppresses appetite are not clear. The
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marked increase in levels of 2 anorexigenic hormones, peptide YY (PYY),6710 and glucagon-
like peptide 1 (GLP-1),4:7 could explain the increased satiety after GBP. A greater PY'Y release
is associated with greater weight loss after GBP11 and weight regain has been shown with
lower PYY levels in a rodent model.12 Previous reports on change in PYY levels after diet
intervention are scarce, report only fasting levels, and are inconsistent.13:14

The gastric hormone ghrelin may also be implicated in meal-to-meal regulation.15 Its levels
increase in anticipation of a meal and decrease after feeding, suggesting a role in short-term
meal-to-meal regulation.1® Ghrelin levels vary as a function of body mass index (BMI) and
are low in obese individuals.1’ The increase in ghrelin levels may explain weight regain after
a diet-induced weight loss.18 Contrary to weight loss by diet, most studies agree that ghrelin
levels decrease18:19 or do not increase in proportion to weight loss after GBP,6:20 an effect
that could favor a better control of appetite and the decreased food intake observed after this
surgery.

In addition to gut hormones, the adipocyte-secreted hormone, leptin, is also an important
regulator of energy balance in humans.2! Restriction of food intake or diet-induced weight loss
decreases plasma leptin levels. This decrease in leptin signals the hypothalamus a state of
negative energy balance and thus triggers food intake.?2 After GBP, leptin levels have been
found to be lower than expected for a given BMI.8

The first goal of this study was to examine the effect of a short-term equivalent weight loss,
by GBP or by diet, on PY'Y3_szg, ghrelin, and leptin levels. Our secondary goal was to determine
the effect of BMI and diabetes status on PY'Y3_3¢ levels. Partial data on GLP-1 levels after
GBP and diet have been published before.2

SUBJECTS AND METHODS

Subjects

A total of 30 women participated in the study: 21 morbidly obese with T2DM and 9 without
T2DM. Inclusion criteria for obese patients were BMI >35 kg/m?2and age <60 years and normal
liver enzymes, thyroid function tests, and blood pressure. Obese individuals without T2DM (n
=9), on no medications that could interfere with glucose homeostasis, served as controls and
did not undergo weight loss. Patients with T2DM were diagnosed with T2DM less than 5 years
ago, were not on insulin, thiazolinediones, exenatide or dipeptidyl peptidase-1V inhibitors, and
had a hemoglobin A1C <8%. All patients with T2DM (n = 21) underwent weight loss and were
studied before and after 10 kg weight loss by GBP (surgical group, n = 11) or by diet (diet
group, n = 10). Diabetes medications (sulfonylureas and/or metformin) were discontinued 3
days before baseline studies and were adjusted during the diet-induced weight loss to avoid
hypoglycemia. Patients after GBP discontinued their diabetes medications the day of the
surgery. Patients from the diet and surgical groups were matched for age, body weight, BMI,
diabetes duration and control (hemoglobin A1C), and weight loss. The study was approved by
the review board of our institution and written informed consent was obtained from all
participants before enrollment.

Diet-Induced Weight Loss

As described previously,? the diet consisted of a meal replacement plan of 1000 kcal/day. A

1-week supply of meal replacement products (Robard Corporation, Mt. Laurel, NJ), including
high protein shakes, bars, fruit drinks, and soups, was given to each patient during individual
weekly visit at the CRC. Fresh fruits and vegetables were allowed. Body weight was measured
weekly and the diet adjusted when necessary. If no weight loss, or if weight gain occurred by
the second consecutive weekly visit, the patients were excluded from the study. Although there
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was no time limit, the expectation was that patients would lose 10 kg in 4 to 8 weeks. During
the weight loss, patients were asked to monitor blood glucose levels by finger stick and by
keeping daily logs of measurements. Diabetes medications were adjusted by a nurse educator
or a diabetologist to avoid hypoglycemia and to fulfill the American Diabetes Association
standard of treatment, based on fasting and postprandial glucose levels. Some diabetic patients
on sulfonylureas had to decrease their medication and other subjects to stop it to avoid
hypoglycemia.

Roux-en-Y Gastric Bypass Protocol

All patients underwent a laparoscopic GBP. In brief, the jejunum was divided 30 cm from the
ligament of Treitz and anastomosed to a 30-mL proximal gastric pouch. The jejunum was
reanastomosed 150 cm distal to the gastrojejunostomy. All mesenteric defects were closed.
The post-GBP diet recommendations included a daily intake of 600 to 800 kcal, 70 g of protein,
and 1.8 L of fluid. This was achieved, on an individual basis, with multiple small meals and
snacks with various commercial protein supplements. The diet after GBP was monitored by
food records, but not directly supervised. The diet in the few days preceding the testing in
surgical or diet patients before weight loss was not controlled for.

Three-Hour Oral Glucose Tolerance Test

All patients underwent a 3-hour oral glucose tolerance test (OGTT) with 50 g of glucose (200
mL of noncarbonated glucose drink) in the morning after a 12-hour overnight fast in the CRC.
After 1V insertion, at 8:00 aw, subjects received 50 g of glucose orally. Blood samples were
collected at —15, 0, 15, 30,45, 60, 90, 120, and 180 minutes on chilled EDTA tubes with added
aprotinin (500 K1U)/mL of blood) and dipeptidyl peptidase-1V inhibitor (Millipore, St. Charles,
MO) (10 pL/mL of blood) and centrifuged at 4°C, before storage at —70°C. Baseline values
were the average of the blood samples obtained at —15 and 0 minutes before glucose intake.

Hormonal Measurements

PY'Y3_sg, total ghrelin, total GLP-1, leptin, and insulin were measured by radioimmunoassay
(Millipore). All intra- and interassay CVs ranged from 3.4% to 7.4% and 4.4% to 7.4%,
respectively. Samples for ghrelin assay were only available for 9 patients in the diet group; for
the leptin assay, samples were only available for 9 patients in the diet and for 8 in the GBP
group. Blood glucose concentrations were measured at the bedside by the glucose oxidase
method (Beckman glucose analyzer, Fullerton, CA). All hormonal and metabolite assays were
performed at the Hormones and Metabolites Core Laboratory of the New York Obesity
Research Center.

Statistical Analysis

Outcome variables were fasting serum glucose, PYY3_sg, insulin, GLP-1, leptin, and ghrelin
concentrations. The changes in the outcome variables during the OGTT were assessed by peak
levels (glucose, PYY3_zg, insulin, GLP-1), maximum suppression (ghrelin), and total areas
under the curve (AUCq_1g0) calculated using the trapezoidal method. General linear model
with repeated measures was used to detect hormonal changes over time during the OGTT within
each condition and before and after GBP. Paired t tests were used to compare data between
before and after weight loss within each group. Unpaired t tests were used for comparisons of
hormonal levels between obese diabetic and obese nondiabetic patients. Data are expressed as
the mean + SD except in figures, where they appear as mean £ SEM for graphic clarity.
Significance was assumed for P < 0.05. Statistical analyses were performed with SPSS, Inc.
version 16.0, Chicago, Illinois.
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RESULTS

Effect of Weight Loss in Patients With T2DM: Comparison GBP Versus Diet

Clinical Characteristics of Study Groups—Subject characteristics are shown in Table
1. There was no difference in glucose, fasting PYY3_3g, GLP-1, ghrelin, and leptin serum
concentrations between the GBP and the diet group at baseline. The duration of weight loss
was shorter for the GBP group (32.3 £ 13.1 days) compared with the diet group (55.0 £ 9.9
days, P = 0.001) (Table 1).

Side Effects—Five of 11 patients experienced stomach cramping and discomfort, nausea,
sweating, flushing, and palpitations 5 to 20 minutes into the 50 g OGTT, after GBP. No severe
adverse effects were observed. There were no adverse effects after diet-induced weight loss.

Effect of Weight Loss on Fasting Glucose and Hormone Levels—After a mean
weight loss of 10.6 kg (P = NS between groups), fasting glucose and insulin and HOMA-IR
decreased significantly and equally in the GBP and the diet group (Table 1). Fasting
PYY3_3g levels decreased after GBP (P = 0.016) but not after diet (P = 0.99) (Table 1). Fasting
ghrelin levels increased after diet (P = 0.017). On the contrary, after GBP, there was trend of
a decrease in ghrelin levels, although this was not significant (P = 0.28) (Table 1).

Leptin decreased by 50% after GBP (38.8 + 17.5 ng/mL- 20.6 + 14.1 ng/mL, P < 0.001) and
by only 28% after diet (30.6 + 11.7 ng/mL-22 + 12.3 ng/mL, P = 0.012) (Table 1). Although
fasting leptin levels decreased more in the GBP group as compared with the diet group, the
difference in the change between groups was not significant (P = 0.12).

Hormonal Response to Oral Glucose in Patients With T2DM: GBP Versus Diet
—PYY3_35 levels increased markedly after GBP during the OGTT. Peak concentrations
occurred at 45 minutes and remained significantly elevated compared with baseline for 180
minutes (Table 1, Fig. 1). Stimulated PYY3_3g levels did not change after diet (Table 1, Fig.
1, Fig. 2). Ghrelin levels (fasting and nadir after oral glucose) were higher after diet than after
GBP. However, the maximum ghrelin suppression did not change with either weight loss
intervention (P = 0.762) (Table 1).

Effect of Diabetes Status on Hormone Levels—Subject characteristics of morbidly
obese with and without T2DM are shown in Table 2. Obese with T2DM had higher fasting
PYY3_36 levels (P = 0.048) and oral glucose stimulated peak (P = 0.039) and AUCy_150 (P =
0.011) PY'Y3_3¢ serum levels than obese without T2DM. PY'Y3_3¢ levels did not correlate with
any markers of insulin resistance or secretion. Fasting leptin and ghrelin levels were not
affected by diabetes status. There was no correlation between leptin and PY'Y3_3g levels before
or after weight loss or between changes in leptin with changes in PYY3_zg.

DISCUSSION

Our goal was to assess changes of gut peptides after short-term weight loss by 2 different
methods, diet and GBP surgery. We wished to elucidate possible hormonal mechanisms of
energy homeostasis responsible for the greater efficacy of GBP compared with diet.

The main result of this study is that PYY3_3g levels increased markedly in response to oral
glucose after GBP surgery, but not after an equivalent weight loss by diet. These results confirm
previous data from cross-sectional® and prospective’*~11 studies showing increased gut
peptide levels after GBP or jejuno-ileal bypass.23 Our data demonstrate that weight loss alone
does not contribute to the changes in PYY levels observed after GBP, as stimulated
PYY3_36 levels did not increase after a diet-induced weight loss. To our knowledge, these are
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the first data on stimulated PY'Y3_3g level after diet-induced weight loss. Similarly to our results
after diet, PY'Y levels do not increase after purely restrictive surgeries such as gastric banding,
8,24 although they increase after vertical banded gastroplasty.2> The mechanism by which
stimulated PYY levels increase after GBP could be related to the more rapid delivery of
nutrients, as intestinal transit time is accelerated after GBP’ and as suggested by studies after
ileal transposition in rats.26 In our study, fasting PYY3_g levels decreased after GBP but did
not change after diet. These findings are in contrast to those of Roth et al,13 who showed that
diet-induced weight loss in obese children increased fasting PY'Y levels and of Pfluger et al,
14 who showed a decrease in fasting PYY levels after diet in adults. Discrepancies between
studies could be related to age, sex, diabetes status, and/or energy balance differences.

PYY is rapidly cosecreted with GLP-1 from intestinal L-cells in response to food intake.2":
28 \We* and others?? have shown a marked increase in GLP-1 levels in response to oral glucose
or a meal after GBP. The administration of PYY3_3530 or of GLP-131734 reduces food intake
in lean and in obese human individuals. GLP-1 and PY'Y infused simultaneously lower food
intake more than either peptide administered alone in lean and obese rodents and in lean
humans.3° The increase in the levels of these 2 anorexigenic peptides in concert with the
decrease in the orexigenic peptide ghrelin, may act together with pancreatic and adipose
hormones to inhibit energy intake and favor weight loss after GBP.12 Examples of these
interactions have been demonstrated in rats: ghrelin attenuates, dose-dependently, the anorectic
effect of PYY and GLP-1,36 and the coadministration of leptin with PYY3_36 enhances the
anoretic effects of PY'Y3_gg.37

The compensatory increase in ghrelin levels after diet-induced weight loss was not observed
after GBP. Although conflicting results on the changes in plasma ghrelin after GBP have been
reported,8:18:24,38-43 most studies agree that ghrelin levels either decrease or do not increase
in proportion to the amount of weight loss after GBP surgery. Ghrelin1®>44 and ghrelin
analogs#°46 stimulate food intake in lean and obese humans and increase body weight and
adiposity in rodents.1®> The increase in ghrelin levels after diet may play a role in weight regain
and explain, in part, the lower effectiveness of diet for sustained weight loss compared with
GBP.

Despite similar weight loss, leptin levels decreased more after GBP than after diet, although
this did not reach statistical significance. Others have found lower leptin levels after GBP
surgery compared with a BMI-matched group.2* The relatively low levels of leptin after GBP
may indicate that factors other than the change in adipose mass may be responsible for the
decrease in circulating leptin concentration after GBP. In our study, the level of energy
restriction could account for variability in the decrease in leptin levels after GBP and diet.21
Different patterns in gut and pancreatic hormones resulting from GBP could also play a role
in the regulation of plasma leptin levels. In vitro, ghrelin stimulates the differentiation of
preadipocytes*’ and inhibits adipocyte apoptosis.*8 The fall of ghrelin levels after GBP could
alter its effect on adipose tissue and modulate circulating leptin levels. In addition, leptin is not
only produced by adipose tissue but also in small amounts by the stomach,*® which is altered
after surgery.

We found higher fasting and postprandial PY'Y3_3g levels in obese with T2DM compared with
obese without T2DM. English et al also reported that fasting PY'Y levels were significantly
higher in T2DM than in controls.>® However, other studies reported low fasting PY'Y plasma
levels in first-degree relatives of subjects with T2DM®! and blunted postprandial PYY levels
in early stages of T2DM development in genetically susceptible individuals.>? It is unclear
whether PYY levels contribute to the pathogenesis of T2DM and/or whether glucose
homeostasis modulates circulating PYY levels. As previously reported,®® we did not find
significant correlation between PYY levels and markers of insulin secretion or sensitivity.
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Future larger studies are needed to clarify the role of PYY, if any, in the physiopathology of
T2DM. As shown by others,:18:24,39-43,53 djahetes status had no effect on leptin or ghrelin
levels.

Our study has some limitations. The small amount of glucose administered in our study (50 g
glucose, 200 Kcal) may have been insufficient to stimulate PY'Y'3_3g release before weight loss
intervention. PYY release is influenced by amount of calories®® and the nutrient composition
of the meal, with dietary carbohydrates being weaker stimulants of PY'Y than protein or fat.
21,55-57 However, the same stimulus was able to markedly increase PY'Y5_sg levels after GBP
to levels that could contribute to higher postprandial satiety and weight loss after GBP. Oral
glucose is a clinical research tool, used by diabetologists, that reflects poorly on daily food
intake. Whether the large increase in PYY levels after oral glucose has any clinical relevance
under conditions of normal feeding will remain to be determined. Another limitation of our
study is the lack of measurement of hunger or satiety ratings of ad libitum food intake. However,
the changes in circulating levels of peptides implicated with meal-to-meal regulation correlates
poorly with quantified measures of hunger after GBP5:%8 and ad libitum food intake is difficult
to study in the early stages after GBP. Another limitation is the absence of perfect matching
in calorie restriction between the GBP and the diet group. The diet arm was designed to match
the weight loss of the GBP group, not their calorie intake. However, the overall calorie deficit
and weight loss were identical.

In summary, we show that the increase in PY'Y3_zg levels after GBP, but not after diet-induced
weight loss, results from the surgical procedure, independently of weight loss. The changes of
PY'Y3_36, ghrelin, and leptin levels, all important regulators of food intake and energy
homeostasis, may explain, in part, the greater effectiveness of GBP in sustaining weight loss
compared with diet. Understanding the mechanisms involved in the changes of these peptides
after the surgery could lead to new treatments for obesity and related metabolic conditions.
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FIGURE 1.

Glucose, insulin, total ghrelin, PYY3_3g, total GLP-1 in response to a 50 g glucose load, and

fasting leptin levels in morbidly obese subjects with T2DM before and after GBP (n = 11) and
before and after a diet-induced weight loss (n = 11). Data are expressed as mean + SEM, *P

< 0.05. Values are indicated for comparison relative to baseline.
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FIGURE 2.
Individual changes in PY'Y3_35 AUCq_1g0 in response to a 50 g glucose load in morbidly obese
patients with T2DM after GBP and diet. Bold line indicates mean + SEM.
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TABLE 2

Baseline Subject Characteristics of Obese Patients With and Without T2DM

Obese Without Obese With
T2DMn=9 T2DMn=21
Age (yr) 37.4%75 46.1%9.2"
Weight (kg) 121.1+19.3 114.1+153
BMI (kg/m?) 455+7.1 451+8.1
Fasting glucose (mmol/L) 5.34+0.48 7.87+1.29°
Fasting insulin (pmol/L) 167.9 + 86.4 195.2 + 97.9°
HOMA-IR 4.81£257 8.67+460%
Fasting GLP-1T (pmol/L) 5.23 +£3.60 5.99 £3.27
Peak GLP-1T (pmol/L) 10.1+5.2 16.9+115
Fasting ghrelin 409 + 112 516 + 243
Max sup ghrelin (%) 246+135 159+11.2
Nadir ghrelin (pg/mL) 315+ 124 428 £ 177
Fasting leptin (ng/mL) 39.7+115 34.6 £14.0
Fasting PYY3_ 36 (pg/mL) 39.9+21.1 64.1+345F
Peak PYY3 3 (pg/mL) 50.2+24.8 78.9+39.1°
AUC PYY3 g (pg/mL/min~2) 30.0+20.8 59.9+32.2"

Mean £ SD.

*
Denotes significant difference between groups, P < 0.05.

Max sup ghrelin indicates maximal suppression of ghrelin; AUC, area under the curve.
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