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Effects of Liraglutide on Weight
Loss, Fat Distribution, and [3-Cell
Function in Obese Subjects With
Prediabetes or Early Type 2
Diabetes

Diabetes Care 2017;40:1556—-1564 | https.//doi.org/10.2337/dc17-0589

OBJECTIVE

Obesity is associated with an increased risk of type 2 diabetes and cardiovascular
complications. The risk depends significantly on adipose tissue distribution.
Liraglutide, a glucagon-like peptide 1 analog, is associated with weight loss, improved
glycemic control, and reduced cardiovascular risk. We determined whether an equal
degree of weight loss by liraglutide or lifestyle changes has a different impact on
subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) in obese subjects
with prediabetes or early type 2 diabetes.

RESEARCH DESIGN AND METHODS

Sixty-two metformin-treated obese subjects with prediabetes or newly diagnosed
type 2 diabetes, were randomized to liraglutide (1.8 mg/day) or lifestyle counseling.
Changes in SAT and VAT levels (determined by abdominal MRI), insulin sensitivity
(according to the Matsuda index), and B-cell function (3-index) were assessed
during a multiple-sampling oral glucose tolerance test; and circulating levels of
IGF-I and IGF-1l were assessed before and after a comparable weight loss (7% of
initial body weight).

RESULTS

After comparable weight loss, achieved by 20 patients per arm, and superimposable
glycemic control, as reflected by HbA, level (P = 0.60), reduction in VAT was signif-
icantly higher in the liraglutide arm than in the lifestyle arm (P = 0.028), in parallel
with a greater improvement in 3-index (P = 0.021). No differences were observed in
SAT reduction (P = 0.64). IGF-1l serum levels were significantly increased (P = 0.024)
only with liraglutide administration, and the increase in IGF-1l levels correlated
with both a decrease in VAT (p = —0.435, P = 0.056) and an increase in the 3-index
(p = 0.55, P = 0.012).

CONCLUSIONS

Liraglutide effects on visceral obesity and [3-cell function might provide a rationale
for using this molecule in obese subjects in an early phase of glucose metabolism
dysregulation natural history.
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Obesity predisposes to individuals to sev-
eral chronic diseases (1), including type 2
diabetes and its complications. Not all
obese subjects, however, share the same
risk of the development of type 2 diabe-
tes (2). Although BMI per se is also as-
sociated with an increased risk of the
development of type 2 diabetes, this de-
pends significantly on adipose tissue body
distribution. Indeed, it has been shown
that in obese adults visceral adipose tis-
sue (VAT) and insulin resistance are in-
dependently associated with incident
prediabetes and type 2 diabetes, but this
is not the case for general adiposity or
subcutaneous adipose tissue (SAT) (3).
However, whether excess visceral adipos-
ity is causally related to metabolic abnor-
malities and 3-cell function decline is still
an open question.

Glucagon-like peptide 1 (GLP-1) is an
incretin hormone capable of inducing in-
sulin secretion and reducing glucagon se-
cretion in a glucose-dependent manner
(4). GLP-1 enhances glucose-induced in-
sulin synthesis and secretion upon bind-
ing to GLP-1 receptors in 3-cells, thus
increasing -cell sensitivity to glucose
(5,6). In addition, GLP-1 delays gastric
emptying and induces satiety, leading
to decreased energy intake and weight
reduction. GLP-1 analogs with receptor
agonist (RA) activity superimposable on
the native hormone but with a circulat-
ing half-life compatible to clinical use,
like liraglutide, have become available
for type 2 diabetes treatment. Treatment
with these agents is associated with
improved glucose control and weight
loss (7).

It has been proposed that the activa-
tion of the IGF-I receptor expression and
signaling, modulated by IGF-1l synthe-
sis and secretion by the B-cells, might
play a role in the actions exerted by in-
cretin hormones on [3-cells (8). In partic-
ular, GLP-1 increases the activity of an
IGF-1I/IGF-I receptor autocrine loop (8),
and this might contribute to protecting
B-cells against apoptosis. Interestingly, ad-
ipocytes from both SAT and VAT express
both IGF-Il and IGF-Il receptors (9), thus
suggesting a possible role of IGF-Il in
the modulation of body fat distribution. The
IGF system might thus be involved in the
modulation of incretin effects on both
weight loss and (3-cell function.

Hypocaloric diet and lifestyle counsel-
ing are also associated with weight loss
(10). It is unknown, however, whether

achieving an equal degree of weight loss
by intervention on caloric intake and
physical activity or by using GLP-1 RA
has a different impact on the relative
reduction in SAT and VAT and, thus,
whether a “healthier weight loss modal-
ity” might exist (11). Thus, in the current
study we assessed modifications in SAT
and VAT in obese subjects with impaired
glucose tolerance (IGT), impaired fasting
glucose (IFG) levels, or early type 2 diabe-
tes, who achieved a modest and compa-
rable weight loss (7% of initial body
weight) induced by either liraglutide
treatment or lifestyle counseling. We
also evaluated whether modifications in
SAT and VAT distribution achieved with
either treatment were associated with
changes in insulin sensitivity, as assessed
by the Matsuda index, and/or in B-cell
function. This might provide additional
insight into the relationship between vis-
ceral fat inflammation and 3-cell function
and into additional potential mechanisms
for the favorable effects of liraglutide
on glycemic control and cardiovascular
risk (12).

RESEARCH DESIGN AND METHODS

Subjects and Study Design

This study was a longitudinal, random-
ized, controlled, parallel-arm study. Each
patient provided written informed consent
to participate and the protocol was ap-
proved by the Ethics Committee of the Uni-
versity of Chieti. Subjects were enrolled at
the Obesity and Diabetes Clinics of Chieti
University Hospital. All study visits and pro-
cedures took place at the Clinical Research
Center within the CeSI-Met (Center on
Aging Sciences and Translational Medi-
cine) at the University of Chieti.

This study was performed under the
Good Clinical Practice regulations (Good
Clinical Practice for Trial on Medicinal
Product—CPMP/European Commission—
July 1990; Decreto Ministeriale 27.4.1992—
Ministero della Sanita) and the Declaration
of Helsinki (Hong Kong 1989). In addition,
by signing the present protocol, partici-
pants in the study committed themselves
to adhere to local legal requirements.
Eligibility Criteria
We enrolled subjects with a BMI =30,
who had received a diagnosis of IGT,
IFG, or type 2 diabetes <12 months pre-
viously according to American Diabetes
Association Guidelines (13). At the time
of study enrollment, all patients were
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treated with diet therapy plus metformin
at the highest tolerated dose (up to
3,000 mg/day).

Exclusion criteria included type 1 dia-
betes; BMI <<30; diabetes diagnosed >12
months previously; treatment with
any other diabetes drug, other than met-
formin, within the last 3 months; uncon-
trolled hypertension (systolic/diastolic
blood pressure >160/90 mmHg); signifi-
cant comorbidities such as kidney disease
with a glomerular filtration rate <60 ml
or liver disease (aspartate aminotransfer-
ase [AST] or alanine aminotransferase
[ALT] levels twice above the upper normal
range); pregnancy or lactation; female
of child-bearing potential not using
adequate contraceptive methods while
sexually active; any contraindication to
liraglutide (known or suspected hyper-
sensitivity to liraglutide or related prod-
ucts, previous acute pancreatitis or chronic
pancreatitis, inflammatory bowel disease,
gastrointestinal surgery including gastric
bypass, New York Heart Association heart
failure class 1lI-1V); personal history or
family history of medullary thyroid carci-
noma or personal history of multiple en-
docrine neoplasia type 2; claustrophobia;
metal implants or other contraindications
for MRI; and recent participation in other
research projects within the last 3 months
or participation in two or more projectsin
1 year.

Randomization and Allocation

After a baseline evaluation, patients
were randomized in a 1:1 ratio to receive
liraglutide or lifestyle counseling. The
computer-generated random allocation
sequence was prepared by the trial stat-
istician in blocks of four participants.
Based on the order of inclusion in the
study, subjects were assigned a consec-
utive random number and then were
assigned to one of the two treatment
groups.

Study medication was supplied to the
research pharmacy by Novo Nordisk as
liraglutide 6.0 mg/mL in 3-mL prefilled
pen injectors. Liraglutide treatment was
administered daily by subcutaneous in-
jection at bedtime with an initial dose of
0.6 mg/day (first week) and titrated over a
3-week period to doses of 1.2 mg daily
(second week) and 1.8 mg daily (third
week) based on the clinical response and
side effects. The nonattainment of the
1.8-mg dose level did not constitute a with-
drawal criterion.
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Both groups received lifestyle and di-
abetes education as part of the standard
care. Patients in the liraglutide arm were
invited to continue with their usual die-
tary habits and physical activity.

Outcome and Study Visits

Participants stayed on the assigned treat-
ment until they lost 7% of their initial
body weight (calculated on the basis of
body weight at baseline visit at the time
of randomization). We chose the loss of
7% of initial body weight as the target
weight loss based on previous reports
where such a weight loss was associated
with improved metabolic outcomes (14).

Patients not achieving this amount of
weight loss within 15 months after ran-
domization discontinued treatment, and
their data (as well as those of subjects
who dropped out of the study) were not
included in the calculations. After signing
the informed consent form, subjects were
evaluated at baseline and after reaching
the prespecified weight loss. Both visits
included the following: clinical evalua-
tion; and abdominal MRI for adipose tis-
sue quantification and VAT and SAT (15)
assessment. At each visit, blood samples
were obtained after a 12-h overnight fast
for the measurement of plasma glucose
and plasma insulin levels, and circulating
levels of hs-CRP. Right after each visit, a
frequent-sampling oral glucose tolerance
test (OGTT) was performed for the as-
sessment of insulin sensitivity (Matsuda
index) (16), and B-cell function (17)
(B-index).

While receiving treatment, patients
were seen every 3 weeks at the Clinical
Research Center to reinforce their moti-
vation to achieve the weight loss goal and
to monitor compliance with liraglutide
therapy (missed doses counting) or life-
style changes (see below). On each occa-
sion, participants underwent a physical
examination and were carefully moni-
tored for adverse events.

Lifestyle Intervention Program

Participants were encouraged to achieve
the target weight loss within the first
6 months after randomization, since previ-
ous behavioral weight loss studies sug-
gested that in most individuals maximum
weight loss is achieved within the first 20—
24 weeks of a lifestyle intervention (18).
Standard lifestyle recommendations were
provided in written form and during peri-
odic 20- to 30-min individual sessions

focused on the importance of a healthy life-
style. Patients met the nutritionists on staff
once a week for the first 4 weeks, then once
every 2 weeks for the following 20 weeks,
and finally once a month (until the achieve-
ment of the weight loss goal). Participants
were encouraged to follow the Food Guide
Pyramid and the equivalent of a National
Cholesterol Education Program Step 1 diet,
to reduce their weight (healthy low-calorie,
low-fat diet) and to increase their physical
activity (moderate intensity, such as brisk
walking, for at least 150 min/week,
to approximate at least 700 kcal/week
expenditure).

OGTT With Frequent Sampling
Subjects underwent OGTTs with frequent
sampling before and after achievement of
the weight loss target, at least 48 h after
the last administration of liraglutide for
those in the liraglutide arm. Patients
were admitted to the Clinical Research
Center at 8:00 Am. after a 10-to 12-h over-
night fast. A catheter was inserted into an
antecubital vein, and another catheter
was inserted retrogradely into a wrist
vein for blood sampling. At time O minutes,
subjects ingested a 75-g glucose solution
over 5 min. Blood samples were collected
at —10, 0, 15, 30, 45, 60, 90, and 120 min
to measure plasma glucose, serum C-peptide,
and insulin (baseline samples and 30 min)
concentrations.

Insulin sensitivity was calculated using
the Matsuda index, which represents a
composite of both hepatic and peripheral
tissue sensitivity to insulin, as previously
described (16).

[B-Cell secretion during an OGTT was
estimated by applying a minimal model
of glucose-induced insulin secretion
to the glucose and C-peptide curves of
each subject, as previously described in
detail (17).

MRI Quantification of Visceral and
Subcutaneous Fat

Magnetic resonance images were ob-
tained with a Philips 1.5-Tesla Achieva
body scanner, available at the Institute
for Advanced Biomedical Technologies
within the University of Chieti. Calculation
of adipose tissue area and volume was
performed as previously described (15).

Analytical Measurements
Biological Material Collection
At baseline and after achievement of the
weight loss goal, venous blood samples
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were collected and frozen at —20°C for
subsequent biochemical measurements.

Biochemical Measurements

Plasma glucose concentrations were mea-
sured by the glucose oxidase method, and
serum insulin and C-peptide levels were
measured by immunochemiluminometric
assays. Serum hs-CRP concentrations
were measured using a highly sensitive
immunoassay. HbA, levels were deter-
mined by automated high-performance
liquid chromatography (19).

Serum IGF-I, IGF-II, and insulin-like
growth factor binding protein 3 (IGFBP-3)
were measured with specific radioim-
munoassay kits (Mediagnost, Tubingen,
Germany), as previously described (20).

More detailed methods are available in
the Supplementary Data.

Statistical Analysis

The primary outcome was the change in
VAT (pretreatment — posttreatment) af-
ter achievement of the weight loss target.
Continuous secondary outcomes were
changes in levels of SAT, CRP, Matsuda
index, hs-CRP, glycemic control measures,
including HbA,, fasting glucose, 2-h post-
load glucose, and (3-cell function, as as-
sessed by [3-index.

Twenty patients were to be studied in
each treatment group for a two-tailed o
value of 0.05 and a power of 90% to de-
tect, at the end of the treatment period,
a mean difference in the VAT areas of
at least 1 SD (of the distribution of VAT
changes) between liraglutide and lifestyle
intervention. Allowing for a 35% dropout
rate or lack of achievement of the weight
loss target, we estimated that ~30 pa-
tients for each treatment arm should
have been enrolled and randomized.

The Kolmogorov-Smirnov test and ex-
amination of residual distribution were
used to determine whether each variable
had a normal distribution. When neces-
sary, natural-log transformation was
used to normalize the data or appropriate
nonparametric tests were used (Mann-
Whitney U test, Spearman correlation co-
efficient). Comparisons of baseline data
between groups were performed by XZ
tests, Fisher exact tests, unpaired Student
t tests, or Mann-Whitney U tests.

For the primary analysis, we used a linear
mixed-effects model for repeated mea-
sures over time, with change in VAT as the
dependent variable, study group and time-
by-group interaction as fixed effects, time-
to-weight loss (month) as the fixed-effect
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covariate, and patients and error as random
effects. Within the mixed model, we ob-
tained least-squares estimates of the treat-
ment differences and SEs, and estimated
95% Cls and P values for the two prespeci-
fied intergroup contrasts (liraglutide and life-
style intervention) for baseline and end of
study within each group.

For other continuous variables (such as
insulin sensitivity, B-cell function), we
used the same procedure as in the pri-
mary analysis.

P values <0.05 were considered to be
statistically significant. Data analysis was
generated using SAS/STAT software, ver-
sion 9.4 of the SAS System for Windows
2009 (SAS Institute Inc., Cary, NC).

RESULTS

Between June 2012 and September 2013,
132 patients were assessed for eligibility
in the outpatient Diabetes Clinic and Obe-
sity Centre of Chieti University Hospital.
Among these, 70 were excluded (53 did
not meet the eligibility criteria, 10 refused
to participate, 5 had claustrophobia, and
2 were wearing a pacemaker). A total of
62 patients was randomized to one of
the two treatment groups—31 were
assigned to the liraglutide group and
31 were assigned to the lifestyle changes
group—and monitored until achieve-
ment of the weight loss goal. Patients
were recruited from October 2013 to
July 2015.

Final outcome status was ascertained
for 40 patients (20 per arm).

Twenty-two subjects were excluded
from the analysis. Of those subjects,
6 did not achieve the weight loss target
within the allowed 15-month period and
16 were lost to follow-up (13 for unwill-
ingness to continue the study, 1 due to
metformin intolerance, 1 due to preg-
nancy, and 1 due to severe anemia) (Sup-
plementary Table 1, see flowchart). No
serious adverse event occurred during
the treatment period. Minor gastrointes-
tinal side effects were generally well tol-
erated. All patients were able to tolerate
the maximum dosage of liraglutide
(1.8 mg once daily), except one patient
who continued with a dose of 1.2 mg/day
because of persistent nausea.

Completers were comparable to non-
completers with regard to baseline char-
acteristics (Supplementary Table 2).

Table 1 shows the demographic and
clinical characteristics of the 40 patients

who completed the study. At baseline,
the only significant between-group differ-
ences were triglyceride levels (greater in
the liraglutide group, P = 0.026) and VAT
(slightly greater in the liraglutide arm, P =
0.046) (Table 1).

Effects of Liraglutide and Lifestyle
Interventions

Weight Loss

The amount of weight loss (as a percent-
age of the baseline body weight) was
prespecified per protocol; thus, it was
the same in both groups. In absolute
amount, total weight loss was of 7.79 kg
in the liraglutide group and 7.20 kg in the
lifestyle intervention group (P > 0.05).
The median time necessary to achieve
the prespecified amount of weight loss
was not different between the two
treatment arms (4 months [interquartile
range (IQR) 3.25-6 months] and 4
months [IQR 3-5.75 months] in the lira-
glutide and lifestyle intervention arms,
respectively).

Reduction of VAT and SAT

After comparable weight loss, reduction
in VAT was significantly higher in the
liraglutide arm (—15.3%) than in the life-
style arm (—9.0%) (between-group P =
0.028) (Fig. 1A and Table 2). On the con-
trary, no differences between the two
groups were observed in SAT reduction
(between-group P = 0.64) (Fig. 1B and
Table 2).

Glucose Control

An improvement in glycemic control was
observed in both groups. HbA,;. was com-
parably reduced in both arms (P = 0.60)
(from 43 to 38 mmol/mol [6.1-5.6%)] in the
lifestyle arm and from 42 to 38 mmol/mol
(5.95-5.65%) in the liraglutide arm) (Fig. 2A
andTable 2). Atendency toward improve-
ment in fasting blood glucose level and
glucose tolerance was observed in both
groups. However, the OGTT 1-h and 2-h
plasma glucose values decreased signifi-
cantly only in the liraglutide group (Fig. 2B
and Table 2).

Insulin Sensitivity and -Cell Function

As expected, a trend toward improved in-
sulin sensitivity, as assessed by the Matsuda
index (Fig. 2C and Table 2), was observed
in both groups after weight loss. This im-
provement reached statistical signifi-
cance only in the lifestyle intervention
group; however, no significant between-
group difference was observed relative to
this parameter.
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[3-Cell function, as assessed by 3-index,
improved in the liraglutide group (1.36
pmol - min~2 - m~ 2 body surface area
[BSA], P = 0.001) but not in the lifestyle
group (0.46 pmol - min~%-m 2 BSA, P =
0.30) (between-group P = 0.021) (Fig. 2D
and Table 2).

IGF-II

At baseline, VAT was inversely related to
IGF-Ilin the whole cohort (n = 62; data not
shown).

IGF-Il serum levels were significantly
increased (P = 0.024), whereas IGFBP-3
was levels were significantly reduced
(P=0.015) after liraglutide-induced weight
loss but not after lifestyle intervention—
associated weight loss (Table 2). In the
liraglutide arm, but not in the lifestyle
intervention arm, a significant correlation
was observed between IGF-Il increase
and both VAT decrease (p = —0.435, P =
0.056) and B-index increase (p = 0.55, P =
0.012) (data not shown).

The circulating IGF-I level was not af-
fected by either intervention (Table 2).

CONCLUSIONS

Weight loss is associated with several
metabolic benefits. However, because
of different metabolic characteristics of
VAT and SAT, it is believed that the loss
of VAT, as opposed to SAT, is more bene-
ficial. Treatment with GLP-1 RAs of both
subjects with type 2 diabetes and obese
subjects is associated with weight loss (7).

The current study demonstrates that,
for the same degree of weight loss,
treatment with a GLP-1 RA is more ef-
fective than a standardized lifestyle in-
tervention protocol in reducing visceral
fat.

Previous studies on the effect of GLP-1
RAs on adipose tissue distribution have
yielded conflicting results, mostly be-
cause of heterogeneity of the length of
the intervention and the methods used
to assess adipose tissue areas (21-23).
In the only study directly comparing
liraglutide treatment to lifestyle interven-
tion effects (24), the two treatment arms
were not comparable in terms of the
weight loss achieved but only relative to
the duration of the intervention. In our
study, the impact on visceral fat loss was
independent both of the length of drug
exposure (3—12 months) and of overall
weight loss per se. Thus, it is conceivable
that specific properties of liraglutide (or in
general of GLP-1 RAs) might be responsible
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Table 1—Baseline characteristics of obese patients randomized to liraglutide- or lifestyle-induced weight loss

Variable Pre—liraglutide therapy (n = 20) Pre—lifestyle change (n = 20) P value*
Age (years) 55.5 (48.2-63.7) 52.2 (50.2-57.2) 0.48
Male sex, n (%) 11 (55) 10 (50) 1.00
BMI (kg/m?) 36.7 (34.7-40.9) 35.0 (31.3-40.3) 0.24
Type 2 diabetes, n (%) 10 (50) 7 (35) 0.52
IGT/IFG, n (%) 10 (50) 13 (65) 0.52
Waist (cm) 116.5 (112.0-128.5) 110.0 (100.4-119.2) 0.04
WHR 0.9 (0.9-1.0) 0.9 (0.9-1.0) 0.32
Systolic BP (mmHg) 144.5 (130-153) 134.0 (122.2-143.2) 0.14
Diastolic BP (mmHg) 83.0 (78.0-87.5) 80.0 (70.0-83.7) 0.31
Smoke, n (%) 4 (20) 0(0) 0.11
Hypertension, n (%) 17 (85) 12 (60) 0.16
Dyslipidemia, n (%) 9 (45) 10 (50) 1.00
MS (NCEP-ATP 1), n (%) 10 (50) 8 (40) 0.75
MS (IDF), n (%) 10 (50) 9 (45) 1.00
CVD, n (%) 1(5) 5 (25) 0.18
Previous Ml or revascularization, n (%) 0 (0) 1(5) 1.00
Previous TIA/stroke or revascularization, n (%) 1(5) 1(5) 1.00
PAD, n (%) 1 (5) 0(0) 1.00
Carotid stenosis, n (%) 0 (0) 4 (20) 0.11
Microvascular disease, n (%) 0 (0) 0 (0)

Total cholesterol (mmol/L) 4.4 (3.6-5.0) 4.4 (3.8-4.6) 0.34
HDL cholesterol (mmol/L) 1.2 (1.0-1.4) 1.1 (1.0-1.4) 0.67
Triglycerides (mmol/L) 1.4 (0.9-2.2) 1.0 (0.8-1.3) 0.026
Amylase (units/L) 56.5 (53.5-70.75) 62.5 (52.5-77.2) 0.58
Lipase (units/L) 105.0 (66.2-117.5) 134.5 (66.5-173.2) 0.15
Fasting plasma glucose (mmol/L) 5.2 (4.9-5.9) 5.3 (5.0-5.7) 0.99
1-h postload plasma glucose (mmol/L) 10.6 (9.2-11.4) 10.6 (8.6-11.2) 0.16
2-h postload plasma glucose (mmol/L) 8.7 (7.9-10.7) 8.1 (6.3-10.2) 0.17
HbA, . (%) 5.95 (5.62-6.70) 6.1 (5.6-6.5) 0.86
HbA;. (mmol/mol) 42 (38-50) 43 (38-48) 0.86
Fasting plasma insulin (nU/mL) 13.35 (9.62-20.92) 10.7 (7.5-21.7) 0.39
1-h postload plasma insulin (U/mL) 72.75 (31.7-102.82) 78.9 (55.5-140.0) 0.13
2-h postload plasma insulin (uU/mL) 76.9 (42.87-100.75) 76.3 (55.3-123.3) 0.17
Creatinine (wmol/L) 61.9 (53.0-70.7) 70.7 (61.9-79.6) 0.089
Total bilirubin (wmol/L) 10 (7-15) 10 (7-14) 0.90
hs-CRP (nmol/L) 38.1 (28.6-85.7) 28.6 (9.5-47.6) 0.35
AST (units/L) 29.0 (24.2-39) 33.0 (27.5-43.5) 0.32
ALT (units/L) 41.0 (36.2-46.5) 50.0 (33.2-66.5) 0.39
Metformin, n (%) 20 (100) 20 (100) 1.00
ACE-Is, n (%) 4(20) 3 (15) 1.00
ARBs, n (%) 7 (35) 6 (30) 1.00
Diuretics, n (%) 7 (35) 5 (25) 0.73
B-Blockers, n (%) 7 (35) 4 (20) 0.48
CCA, n (%) 0(0) 1 (5) 1.00
Statins, n (%) 2 (10) 5(25) 0.41
Fibrates, n (%) 0 (0) 0(0)

PUFA, n (%) 1(5) 0(0) 1.00
Proton pump inhibitors, n (%) 3 (15) 3 (15) 1.00
ASA, n (%) 1(5) 3(15) 0.60
IGF-I (ng/mL) 84.9 (56.7-110.0) 100.9 (80.4-124.2) 0.096
IGF-II (ng/mL) 558.4 (520.8-651.8) 682.7 (616.3-796.9) 0.015
IGFBP-3 (ng/mL) 1,769.0 (1,355.8-2,170.0) 2,222.7 (1,832.9-2,614.5) 0.017
SAT (cm?) 434.1 (317.9-527.2) 374.9 (254.2-455.3) 0.31
VAT (cm?) 324.2 (257.0-386.9) 254.5 (180.2-318.9) 0.046
B-Index (pmol - min~2 - m~2 BSA) 3.41 (2.58-5.05) 4.34 (3.06-5.29) 0.14

ACE-I, ACE inhibitor; ARB, angiotensin receptor blocker; ASA, acetylsalicylic acid; BP, blood pressure; CCA, calcium channel antagonist; CVD, cardiovascular
disease; IDF, International Diabetes Federation; MI, myocardial infarction; MS, metabolic syndrome; NCEP-ATP Ill, National Cholesterol Education

Program-Adult Treatment Panel Ill; PAD, peripheral artery disease; TIA, transient ischemic attack; WHR, waist-to-hip ratio. Data are expressed as the
median (IQR), unless otherwise indicated. *Determined by Mann-Whitney or x? test, as appropriate.
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Figure 1—Effects of liraglutide- or lifestyle-induced weight loss on adipose tissue body distribution. Changes in VAT (A) and SAT (B) after liraglutide- or
lifestyle-induced weight loss, in obese subjects with prediabetes and early type 2 diabetes. P values (lifestyle vs. liraglutide) are for comparison of changes

between groups.

for the more pronounced visceral fat loss
observed in the liraglutide arm.

A GLP-1-specific receptor, structurally
and/or functionally distinct from that
expressed in the pancreas, has been iden-
tified in adipose tissue, and its mRNA
and protein levels are increased in VAT
from severely insulin-resistant, morbidly
obese patients (25,26). GLP-1 promotes
preadipocyte differentiation (27), reduces
the expression of adipogenic and lipogenic
genes, and enhances the expression of
lipolytic markers in human adipose tissue
explants, with distinct effects on VAT and
SAT (28). Some of the molecular mecha-
nisms described in these preclinical stud-
ies might explain the liraglutide effects
on VAT that we observed. Consistently,
liraglutide treatment is associated with a
rapid and substantial reduction of epicardial
adipose tissue, an emerging cardiovascu-
lar risk factor reflecting organ-specific
visceral fat, which correlates with athero-
sclerosis and coronary artery disease (29).
In addition, it has been recently described
(30), in rodents as well as in humans, that
liraglutide-induced weight loss might be
mediated by the activation of adipose-
resident invariant natural killer cells,
which in turn drive the production of fi-
broblast growth factor 21 by adipocytes,
with subsequent thermogenic browning
of white fat. These observations, coupled
with our results, might point to the adi-
pose tissue as a novel target organ for
GLP-1 agonists.

We also observed that liraglutide treat-
ment was associated with an improve-
ment in B-cell function significantly
greater than that observed in subjects
achieving the same weight loss through
lifestyle intervention (31).

In this regard, our findings are consis-
tent with those of the Llraglutide and

[B-cell RepAir (LIBRA) trial (32), where lir-
aglutide treatment was associated with a
significant and sustained enhancement in
B-cell function in individuals with early
type 2 diabetes. In the LIBRA trial (33),
the increase in the [3-cell secretory capac-
ity could have been attributable to weight
reduction and/or lowering of blood glu-
cose level rather than to a direct liraglu-
tide effect. In our study, subjects in the
two treatment arms achieved the same
percentage reduction in body weight
and superimposable HbA;. values. Thus,
the observed liraglutide effects on B-cell
function are presumably independent of
weight loss and/or glycemic control (34).
In addition, patients in both arms were
already in good glycemic control before
randomization, as reflected by baseline
HbA,. values (median 6.05 [IQR 5.62—
6.50]), and >50% of subjects did not
have overt diabetes but were affected
just by prediabetes, thus limiting the
role of baseline glucotoxicity in inducing
[B-cell dysfunction. Moreover, we tried to
be as accurate as possible in estimating
[B-cell function in our subjects by applying
a minimal model of glucose-induced in-
sulin secretion to the post-OGTT glucose
and C-peptide curves of each subject (17).
Finally, since our study also involved sub-
jects with prediabetes, one might specu-
late, on the basis of our results, that early
treatment with a GLP-1 RA could be help-
fulin contrasting and eventually reversing
the 3-cell deterioration, potentially lead-
ing to overt diabetes even in patients with
IFG and/or IGT.

Supporting this hypothesis, liraglutide
modulates 1-h postload hyperglycemia
during an OGTT, which is associated
with a higher risk of the development of
type 2 diabetes and cardiovascular dis-
ease in individuals with prediabetes (35).

We also speculated that the effects of
liraglutide on both visceral fat and 3-cell
function might be intertwined and chal-
lenged the hypothesis that the IGF system
may be implicated as a mechanistic link.
Interestingly, GLP-1 protects B-cells
against apoptosis by increasing the activ-
ity of an IGF-II/IGF-I receptor autocrine
loop (8), which in turn is dependent on
IGF-II synthesis and secretion by the
B-cells (36). The autocrine action of IGF-1
also regulates adult B-cell mass and func-
tion (37). B-cell-specific inactivation of
IGF-Il in mice was associated with impaired
glucose-stimulated insulin secretion and cir-
culating levels of IGF-Il below the detection
limit of the ELISA (37), suggesting that se-
rum IGF-Il levels largely reflect the auto-
crine synthesis and secretion by (3-cells.

In our study, IGF-Il circulating concen-
trations significantly increased only in the
liraglutide arm, and this increase was re-
lated to the positive changes in the
B-index. It is tempting to establish a par-
allel between the elevation in serum
IGF-1l mirroring the liraglutide mediated
autocrine IGF-Il synthesis and the possible
positive GLP-1analogue effects on -cell
proliferation, eventually reflected by the
increase in B-index.

We also observed that at baseline
IGF-1I was inversely related to VAT and
that in the liraglutide arm the IGF-II in-
crease paralleled the decrease in VAT
area. Since both IGF-1l and IGF-Il receptors
are expressed by adipocytes (9), circulat-
ing IGF-1l might be a possible link between
VAT decrease and B-cell function im-
provement during liraglutide treatment.
Thus, one could speculate that the ob-
served effect of liraglutide on B-cell func-
tion might be associated in part with the
effect of the drug on visceral fat loss,
through an adipoinsular axis where the
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Figure 2—Effects of liraglutide- or lifestyle-induced weight loss on glycemic control, insulin sensitivity, and -cell function. Changes in HbA;. (A), 2-h
postload plasma glucose (B), Matsuda index (C), and B-index (D) after liraglutide- or lifestyle-induced weight loss in obese subjects with prediabetes and
early type 2 diabetes. P values (lifestyle vs. liraglutide) are for comparison of changes between groups.

IGF system plays a role. However, although
our data do suggest an effect of liraglutide
on IGF-1l increase, our findings remain
largely correlational, and need to be con-
firmed by more in-depth studies specifi-
cally designed to test the hypothesis that
the IGF system is indeed involved in me-
diating liraglutide effects on visceral fat
and B-cell function.

A potential limitation of our study, be-
side the relatively limited sample size,
which might have prevented the detec-
tion of additional differences between
the two groups, is the high rate of study
withdrawals. This was largely anticipated,
given the complexity of the study design
and the requirement of obtaining at
least a minimum prespecified weight
loss, and was therefore factored in the a
priori sample size calculation and subse-
guent randomization of an excess of sub-
jects. However, study withdrawals were
not related to liraglutide side effects, be-
cause they were mostly dependent on
the nonattainment of the weight loss
goal or on metformin intolerance. More im-
portantly, completers and noncompleters
did not differ in their baseline characteris-
tics (Supplementary Table 2), thus largely
ensuring against a possible selection
bias. Still, we cannot exclude that the

per protocol nature of the analysis might
somehow weaken our conclusions. Another
limitation is the lack of postintervention
follow-up, which prevented assessment
of the durability of our findings, in particular
on adipose tissue distribution. Finally,
the reduction in VAT associated with
liraglutide treatment was definitely sig-
nificant but limited in magnitude. Its clin-
ical significance, if any, remains to be fully
established.

In conclusion, in a group of obese subjects
with prediabetes or early type 2 diabetes
randomized to therapy with liraglutide or
lifestyle changes to achieve comparable
weight loss, we observed significantly en-
hanced abdominal visceral fat loss and im-
proved (-cell function with liraglutide.
Both interventions were equally effective
on glycemic control, although improve-
ment in glucose tolerance seemed more
pronounced after liraglutide treatment.
The liraglutide effects on visceral obesity
and {3-cell function might provide a ratio-
nale for its use in obese subjects in an
early phase of the natural history of glu-
cose metabolism dysregulation.
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SUPPLEMENTARY DATA
- Oral glucose tolerance test (OGTT) with frequent sampling

Subjects underwent OGTT with frequent sampling teetnd after achievement of the weight loss goal,
after at least 48 hours since the last administatif liraglutide for those in the liraglutide arfatients
were instructed to consume a weight maintaining cbataining 200-250 g of carbohydrate per day for
at least 3 days before the OGTT. Patients werettetirtio the Clinical Research Center (CRC) at 8 am
after 10-12 hours overnight fast. For the post-Welgss OGTT, liraglutide was withheld two evenings
before the OGTT such that the last dose was adimiei 48 h earlier. A catheter was inserted into an
antecubital vein and another catheter was inseg&dgradely into a wrist vein for blood sampling.
Each study lasted 130 minutes (-10’ to 120’). AidiQ’, subjects ingested a 75-g glucose solutiar ov
5. Blood samples was collected at -10', 0', 16', 385', 60', 90', 120' to measure plasma glucose a
serum C-peptide and insulin (baseline samples &0 €oncentrations.

Insulin sensitivity was obtained using the Matsuda index, a simplexmhich represents a composite
of both hepatic and peripheral tissue sensitivityirtsulin, and has been demonstrated to be highly
correlated with the rate of whole-body glucose dsspp during the euglycemic insulin clam (1). The
following formula was employed: 10,000/square rfasting plasma glucose* fasting plasma insulin)

*(Mean OGTT glucose concentration *mean OGTT insglbncentration).

Beta cell secretion during OGTT was estimated by applying a minimal model of ghestnduced

insulin secretion to the glucose and C-peptide esinf each subject, as previously described inildeta
(2). C-peptide kinetics was assumed to be knowraich subject according to a two-compartmental
model previously proposed (3). Individual paraneterere calculated from population data (4),

according to sex, age, body surface area and prefsdasence of obesity and type 2 diabetes.
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SUPPLEMENTARY DATA
The model of C-peptide kinetics and secretion leshlyesolved using the SAAM 1l 2.3 software (TEG,

Charlottesville, VA, USA), leading to unique iddiation of OGTT beta index (log units), a compound

parameter of beta cell function during OGTT.

The OGTT beta index is derived from a very parsiimos description of beta cell response to oral
glucose, developed for tests in which sampling nremaimd frequency is limited (2). Glucose-stimulated
insulin secretion (GSIS) during the OGTT is supg@ased on basal insulin secretion rate (B-ISR;
derived from basal C-peptide concentration and ftbe parameters of C-peptide kinetics calculated

from population data as in (4)) and is describetbbews:
GSISE) =171-X()

AX () _

e -1 X+ - [GE)- F]

Xol= 0

where GSIS(t) (units: pmahin™) is C-peptide (insulin) secretion rate in respottsglucose/ ! (units:
min) is the time constant with which C-peptide (irs) made available for secretion is released th&o
bloodstream, X (units: pmol) is the amount of C4mp(insulin) made available for secretion(units:
pmolL'minmmol?) is the slope of the line relating glucose stinsuta the amount of insulin made
available for secretion, G (units: mmot) is the prevailing plasma glucose concentratiom, @(units:
mmolL™) is the apparent glucose concentration thresHmd@which insulin secretion is stimulated by

plasma glucose.
1 ; _ g-(11-8)-B5471
OGTT beta index = ]Ug[ - }"(e_‘_ T]]

where 11 is the extreme nondiabetic glucose (nifpivalue at 120’ during a standard OGTT, BSA
(units: nf) is the body surface area amdis the basis of natural logarithms, which was enofo

mitigate the disproportionate impact thatalues lower than 1 would exert on global betaind
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SUPPLEMENTARY DATA
Area under the insulin curve (Al§s) and area under the glucose curve (@Q@ during the OGTT

were calculated using the trapezoidal rule.

- Magnetic resonance imaging (MRI) Quantification of Visceral and Subcutaneous Fat

MR images were obtained with a Achieva Philips Tesla body scanner, which was available at the
Institute for Advanced Biomedical Technologies (B a neuroscience and imaging research center
within the University of Chieti. A spin-echo seqeenwith a 500-ms repetition time and 20-ms echo
time was used for all acquisitions. To plan theadatquisition, a transverse and sagittal imagéef t
abdomen region were taken to identify the intertendl space between the lumbar fourth (L4) and fift
(L5) vertebrae. Transverse slices (10 mm thick)entben acquired every 50 mm, beginning at the L4-
L5 space and continuing toward the feet. The optthrashold for adipose tissue was 110 (on a sufale

256). Calculation of adipose tissue area and volwae performed as previously described (5).

Analytical measurements

Biological material collection. At admission to the study and after the achieveéréthe weight loss
goal, venous blood samples were collected and riroae -20°C for subsequent biochemical

measurements.
Biochemical measurements

Plasma glucose concentration was measured by titesgl oxidase method and serum insulin and C-
peptide levels by immunochemiluminometric assaysu® high sensitivity-C-reactive protein (hs-
CRP) concentrations were measured using highlyitsenammunoassay. The Hbj level was

determined by automated high-performance liquidetatography (HPLC) (6).
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SUPPLEMENTARY DATA
Serum IGF-I was measured with a specific radioimoassay kit (Mediagnost, Tubingen, Germany),

which uses an excess of IGF-II to eliminate intexfiees by IGFBPs. The intra-assay CV was 6.7%, the
interassay CV was 6.8%, and the sensitivity limaisvd.09 ng/mL. IGF-Il was measured using a specific
immunoassay kit (Mediagnost) with an interassay @\k7.2%, an intra-assay CV of <6.6%, and a
sensitivity limit of 0.02 ng/mL. IGFBP-3 was detenad with a specific immunoassay kit (Mediagnost)

with an intra-assay CV of <4.51%, an interassaydf¥6.3%, and a sensitivity limit of 0.1 ng/mL.
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Supplementary Table S1. Flow diagram of the study

[ Enrollment ]

132 subjects were eva

luated

Excluded (n=70)
Not meeting inclusion criteria (n=50)

A 4

Declined to participate (n=10)
Other reasons (n=10)

62 subjects were enrolled, according to the
inclusion/exclusion criteria

—

Allocated to intervention (n= 31)

+ 31 randomized to LIRAGLUTIDE

—
| S

Allocation

|

A

Allocated to intervention (n= 31)

+ 31 randomized to LIFESTYLE
INTERVENTION

-1 pregnancy
-1 severe anemia
-6 lost to follow up

8 subjects dropped out:

[ Follow-Up

1 !
J

8 dropped out:
-1 metformin intolerance
-7 lost to follow up

|

[ Analysis

TREATMENT

goal

23 subjects continued LIRAGLUTIDE

3 subjects failed to lose weight

20 subjects achieved weight loss

|
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SUPPLEMENTARY DATA
Supplementary Table S2. Baseline char acteristics of completers as compared to non-completers

VELELI Completers (n=40) Non-completers

(n=22)
Age (years) 53.0 (49.0-60.2) 47.5 (42.2-57.5)
Gender (male), n (%) 21 (52.5) 4(18.2) 0.014
BMI (kg/m?) 36.6 (32.7-40.3) 40.8 (34.9-44.2) 0.064
Type 2 diabetes, n (%) 17 (42.5) 6 (27.3) 0.281
IGT/IFG, n (%) 24 (60) 17(77.3) 0.281
Waist (cm) 113.5(104.0-124.2) 122.0 (107.0-127.2) 0.276
WHR 0.96 (0.90-1.01) 0.91(0.86-0.97) 0.052
Systolic BP (mmHg) 139.0 (124.7-148.7) 138.0 (125.5-150.2) 0.959
Diastolic BP (mmHg) 80.0 (75.0-85.0) 80.0 (72.2-88.5) 0.796
Smoke, n (%) 4 (10) 3 (13.6) 0.691
Hypertension, n (%) 29 (72.5) 11(50) 0.099
Dyslipidemia, n (%) 19 (47.5) 9 (40.9) 0.790
MS (NCEPT-ATP Ill), n (%) 18 (45.0) 13 (59.1) 0.426
MS (IDF), n (%) 19 (47.5) 13 (59.1) 0.434
CVD, n (%) 6 (15) 0(0) 0.081
Previous M, or 1(2.5) 0(0) 1.00
revascularization, n (%)
Previous TIA/stroke, or 2(5) 0(0) 0.535
revascularization, n (%)
PAD, n (%) 1(2.5) 0(0) 1.00
Carotid stenosis, n (%) 4 (10) 0(0) 0.287
Microvascular disease, n 0(0) 0(0)
(%)
Total cholesterol (mmol/L) 4.4(3.7-4.9) 4.3(3.7-5.3) 0.691
HDL cholesterol (mmol/L) 1.1(1.0-1.4) 1.1(1.0-1.4) 0.768
Triglycerides (mmol/L) 1.3(0.8-1.6) 1.5(1.1-1.8) 0.088
Amylase (UL) 60.0 (53.2-74.0) 57.0 (45.0-71.0) 0.279
Lipase (U/L) 111.0 (66.5-152.7) 85.0 (59.5-109.0) 0.071
Fasting plasma glucose 5.3(5.0-5.8) 5.3(4.7-5.9) 0.735
(mmol/L)
1-hour-post load plasma 10.2 (9.0-11.3) 10.1(7.2-11.2) 0.485
glucose (mmol/L)
2-hour-post load plasma 8.5(7.3-10.4) 8.7(7.2-11.2) 0.933
glucose (mmol/L)
HbA1c (%) 6.05 (5.62-6.50) 6.0 (5.70-6.5) 0.768
HbA1c (mmol/mol) 43 (38-48) 42 (39-48) 0.768
Fasting plasma insulin 11.60 (8.87-20.92) 13.9 (6.7-24.5) 0.687
(uU/miI)
1-hour post load plasma 78.95 (39.35-106.17) 86.4 (49.5-132.6) 0.263

insulin (uU/ml)
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2-hour post load plasma 76.3 (50.02-112.62) 94.9 (57.4-164.5) 0.160
insulin (uU/ml)
Creatinine (umol/L) 68.1(59.2-79.6) 55.7(55.7-72.5) 0.305
Total bilirubin (umol/L) 10 (7-15) 9 (7-14) 0.400
hs-C-reactive protein 28.6 (19.0-57.1) 42.8 (20.9-73.3) 0.350
(nmoliL)
AST (U/L) 32.0 (25.0-39.0) 26.0 (19.7-34.2) 0.071
ALT (UL) 435 (35.2-61.2) 39.0 (28.7-48.2) 0.109
Metformin 40 (100) 22 (100) -
ACE-l, n (%) 7(17.5) 1(4.5) 0.240
ARBs, n (%) 13 (32.5) 7(31.8) 1.00
Diuretics, n (%) 12 (30) 6 (27.2) 1.00
Beta-blockers, n (%) 11(27.5) 7(31.8) 0.775
CCA, n (%) 1(2.5) 3 (13.6) 0.124
Statins, n (%) 7(17.5) 2(9.1) 0.471
Fibrates, n (%) 0(0) 0(0) -
PUFA, n (%) 1(2.5) 0(0) 1.00
Proton Pump Inhibitors, n 6 (15) 5(22.7) 0.499
(%)
ASA, n (%) 4 (10) 1(4.5) 0.647
IGF-I (ng/ml) 88.9 (65.2-114.4) 84.7 (69.7-104.2) 0.638
IGF-Il (ng/ml) 631.6 (527.5-745.7) 702.0 (574.1-801.7) 0.143
IGFBP-3 (ng/ml) 2018.0 (1607.0-2351.0) 2113.4 (1696.8- 0.466
2451.0)
SAT (cm?) 402.9 (298.7-489.8) 515.3 (380.8-604.2) 0.015
VAT (cm?) 287.8 (247.5-337.67) 285.36 (187.92- 0.449
330.73)
Beta Index (pmol-min2:m=2 3.80 (2.75-5.13) 4.90 (3.78-5.48) 0.064

BSA)

Abbreviations: BMI = body mass index, BP = blood pressure, IGT= impaired glucose tolerance, IFG= impaired fasting glucose,
WHR= waist-to-hip ratio, MS= metabolic syndrome, NCEP-ATP IIl = National Cholesterol Education Program-Adult Treatment
Panel I, IDF= International Diabetes Federation, hs= high sensitivity, ALT = alanine aminotransferase; AST = aspartate
aminotransferase, CVD= cardiovascular disease, Ml= myocardial infarction, TIA= transient ischemic attack, PAD= peripheral
artery disease, ACE-I= ACE-inhibitors, ARBs= angiotensin receptor blockers, CCA= calcium channel antagonists, ASA=
acetylsalicylic acid, IGF-I = insulin-like growth factor, IGFBP3= Insulin Like Growth Factor Binding Protein 3, SAT=
subcutaneous adipose tissue, VAT= visceral adipose tissue.

By Mann-Whitney or chi-square, as appropriate. Data are expressed as medians and interquartile range unless otherwise
indicated.
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