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Treatment with a GLP-1 receptor agonist diminishes the
decrease in free plasma leptin during maintenance of
weight loss
EW Iepsen1,2,3, J Lundgren1,2,3, C Dirksen2, J-EB Jensen2, O Pedersen1, T Hansen1, S Madsbad2, JJ Holst1 and SS Torekov1

BACKGROUND: Recent studies indicate that glucagon-like peptide (GLP)-1 inhibits appetite in part through regulation of soluble
leptin receptors. Thus, during weight loss maintenance, GLP-1 receptor agonist (GLP-1RA) administration may inhibit weight loss-
induced increases in soluble leptin receptors thereby preserving free leptin levels and preventing weight regain.
METHODS: In a randomized controlled trial, 52 healthy obese individuals were, after a diet-induced 12% body weight loss,
randomized to treatment with or without administration of the GLP-1RA liraglutide (1.2 mg per day). In case of weight gain, low-
calorie diet products were allowed to replace up to two meals per day to achieve equal weight maintenance. Glucose tolerance and
hormone responses were investigated before and after weight loss and after 52 weeks weight maintenance. Primary end points:
increase in soluble leptin receptor plasma levels and decrease in free leptin index after 52 weeks weight loss maintenance.
RESULTS: Soluble leptin receptor increase was 59% lower; 2.1 ± 0.7 vs 5.1 ± 0.8 ngml− 1 (−3.0 (95% confidence interval (CI) =− 0.5 to
− 5.5)), Po0.001 and free leptin index decrease was 43% smaller; − 62± 15 vs − 109± 20 (−47 (95% CI =− 11 to − 83)), Po0.05 with
administration of GLP-1RA compared with control group. The 12% weight loss was successfully maintained in both the groups with
no significant change in weight after 52 weeks follow-up. The GLP-1RA group had greater weight loss during the weight
maintenance period (−2.3 kg (95% CI =− 0.6 to − 4.0)), and had fewer meal replacements per day compared with the control group
(minus one meal per day (95% CI =− 0.6 to − 1)), Po0.001. Fasting glucose was decreased by an additional − 0.2 ± 0.1 mmol l− 1 in
the GLP-1RA group in contrast to the control group, where glucose increased 0.3 ± 0.1 mmol l− 1 to the level before weight loss
(−0.5mmol l− 1 (95% CI =− 0.1 to − 0.9)), Po0.005. Meal response of peptide PYY3–36 was higher at week 52 in the GLP-1RA group
compared with the control group, Po0.05.
CONCLUSIONS: The weight maintaining effect of GLP-1RAs may be mediated by smaller decrease in free leptin and higher PYY3–36
response. Low dose GLP-1RA therapy maintained 12% weight loss for 1 year and may prevent pre-diabetes in obesity.
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INTRODUCTION
Achieving and maintaining a healthy body weight is a primary
strategy for the prevention and management of obesity-related
comorbidities.1 Many obese people have a history of several
successful weight losses, but very few are able to maintain the
weight loss over a longer period of time (that is, a year or more).2

After weight loss, several physiological mechanisms favoring
weight regain are activated, including declining energy expendi-
ture in combination with increased hunger and reduced satiety
during eating. It has been hypothesized that the reduction in free
circulating leptin after weight loss is responsible for the weight
regain3,4 and experiments have shown that leptin repletion after
weight loss can reduce weight regain by decreasing energy
intake.5–7 Leptin is an appetite-reducing hormone that is secreted
by the adipose tissue. Leptin binds to the leptin receptor, which
exists in various forms including membrane bound isoforms and a
circulating soluble form. The soluble leptin receptor represents the
main leptin-binding activity in human blood.8–10 High levels of
soluble leptin receptor appears to be a mechanism, whereby the
appetite-inhibiting actions of leptin may be suppressed during

energy deficiency11 as high levels of soluble leptin receptor
concentrations seem to directly block leptin effects.12 The free
leptin index can be calculated as the ratio of leptin to soluble
leptin receptor concentrations. A positive correlation between
the adipose tissue mass and the level of fasting plasma leptin and
free leptin index has been reported, in contrast to a negative
correlation to soluble leptin receptor. Fasting plasma leptin levels,
as well as free leptin index and soluble leptin receptor are markers
of leptin activity.5,6,8,13,14 Obese people are leptin resistant with a
high level of fasting plasma leptin without the expected appetite-
reducing effect15 indicating that rather than being an appetite-
inhibiting hormone, leptin is an ‘anti-fasting’ signal. Hence, when
adipose tissue is lost, but independent of the total amount of fat
mass, the decrease in fasting plasma leptin levels signals for
increased food-seeking behavior.5 This indicates that it is the size
of reduction in free leptin from before the weight loss to after
weight loss rather than the absolute post-weight loss value that
controls food-seeking behavior.
Glucagon-like peptide (GLP)-1 is a hormone secreted from the

endocrine L cells in the intestine, which reduces food intake16 and,
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when administered to obese subjects, induces weight loss.17–19

It is well established that GLP-1 inhibits food intake by inhibiting
appetite,16,17 but the underlying mechanisms remain unsettled.20,21

However, the leptin receptor may be involved in the appetite
inhibition by GLP-1. Thus, leptin receptor–deficient rats were
reported not to respond to GLP-1 at doses that produce significant
anorexia in wild-type rats.22 In addition, the anorexic response to
GLP-1RA treatment has been shown to involve leptin-dependent
mechanisms as demonstrated in experiments where small
amounts of leptin enhanced the anorexic effects of GLP-1 and
GLP-1RA and where fasting-induced reductions in the anorectic
effects could be prevented by leptin replacement.22 Furthermore,
recent studies in rodents have shown that GLP-1RAs can restore
leptin responsiveness.23,24 We hypothesized that GLP-1RA admin-
istration during weight loss maintenance would inhibit weight
loss-induced increases in soluble leptin receptor plasma concen-
trations resulting in higher level of free leptin (corrected for
weight change) thereby preventing weight regain. We therefore
investigated changes in free leptin and soluble leptin receptor
plasma levels during 52 weeks following a diet-induced 12% total
body weight loss in healthy obese individuals with and without
administration of the GLP-1RA liraglutide.

MATERIALS AND METHODS
Study participants
In the period from September 2011 to March 2012, 58 obese participants
were recruited for the study by advertising in local newspapers according
to the following inclusion and exclusion criteria:

Inclusion criteria. BMI430 and o40 kgm− 2; age 418 and o65 years;
and healthy.

Exclusion criteria. Any acute or chronic illness other than obesity; any
medical treatment with known effects on glucose- and lipid metabolism,
appetite or food intake; pregnancy or breast feeding; fasting plasma
glucose of ⩾ 7mmol l− 1.
A diagram of the participant flow is shown in Supplementary Figure 1.

Study design
The study design is illustrated in Figure 1.

Weight loss phase. Each study participant met at an individual screening
session with the study dietician at the Department of Endocrinology,
Hvidovre University Hospital, where the study was conducted. They
received thorough instructions on how to follow a very low-calorie powder
diet (800 kcal per day; Cambridge Weight Plan, Corby, UK)25 for 8 weeks.
During the 8-week weight loss phase, the participants had individual
dietician meetings every week with the objective to achieve a weight loss
of at least 7.5% of their initial body weight after 8 weeks.

Randomization to GLP-1RA administration or control group. After 8 weeks
on very low-calorie diet, the study participants were randomized into two
groups: one receiving the GLP-1RA liraglutide 1.2 mg per day and the other
a control group. Liraglutide was administered using FlexPen devices
(Victoza, Novo Nordisk A/S, Bagsvaerd, Denmark) as subcutaneous
injections in the abdomen or thigh. Dosing was initiated at 0.6 mg
per day, increasing after 1 week to 1.2 mg per day. Both groups followed
Cambridge Weight Loss Maintenance Program with Cambridge Weight
Plan products. It was not possible to obtain or buy placebo Victoza pens
from the production company (Novo Nordisk). Conduction of study and
data analyses were performed with the investigator blinded for
randomization group.
The intervention period ran from October 2011 to June 2013.

Weight loss maintenance phase. After the initial 8-week weight loss phase,
study participants were instructed to restrict calorie intake according to
their estimated daily energy needs subtracted by 600 kcal. The study
participants filled in a diet diary and brought it to regular visits with the
study dietician where they received education on diet and lifestyle
changes (in total 13 visits in 52 weeks). The study participants were
encouraged to follow nutritional recommendations (30% calories from fat,
50% from carbohydrates and 20% from protein) and eat four to six meals
daily (three main meals). In case of weight gain, up to two meals a day
during the weight loss maintenance period were allowed to be replaced by
Cambridge Weight Plan products in both groups to ensure a stable
maintenance of weight loss. All products used to replace any meals in case
of weight gain were recorded by the participants and reported to the
dietician.

Meal tests. Each study participant underwent three meal tests: at
screening; after 8 weeks on very low calorie powder diet; and after
52 weeks with restrictive weight maintenance diet recommendations.
Venous blood samples for measurements of plasma glucose, serum insulin,
plasma GLP-1, plasma PYY and plasma ghrelin were taken before the
intake of Fresubin Energy drink (600 kcal; 50% carbohydrate, 35% fat and
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Figure 1. Study design.
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15% protein; Fresenius Kabi, Bad Homburg, Germany) and every 15min
until 180 min after meal ingestion.

Measurements. Plasma-soluble leptin receptor concentrations were mea-
sured by an ELISA technique (R&D Systems, Minneapolis, MN, USA) with a
sensitivity of 0.06 ngml− 1. Plasma leptin, plasma PYY3–36 and plasma
ghrelin were measured by radioimmunoassay (Millipore, Billerica, MA,
USA). All quality controls (prepared by the manufacturer) were within
acceptable limits. Radioimmunological determinations of total plasma
GLP-1 were performed as described.26–28 The analytical detection limit was
1 pmol l− 1 and intra- and inter-assay coefficients of variation were o6%
and o15%, respectively. Plasma glucose was measured with the glucose
oxidase technique (YSI model 2300 STAT Plus; Yellow Springs Instruments,
Yellow Springs, OH, USA). Serum insulin concentrations were measured
using Immulite 2000 solid-phase chemiluminescent immunometric assays
(Immulite 2000; Siemens, Erlangen, Germany). Fat percentage was
assessed using dual-energy X-ray absorptiometry scanning (Hologic
discovery A, Bedford, MA, USA). Blood pressure was measured using
semi-automatic upper arm blood pressure monitor (Boso Mercurius E;
Bosch+Sohn, Jungingen, Germany).

Ethical issues
The study was approved by the ethical committee in Copenhagen
(reference number: H-4-2010-134) and was performed in accordance with
the Helsinki Declaration II and with ICH-GCP practice. Participation in the
investigation was voluntary and the individuals could at any time retract
their consent to participate. ClinicalTrials.gov Identifier: NCT02094183.

Statistical power
We wanted to investigate the primary end point; increase in soluble leptin
receptor levels with administration of GLP-1RA compared with a control
group. We hypothesized a difference of 3 ngml− 1 ± 0.7 (refs. 9,11,12)
between the groups, thus 20 experimental subjects and 20 control subjects
will be able to reject the null hypothesis that the population means of the
experimental and control groups are equal with probability (power) 0.8.

Statistics
Delta changes in variables were analyzed using a general linear model
contrasting the GLP-1RA treated group vs the control group with weight
change, sex and age as covariates. Analysis of changes in variables over
time were performed using a repeated measurements analysis of variance
(SAS version 9.4; SAS Institute, Cary, NC, USA) contrasting the GLP-1RA
group vs the control group. P-values are given for the overall analysis of

variance (Pgroup) and the time (Ptime) with asterisks in figures indicating
significantly different time points and the interaction is reported
(Pgroup× time). Relationships between the maintenance of weight loss and
the differences in the leptin-related parameters were analyzed with linear
regression (SPSS statistics version 22; IBM Corporation, Armonk, NY, USA).
The data are shown as mean± SEM and differences with 95% confidence
interval (CI). A P-value o0.05 was considered significant.

RESULTS
Weight loss program
Fifty-eight participants (Danes, White) entered the study and 52
participants completed the 8-week weight loss program, achiev-
ing a mean weight loss of − 12 kg (−11 to − 13 kg) equivalent to
12% of the body weight. The 12% body weight loss led to
significant decreases in BMI, total body fat percentage, waist
circumference, waist-hip ratio, blood pressure, fasting glucose,
triglycerides, insulin, leptin, free leptin index, PYY3–36 and to
significant increases in fasting soluble leptin receptor and fasting
ghrelin (Table 1).

Weight loss maintenance program
Soluble leptin receptor, leptin and free leptin index. During the
52 weeks follow-up, the soluble leptin receptor increase was 59%
lower in the GLP-1RA group compared with the control group,
2.1 ± 0.7 ngml− 1 vs 5.1 ± 0.8 ngml− 1, estimated difference −3.0
(95% CI =− 0.5 to − 5.5), Po0.001 (Figure 2, middle panel).
The leptin decrease was significantly smaller in the GLP-1RA group
compared with the control group; − 9 ± 2 ngml− 1 vs − 11 ± 2
ngml− 1, (−2 (95% CI =− 0.3 to − 4)), Po0.05 (Figure 2, upper
panel) and the free leptin index decrease was significantly smaller
in the GLP-1RA group compared with the control group; − 62 ± 15
vs − 109 ± 20, (−47 (95% CI =− 11 to − 83)), Po0.05, Figure 2,
lower panel.

Weight loss maintenance, meal replacements, fasting plasma
glucose, triglycerides and blood pressure. The 12% weight loss
was successfully maintained in both the groups with no significant
difference in weight between the beginning of the weight loss
maintenance program to after 52 weeks; the GLP-1RA group had
gained 0.4 kg (95% CI=−2.5 to 3.4 kg) vs 2.3 kg (95% CI=−1.1 to 5.6)

Table 1. Subject characteristics and fasting variables before and after weight loss run-in with 8 weeks of very low-calorie diet

GLP-1RA (liraglutide 1.2 mg) N=27 (22 women,
5 men; age 46 ± 2)

Control N= 25 (22 women, 3 men; age 45± 2)

At screening At baseline Mean of differences At screening At baseline Mean of differences

Bodyweight (kg) 98.3± 1.9 86.5± 1.5 − 11.9 (−10.6 to − 13.1)* 96.9± 1.9 84.8± 1.8 12 (−11.0 to − 13.1)*
BMI (kgm− 2) 35.0± 0.6 30.8± 0.7 − 4.2 (−3.8 to − 4.5)* 34.0± 0.5 29.7± 0.7 − 4.3 (−3.9 to − 4.8)*
Total body fat % 42± 1 38± 1 − 3 (−1 to − 4)* 41± 1 39± 1 − 2 (−2 to − 3)*
Waist (cm) 109± 2 98± 2 − 11 (−9 to − 13)* 108± 2 98± 2 − 10 (−8 to − 12)*
Waist:hip ratio 0.93± 0.02 0.89± 0.02 − 0.04 (−0.02 to − 0.06)* 0.91± 0.02 0.88± 0.02 − 0.03 (−0.01 to − 0.05)*
Systolic BP (mmHg) 124± 3 114± 2 − 10 (−7 to − 13)* 124± 4 116± 3 − 8 (−2 to − 13)*
Diastolic BP (mmHg) 80± 2 73± 2 − 7 (−4 to − 10)* 79± 2 72± 2 − 7 (−4 to − 10)*
Fasting plasma glucose (mM) 5.4± 0.08 5.1± 0.08 − 0.3 (−0.27 to − 0.33)* 5.3± 0.1 5.0± 0.08 − 0.3 (−0.28 to − 0.33)*
Plasma triglycerides (mM) 1.3± 0.1 0.97± 0.06 − 0.4 (−0.2 to − 0.5)* 1.3± 0.2 0.95± 0.06 − 0.4 (−0.2 to − 0.5)*
Serum insulin (pmol l− 1) 80± 8 49± 3 − 30 (−16 to − 46)* 70± 6 43± 4 − 28 (−20 to − 36)*
Plasma leptin (ngml− 1) 32± 3 13± 2 − 19 (−14 to − 23)* 33± 3 13± 1 − 20 (−16 to − 24)*
Plasma-soluble leptin receptor (ngml− 1) 16± 0.9 18± 1 2 (0.3–4)# 15± 0.7 17± 0.8 2 (0.5–4)#

Plasma free leptin index 198± 22 74± 11 − 124 (−90 to − 158)* 212± 23 83± 16 − 129 (−92 to − 166)*
Plasma PYY3–36 (pgml− 1) 78 ± 7 70 ± 6 − 8 (−1 to − 15)¤ 74 ± 5 66 ± 4 − 8 (− 1 to − 15)¤
Plasma ghrelin (pgml− 1) 779± 54 1066± 86 287 (184–390)* 855± 84 1082±90 227 (121–334)*

Abbreviations: BP, blood pressure; BMI, body mass index; GLP, glucagon-like peptide. Data are shown as mean± s.e.m. and differences with 95% confidence
interval. *Po0.0001, #Po0.001, ¤Po0.05. Data were collected before randomization. There were no differences between the groups P40.05.
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in the control group, P40.05, estimated difference (−1.9 (95%
CI =− 6.2 to 2.4)), P40.05 (Figure 3, upper panel). The GLP-1RA
group had greater weight loss during the weight maintenance
period (−2.3 kg (95% CI =− 0.6 to − 4.0)), Po0.005 (Figure 3, upper
panel), and had fewer meal replacements per day (minus one
meal per day (95% CI =− 0.6 to − 1)), Po0.0001, compared with
the control group (Figure 3, middle panel). In the GLP-1RA group,
fasting plasma glucose decreased with further − 0.2 ± 0.1 mmol l− 1

in contrast to the control group where fasting plasma glucose
increased by 0.3 ± 0.1 mmol l− 1 to the level before weight loss
(−0.5 (95% CI =− 0.1 to − 0.9)), Po0.005 (Figure 3, lower panel).
Triglyceride levels increased during weight loss maintenance in
the control group as compared with the GLP-1RA group; 0.4 ± 0.08
vs 0.06 ± 0.08 mmol l− 1 (−3 (95% CI =− 0.5 to − 6)), Po0.05. The
systolic and diastolic blood pressure increased significantly during
the weight loss maintenance period for the control group by 7.2
(95% CI = 2.2–12.3) and 6.1 (95% CI = 2.3–10.0) mmHg, respec-
tively, Po0.005. In the GLP-1RA group, the systolic blood pressure
increased significantly during the weight loss maintenance period
by 9.9 (95% CI = 3.9–16.0) mmHg, Po0.05, in contrast to a
nonsignificant diastolic blood pressure increase of 4.7 (−0.1 to 9.5)
mmHg, P40.05. There was no difference with respect to the
blood pressure increases between the two groups (systolic
estimated difference 2.7 (95% CI =− 5 to 10), diastolic estimated
difference of − 1.4 (95% CI =− 7 to 4), P40.5).

Plasma PYY3–36, endogenous GLP-1, glucose, ghrelin and serum
insulin meal responses. The PYY3–36 levels during the meal test
were significantly higher at week 52 for the GLP-1RA group
compared with the control group, Po0.05; whereas the
endogenous GLP-1 levels were significantly lower in the
GLP-1RA group compared with the control group, Po0.05
(Figure 4); there were no differences between the groups at
screening or baseline, P40.05. Plasma glucose was significantly
lower at 52 weeks compared with screening and baseline for the
GLP-1RA group, Po0.001, whereas there was no difference in the
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Figure 2. Change in plasma leptin, soluble leptin receptor (SLR) and
free leptin index (FLI). Mean± s.e.m., *Po0.05, **Po0.005.

Figure 3. Upper panel: Maintenance of weight loss during 52 weeks.
Mean weight change (kg)± s.e.m., Pgroupo0.005, Ptimeo0.001,
Pgroup × time=0.3. Middle panel: Daily meal replacement during the
52 weeks of weight loss maintenance. Mean number of meal
replacements per day± s.e.m., Pgroupo0.0001, Ptimeo0.0001,
Pgroup × time= 0.2. Lower panel: Change in fasting plasma blood
glucose level during the 52 weeks of weight loss maintenance.
Mean blood glucose change (mmol l− 1)± s.e.m., Pgroupo0.005,
Ptimeo0.001, Pgroup × time= 0.1. P-values are given for the overall
analysis of variance with asterisks indicating significantly different
time points. Filled squares indicate GLP-1RA group; open circles
indicate control group.
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control group, P40.05. Furthermore, plasma glucose was sig-
nificantly lower in the GLP-1RA group compared with the control
group during the meal test after 52 weeks, Po0.05 (Figure 5),
whereas there was no difference between the groups at screening
or baseline, P40.05. After 52 weeks, 100% were glucose tolerant
in the GLP-1RA group (93% at baseline) vs 90% in the control
group (92% at baseline; Supplementary Table 1). Serum insulin
was significantly lower at baseline and 52 weeks compared with
screening for both groups, Po0.0001. Meal-stimulated serum
insulin was significantly higher in the GLP-1RA group at 52 weeks
compared with the control group, Po0.05, whereas there was no
difference between the groups at screening or baseline, P40.05
(Supplementary Figure 2). Ghrelin levels did not differ between
the groups (Supplementary Figure 3).

Relationship between maintenance of weight loss and differences in
leptin-related parameters. Increase in leptin level during weight
maintenance correlated positively to an increase in weight;
R2 = 0.46, P40.0001 (GLP-1-RA group: R2 = 0.39, P= 0.001; control

group: R2 = 0.57, Po0.0001, Supplementary Figure 4). Increase in
free leptin index correlated positively to an increase in weight;
R2 = 0.48, Po0.0001 (GLP-1-RA group: R2 = 0.52, Po0.0001;
control group: R2 = 0.46, P= 0.0001, Supplementary Figure 4).

o

Figure 4. Plasma PYY3–36 and plasma endogenous GLP-1 during a
meal test at week 52 during weight loss maintenance. Mean± s.e.m.,
Pgroupo0.05, Ptimeo0.01, Pgroup × time= 0.2. P-value is given for the
overall analysis of variance with asterisks indicating significantly
different time points. Filled squares indicate GLP-1RA group; open
circles indicate control group.

Figure 5. Plasma glucose during the meal tests. Mean± s.e.m.,
Pgroupo0.005, Ptimeo0.05, Pgroup × time= 0.4. P-values are given for
the overall analysis of variance with asterisks indicating significantly
different time points.
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Increase in soluble leptin receptor during weight maintenance
correlated to a decrease in weight in the control group only,
R2 = 0.09, P40.05 (GLP-1-RA group: R2 = 0.06, P= 0.7; control group
R2 = 0.18, Po0.05, Supplementary Figure 5).

Adverse effects. Besides nausea which was more frequent in the
GLP-1RA group (40 vs 4%), there was no difference in the
occurrence of adverse effects. The nausea was mild and transient
and disappeared after a few weeks (Supplementary Tables 2–4).

DISCUSSION
We here show that a long-acting GLP-1RA inhibits the normally
occurring increase in soluble leptin receptors during weight loss
maintenance by 59% compared with a control group. As a result,
levels of free leptin were higher in the GLP-1RA group, which may
counteract the weight-preserving actions of the physiological
leptin decrease during weight loss maintenance as smaller
decreases in levels of free leptin would be expected to prevent
the leptin-mediated appetite increase and energy expenditure
decrease that normally occurs in response to weight loss.5,6 For
optimal hormonal response comparisons, we aimed at equal
weight loss maintenance in the two study groups; this was
accomplished by closely monitoring weight changes, and, in the
case of weight gain, offering up to two low-calorie meal
replacements per day. The two groups successfully maintained a
12-kg weight loss during 1 year although the GLP-1RA group was
slightly more successful; the GLP-1RA group had gained only
400 g vs 2300 g in the control group 52 weeks after the
initial weight loss phase. Our data indicate that the 43%
smaller decrease in the free leptin level contributed to maintain
weight loss in the GLP-1RA group, whereas in the control group,
the weight loss was maintained by replacing one meal per day
with a fixed low-calorie meal, thereby keeping the energy
intake down.
The soluble leptin receptor represents the main leptin-binding

activity in human blood.9 High levels of soluble leptin receptor
appears to be a mechanism whereby the appetite-inhibiting
action of leptin is suppressed during energy deficiency11 as high
levels of soluble leptin receptor concentrations seem to directly
inhibit leptin effects.12 Lower leptin levels are associated with a
higher risk of weight gain over 2 years in healthy young adults,29

whereas an increase in soluble leptin receptors has been
associated with leptin resistance.11 Moreover, leptin receptor
expression has previously been coupled to the appetite inhibition
of GLP-1,22 and recent studies in rodents have shown that
GLP-1RAs can restore leptin responsiveness.23,24 Our study
supports the recently suggested theory that leptin, rather than
being an appetite-inhibiting hormone in times of nutrient excess,
is an ‘anti-fasting’ signal. Thus, when adipose tissue is lost, but
independent of the amount of fat mass in the body, the
consequent decrease in free leptin levels signals for increased
food-seeking behavior.5,6

This indicates that it is the size of reduction in free leptin, from
before the weight loss to 52 weeks after weight loss, rather than
the absolute post-weight loss values that control food-seeking
behavior.
We analyzed the relationship between maintenance of weight

loss and change in leptin-related parameters and found that
increases in leptin and free leptin index during the weight loss
maintenance period explained 46 and 48%, respectively, of the
variation in weight increase in accordance with the previous
studies.5,6,8,13,14 However, only in the control group we found the
previously reported relationship wherein increases in soluble
leptin receptor levels correlated to decreases in weight.5,6,8,13,14

This indicates that liraglutide treatment uncouples the increase in
soluble leptin receptors that normally occurs during weight
loss, thereby preventing the decrease in free leptin and thus

preventing the increase in food-seeking behavior during weight
loss maintenance.
In humans, the soluble leptin receptor is generated by

proteolytic cleavage of membrane-anchored leptin receptors.30

The long isoform of the leptin receptor ObRb, which is
highly expressed in the hypothalamus, is considered to be the
primary signaling form of the receptor and soluble leptin
receptor levels are related to receptor expression of the long
isoform ObRb.31 Thus GLP-1RA may, via GLP-1 receptor signaling
in the hypothalamus, interfere with mRNA transcription,
translation or the cleavage of ObRb to soluble leptin receptors
and thereby down-regulate the production of soluble leptin
receptors.
The 12% body weight loss during the weight loss phase led to

marked decreases in plasma leptin and free leptin index levels and
significant increase in soluble leptin receptor levels, confirming
previous findings regarding the effect of weight loss on leptin
activity.5,6,8,13,14 In addition, the weight loss led to significant
decreases in blood pressure and fasting levels of plasma
triglycerides, plasma PYY, plasma glucose, serum insulin, and an
increase in fasting plasma ghrelin level.
During the weight loss maintenance period, the fasting

plasma glucose level decreased by further 0.2 mmol l− 1 in the
GLP-1RA group, in contrast to the control group where
blood glucose concentrations increased by 0.3 mmol l− 1 to the
same level as before the weight loss even though the weight loss
was maintained. In addition, the triglyceride level increased by
0.4 mmol l − 1 during weight loss maintenance in the control
group in contrast to the GLP-1RA group where the level
remained stable after weight loss, perhaps explained by a
GLP-1-induced reduction of the secretion of intestinal
triglycerides.32 Furthermore, the GLP-1RA group had significantly
lowered plasma glucose levels and increased serum insulin
levels during the meal test after 52 weeks, in contrast to the
control group, consistent with the glucoregulatory actions of
GLP-1.17,19,33 In addition, all participants receiving liraglutide
became glucose tolerant, in contrast to the control group where
10% remained glucose intolerant. This implies that weight loss
maintenance with GLP-1RA may act to prevent pre-diabetes in
obesity.
The decrease in blood pressure during weight loss was not

maintained during the weight loss period, but increased to the
level before weight loss, even though the weight loss was
maintained. Similar observations have been made in other
studies34,35 and indicate that the initial large reduction in blood
pressure is a transient acute response to hypocaloric states and
large acute weight loss. However, in the GLP-1RA group, only the
systolic blood pressure reverted significantly, whereas in the
control group, both the systolic and diastolic blood pressure
returned to pre-intervention level. Of note, a meta-analysis has
indicated that in subjects with a systolic blood pressure o130-
mmHg, as the participants in the present study, the effect of
liraglutide on blood pressure is minimal.36

PYY3–36 is a known regulator of appetite37,38 and, interestingly,
we found that the PYY3–36 meal response was significantly higher
in the GLP-1RA group, although the endogenous GLP-1 produc-
tion, as expected,39 was blunted in the GLP-1RA group. PYY is
predominantly colocalized with GLP-1 and would be expected to
be secreted in parallel with GLP-1,40,41 but previous reports have
shown that some conditions may favor release of one hormone
over the other42 and that there may be cells that preferentially
release PYY or GLP-1 rather than both hormones in parallel.43,44

Our study suggests that the appetite-inhibiting effect during
chronic administration of GLP-1RA also involve an increase in the
plasma levels of PYY3–36.
The administration of a relatively low dose of liraglutide (1.2 mg)

helped in maintaining a large weight loss of 12% for 52 weeks. The
benefit of the combined effect of weight loss with very low-calorie
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diet and weight maintenance with 1.2 mg liraglutide may be fewer
adverse effects and less cost compared with weight maintenance
with 3.0 mg liraglutide.18,45

The strength of the present study is that we were able to
successfully maintain a 12% weight loss in both groups thereby
being able to make optimal hormonal response comparison in
elucidating the potential effect of GLP-1RAs on leptin activity. We
were not allowed to buy or obtain placebo Victoza pens from the
production company (Novo Nordisk), however, we hold it unlikely
that there would be a significant placebo effect on direct leptin
activity. We did not assess gastric emptying in this study; however,
previous studies have indicated that the weight loss mechanism
of liraglutide is mediated by the regulation of appetite signals and
not delayed gastric emptying, as the effects on gastric emptying is
subject to marked tachyphylaxis in contrast to the body weight-
lowering effects.46–48

In conclusion, administration of a relatively low dose of GLP-1RA
successfully maintained a 12% weight loss during 1 year. The
appetite-inhibiting effect of GLP-1RA may depend on the 43%
smaller decrease in free leptin levels, predominantly mediated by
a 59% smaller increase in soluble leptin receptor, and higher
PYY3–36 meal responses may also contribute. Furthermore, the
GLP-1RA group lowered blood glucose additionally during weight
loss maintenance in contrast to the control group where blood
glucose levels increased to the same level as before the weight
loss even though the weight loss was maintained. Thus, weight
loss maintenance with GLP-1RA may act to prevent pre-diabetes
in obesity.
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