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Abstract

Background The physiological role of apelin in obesity and
diabetes remains unclear. Although apelin has been studied
in persons with different conditions, no studies have yet
examined the joint influence of obesity and diabetes on
apelin levels. We measured the changes in apelin levels in
morbidly obese subjects, with and without diabetes, and in
the inverse situation of improvement in carbohydrate
metabolism as a result of bariatric surgery.

Methods The study was undertaken in 54 morbidly obese
persons, 16 of whom had type 2 diabetes mellitus, before and
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7 months after undergoing bariatric surgery, and in 12 healthy,
nonobese persons. Measurements were made of apelin levels
and insulin sensitivity by an intravenous glucose tolerance test.
Results The apelin levels in the morbidly obese patients
prior to surgery were significantly higher than those of the
controls only when the morbidly obese subjects were
diabetic (P<0.005). Apelin levels correlated significantly
in the morbidly obese patients with serum triglycerides
(r=0.292, P=0.032) and glucose (r=0.337, P=0.039).
Bariatric surgery resulted in a significant decrease in apelin
levels only in the morbidly obese subjects with impaired
fasting glucose or diabetes. The change in apelin levels
correlated significantly in the morbidly obese patients with
the changes in serum glucose (#=0.338, P=0.038) and
insulin sensitivity (r=—0.417, P=0.043).

Conclusions This study demonstrates that obesity is not the
main determinant of the rise in apelin levels. The
association between apelin levels and glucose concentra-
tions and insulin sensitivity provides evidence that apelin
may play a role in the pathogenesis of diabetes.

Keywords Morbid obesity - Insulin resistance -
Apelin - Diabetes

Introduction

The number of overweight and obese subjects is taking on
alarming proportions worldwide. Obesity is a multifactorial
disease that involves an alteration of energy balance. Different
studies have shown the important role of adipose-tissue-
derived hormones in the complications associated with obesity.
A certain number of adipose-tissue-derived hormones, such as
leptin, adiponectin, resistin, and visfatin, are involved in
carbohydrate metabolism control [1]. The adipose tissue has
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recently been reported to synthesize a new peptide, apelin. This
peptide, first isolated from bovine stomach [2], is derived from
a 77-amino-acid precursor, which is processed to several active
molecular forms, such as apelin-36 or apelin-13 and apelin-12
in different tissues [3]. In humans, apelin has been shown to
be widely expressed [4]. This protein is an endogenous ligand
of APJ, a G-protein-coupled receptor [2, 5].

The role of apelin is currently unknown. The receptor and
the ligand are colocalized in many tissues. Apelin may have
different effects, depending on the tissue in question [6].
Apelin appears to exert its effect on the cardiovascular system
[7-9] and the nervous system [10], among others. Apelin also
increases drinking behavior and reduces food intake in model
experiments in rodents [11]. Recently, apelin expression has
been reported to be regulated by insulin [12], and it has been
suggested to be involved in regulation of glucose homeostasis
and in obesity [12—15]. However, there are certain contradic-
tory findings. While some studies have found apelin to be
increased in diabetic persons [15], another study showed its
serum levels to be reduced in newly diagnosed type 2
diabetes mellitus as compared with a group of control
subjects [16]. Apelin has also been associated with inhibition
of glucose-stimulated insulin secretion in mice [14].

One of the main treatments for morbid obesity and its
accompanying disorders, such as diabetes, is bariatric surgery.
Although calorie restriction is the main reason for improve-
ment, it is nevertheless not sufficient to explain all the resulting
changes. The regulation of energy balance is a complex
phenomenon involving numerous factors [17]. The changes
undergone by different hormones can have repercussions on
these processes. Very few studies have examined the
evolution of apelin over time in different disorders [13, 18].
In fact, as far as we are aware, no study has yet been
undertaken in morbidly obese persons undergoing bariatric
surgery with restrictive malabsorption techniques. Following
surgery, an important change is produced in the gastrointes-
tinal physiology that can affect plasma levels of apelin and its
effects. Although the association between apelin and obesity
and diabetes is now beginning to be studied, the physiolog-
ical role of apelin is still unknown. Thus, the aim of this study
was to investigate the levels of apelin in morbidly obese
persons with and without type 2 diabetes mellitus, as well as
the changes in apelin levels after the improvement in
carbohydrate metabolism as a result of bariatric surgery.

Materials and Methods
Subjects
Measurements were taken in 54 morbidly obese persons (19

men and 35 women) before and 7 months after bariatric
surgery and in 12 healthy, nonobese persons with normal

fasting glucose (four men and eight women) as controls.
The morbidly obese persons were classified into three
groups, according to their fasting glucose levels prior to
bariatric surgery: morbidly obese with normal fasting
glucose (MO-NFG; glucose <5.6 mmol/l; n=15), morbidly
obese with impaired fasting glucose (MO-IFG; glucose
>5.6 and <7.0 mmol/l; n=23), and morbidly obese with
diabetes mellitus (MO-DM; glucose >7.0 mmol/l; n=16).
None of the morbidly obese persons with type 2 diabetes
mellitus were receiving insulin therapy. Each patient was
weighed, their height measured, and their body mass index
(BMI) calculated (kg/m?). All the patients underwent
bariatric surgery with mixed techniques, combining gastric
reduction with an intestinal bypass: open biliopancreatic
diversion of Scopinaro (n=39) or laparoscopic Roux-en-Y
gastric bypass (n=15) [19]. All participants gave their
informed consent, and the study was reviewed and
approved by the Ethics and Research Committee.

Intravenous Glucose Tolerance Test

An intravenous glucose tolerance test (IVGTT) [20] was
performed in the healthy persons and in the morbidly obese
persons prior to surgery and 7 months after bariatric surgery.
The study protocol commenced at 08:30 a.m. after a 10-12 h
fast. Baseline blood samples were obtained at 15, 10, and
5 min before glucose administration. At point 0, glucose was
administered (50% dextrose; 11.4-g/m” body surface area) in
less than 1 min. Blood samples were taken after 2, 3, 4, 5, 6,
8,10, 12, 14, 16, 19, 22, 25, 30, 40, 50, 60, 70, 80, 100, 120,
140, 160, and 180 min for the measurement of concen-
trations of glucose and insulin. The serum was separated,
aliquoted within 30 min of extraction, and immediately
frozen at —80°C. The insulin sensitivity (SI) and the acute
insulin response (AIRg) were calculated after introduction of
the results for glucose and insulin obtained during the
IVGTT into the MINMOD program [21].

Laboratory Measurements

Blood samples were collected after a 12-h fast. All the
samples were analyzed simultaneously by a common
laboratory. Serum biochemical parameters were measured
in duplicate. Serum glucose, cholesterol, high-density
lipoprotein cholesterol, triglycerides (RANDOX Laborato-
ries, Antrim, UK), and free fatty acids (WAKO Chemicals,
Richmond, VI) were determined by standard enzymatic
methods. Low-density lipoprotein cholesterol was calculat-
ed by the Friedewald formula. The insulin was analyzed by
an immunoradiometric assay (BioSource International,
Camarillo, CA, USA), showing a 0.3% cross-reaction with
proinsulin. The intra-assay and interassay coefficients of
variation (CV) were 1.9% and 6.3%, respectively. Apelin-
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12 was analyzed by enzyme immunoassay (enzyme-linked
immunosorbent assay, ELISA) kits (Phoenix Pharmaceuti-
cal, Inc. Belmont, CA, USA). The sensitivity of the
technique was 0.04 ng/ml and the intra-assay and interassay
CV were <5% and <14%, respectively. Leptin was
analyzed by enzyme immunoassay (ELISA) kits (DSL,
Webster, TX, USA). The sensitivity of the technique was
0.05 ng/ml and the intra-assay and interassay CV were
3.8% and 4.4%, respectively. Adiponectin was analyzed by
enzyme immunoassay (ELISA) kits (DRG Diagnostics
GmbH, Germany). The intra-assay and interassay CV were
3.4% and 5.7%, respectively.

Statistical Analysis

The results are given as the mean = SD. Logarithmic
adjustments are made when the variables are not normally
distributed. Comparison between the results of the different
groups was made with the Student # test or with the one-way
analysis of variance, and the post hoc analysis was done with
Duncan’s multiple-range test. The differences in the variables
within the same group before and after bariatric surgery were

compared with the Student ¢ test for paired samples. The
Pearson correlation coefficient was calculated to estimate the
linear correlations between variables. Values were considered
to be statistically significant when P<0.05. The statistical
analysis was done with SPSS (version 11.5 for Windows;
SPSS, Chicago, IL, USA).

Results
Clinical Characteristics of the Study Group

Table 1 summarizes the anthropometric and biochemical
characteristics of the control subjects and the morbidly
obese subjects, before and after bariatric surgery. The group
of morbidly obese patients was extremely obese, with a
mean presurgery BMI of 54.0+6.8 kg/m”. This study was
carried out at the same time at two different centers, and
although the assignment of the morbidly obese patients to
one or other of the techniques was not random, no
significant differences were found prior to bariatric surgery
for the different study variables according to the type of

Table 1 Clinical and biochemical variables in the control subjects and the morbidly obese patients before and 7 months after bariatric surgery

Control MO presurgery MO postsurgery
NFG IFG DM

N (men/women) 12 (4/8) 15 (5/10) 23 (9/14) 16 (5/11)
Age (years) 39.3+6.2 40.0+11.8 44.4+11.4 43.4+7.8
Weight (kg) 70.8+12.0b 148.1429.9a 154.2424.6a 144.5+25 4a 101.6£15.2%%*
BMI (kg/m?) 249+3.1b 51.5+7.3a 55.5+5.8a 53.9+7.5a 37.245.2%%%
Waist (cm) 86.6+9.7b 142.1+20.6a 145.6+18.2a 141.1+15.2a 112.1+11.8%**
Systolic blood pressure (mmHg) 121.0£3.7b 131.8+£17.3a,b 144.6+25.1a 148.1+£21.9a 130.9+£16.6
Diastolic blood pressure (mmHg) 69.3+6.0b 84.0+12.1a,b 86.9+14.8a,b 87.1+11.9a 79.3£11.6
Glucose (mmol/l) 4.74+0.48¢c 5.07+0.30c,b 5.97+0.38b 10.12+2.70a 4.91+0.66
Insulin (pmol/l) 77.5+56.4b 198.4+112.9a 196.9+100.6a 218.6+121.6a 75.3+33.3
SI (10 min~"/[uU/ml]) 7.78+5.77a 3.47+4.25b 1.43+1.34b,c 0.338+0.546¢ 5.01+£3.43
AIRG (min pmol/ml) 4.68+3.40a 4.67+4.34a 2.80+2.42a 0.35+0.43b 3.36+2.19
Cholesterol (mmol/l) 4.87+0.98 4.84+0.74 5.23+0.86 5.35+0.73 3.69+0.93%**
HDL cholesterol (mmol/l) 1.50+0.44a 1.2740.33a,b 1.23+0.36b 1.02+0.20b 1.06+0.23**
LDL cholesterol (mmol/l) 2.91+0.97 2.90+0.41 3.29+0.89 3.29+0.56 2.05+£0.78%*
Triglycerides (mmol/l) 1.03+0.70b 1.29+0.74b 1.43+0.79b 2.74+2.01a 1.23+0.48
Free fatty acids (mmol/I) 0.363+0.116b 0.681+0.187a 0.791+0.268a 0.834+0.232a 0.524+0.179*
Apelin (ng/ml) 1.12+£0.51b 1.07+1.03b 1.60+0.87a,b 1.87+1.22a 0.88+0.48
Leptin (ng/ml) 21.1+24.0b 155.5+72.8a 212.8+102.9a 145.7+73.1a 37.7+33.7
Adiponectin (ng/ml) 11.7£6.3a 9.8+4.6a,b 10.2+£5.3a,b 6.8+£3.0b 14.1£10.3

Data are expressed as mean =+ standard deviation (SD). Different letters indicate significant differences between the means of the different groups
of preoperative morbidly obese patients and the controls (P<0.05)

NFG normal fasting glucose, /FG impaired fasting glucose, DM type 2 diabetes mellitus, BMI body mass index, S/ insulin sensitivity, AIR; acute

insulin response

*P<0.05; **P<0.01; ***P<0.001, significant differences between the morbidly obese patients 7 months after surgery and the controls
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surgery later undergone (biliopancreatic diversion or Roux-
en-Y gastric bypass; data not shown). When the morbidly
obese patients were grouped according to their serum
glucose concentrations, significant differences were only
found in the serum glucose (Fig. 1a), triglycerides (Fig. 1b),
SI (Fig. 1c), and AIRg.

Serum apelin concentrations

The apelin levels in the morbidly obese patients prior to
surgery were significantly higher than those of the controls
(1.68+1.25 vs. 1.12+0.51 ng/ml, P=0.017). However, this
was solely at the expense of the morbidly obese patients
who were diabetic (Fig. 1d). No significant differences
were noted according to whether the morbidly obese
patients were or were not being treated with oral anti-
diabetic agents (OAA; MO-DM with OAA 1.62+1.31 ng/
ml, MO-DM no OAA 1.99£1.63 ng/ml, P=0.626). No
significant differences were noted according to the sex of
the patient or the hospital involved (data not shown).
Baseline serum apelin correlated significantly in all
subjects with triglycerides, glucose, and insulin (Table 2).
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Fig. 1 Serum glucose (a), triglycerides (b), insulin sensitivity (S7; ¢),
and apelin (d) in control subjects (n=12), morbidly obese patients
with NFG (n=15), IFG (n=23), or type 2 diabetes mellitus (n=16),
before (black bars) and after (white bars) bariatric surgery, according
to their presurgery fasting glucose levels. Data are presented as means +

In the group of morbidly obese patients, apelin correlated
significantly with serum triglycerides (#=0.292, P=0.032)
and glucose (r=0.337, P=0.039).

Bariatric surgery resulted in a significant decrease in
apelin levels (1.68+1.25 vs. 0.88+0.48 ng/ml, P=0.003) in
the morbidly obese patients. Again, this was due to the
significant reduction in the morbidly obese patients with
DM and IFG (Fig. 1d). No significant differences were
found in apelin levels according to the type of bariatric
surgery undergone (data not shown).

After surgery, apelin did not correlate significantly in the
morbidly obese patients with any of the variables studied.
However, the change in its levels (Aapelin) correlated
significantly in the morbidly obese patients with the
changes in serum glucose (Aglucose) and SI (ASI; Table 3).

Discussion
The main results of this study are that (a) serum apelin

levels were only significantly increased in morbidly obese
patients with type 2 diabetes mellitus, and (b) bariatric
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SD. Different letters indicate significant differences between the means of
the different groups of preoperative morbidly obese patients and the
controls (P<0.05). *P<0.05; TP<0.01; ¥P<0.001: significant differences
within the same group of morbidly obese subjects before and after
bariatric surgery
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surgery only led to a significant reduction in apelin levels in
those who had IFG or type 2 diabetes mellitus before
surgery. The change in serum apelin levels after surgery
was greater as the change in serum glucose levels
increased.

Studies over recent years have shown that more and more
adipose-tissue-derived hormones are involved in the regula-
tion of the fat store, metabolism, and obesity-associated
disorders, including type 2 diabetes mellitus [1, 15, 17].
Adipose tissue has also recently been shown to secrete an
adipokine called apelin, which seems to be involved in
obesity and carbohydrate metabolism [22-24]. However,
very few studies have examined apelin in humans. Our
results, like those of others [12, 13, 24], show that serum
apelin levels in obese persons are significantly raised and
may be involved in the pathophysiology of obesity. Even so,
while some studies found a positive correlation of circulating
apelin with BMI [15, 24], others (including ours) failed to
detect this association [16, 25, 26].

To date, the studies on apelin in obesity have been done
in persons with hyperinsulinemia and glucose levels within
normal ranges [12, 13] or with IFG [24]. Although these
studies showed the increased levels of apelin [12, 13, 24],
studies in experimental models of obesity have shown that
apelin is significantly elevated only in those states
associated with hyperinsulinemia [12]. Our group of

Table 2 Associations found between presurgery levels of apelin with
the other anthropometric and biochemical variables studied

Apelin presurgery

r p
Weight —0.305 0.215
BMI 0.164 0.199
Waist 0.087 0.497
Systolic blood pressure 0.215 0.358
Diastolic blood pressure 0.165 0.685
Glucose 0.346 0.014
Insulin 0.251 0.044
SI —-0.077 0.627
AlRg —-0.189 0.225
Cholesterol 0.153 0.223
HDL cholesterol 0.129 0.323
LDL cholesterol 0.204 0.109
Triglycerides 0.268 0.031
Free fatty acids 0.125 0.349
Leptin 0.314 0.403
Adiponectin 0.200 0.125

BMI body mass index, S/ insulin sensitivity, 4IR; acute insulin
response

@ Springer

Table 3 Associations in the morbidly obese patients between the
change in serum apelin levels (Aapelin) and the change in the other
anthropometric and biochemical variables studied (A)

AApelin

r p
AWeight —0.083 0.622
ABMI —0.081 0.628
AWaist —0.141 0.411
ASystolic blood pressure —0.205 0.248
ADiastolic blood pressure —0.235 0.512
AGlucose 0.338 0.038
Alnsulin 0.024 0.889
ASI -0.417 0.043
AAIRg 0.276 0.191
ACholesterol —0.285 0.135
AHDL cholesterol —0.098 0.634
ALDL cholesterol —0.086 0.681
ATriglycerides 0.081 0.581
AFree fatty acids 0.025 0.894
ALeptin -0.170 0.283
AAdiponectin —-0.116 0.500

BMI body mass index, S/ insulin sensitivity, 4IRs acute insulin
response

morbidly obese persons had significantly higher levels of
insulin, glucose, and triglycerides than the control subjects.
Only the glucose and the triglycerides, though, correlated
positively with the apelin levels. Clarification of the role
played by hyperinsulinemia and obesity in apelin regulation
is difficult as obesity is often accompanied by hyper-
insulinemia. Nevertheless, this study shows that serum
apelin concentrations are significantly raised in morbidly
obese persons with type 2 diabetes mellitus, even though all
the morbidly obese patients (NFG, IFG, and DM) had
raised serum insulin levels and no significant differences
between groups. Our results could suggest that obesity is
not the determining factor of circulating levels of apelin, as
occurs with other adipokines [1].

The data reported here are in agreement with studies
undertaken in nonobese persons with varying degrees of
carbohydrate metabolism disorders [15]. Serum apelin
levels were significantly increased in patients with type 2
diabetes mellitus compared with NFG or control subjects.
Others have found reduced apelin levels in newly diag-
nosed and untreated patients with type 2 diabetes mellitus
[16]. We, however, found no significant differences in
apelin levels between the morbidly obese patients with type
2 diabetes mellitus depending on whether they were or
were not taking OAA, though this may be due to the low
number of patients who were taking OAA.
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Our results suggest an association between apelin and
carbohydrate metabolism. As with other adipokines [1], we
are unable to determine from this study whether there is
first an increase in apelin levels followed by hyperinsuli-
nemia and/or hyperglycemia or whether the hyperinsuline-
mia and/or hyperglycemia is responsible for the greater
apelin levels. Boucher et al. found upregulation of apelin in
adipocytes by insulin [12]. Other studies have shown that
apelin-36 inhibits glucose-stimulated insulin secretion both
in vivo and in vitro in mice [14]. Apelin also inhibited the
insulin response to intravenous glucose in high-fat-fed mice
[14]. The authors suggested that the inhibition of glucose-
stimulated insulin secretion by apelin would fit activation
of the sympathetic nervous system. In our case, no
association was detected between plasma levels of apelin
and insulin secretion after an intravenous glucose overload
(AIRg).

In this study, we show clearly that, following bariatric
surgery, the levels of apelin are decreased, especially and
significantly so in morbidly obese patients with IFG or DM,
whereas no significant change was found in the group of
morbidly obese patients with NFG. These findings suggest
that weight loss is not the sole reason for the reduction in
apelin levels. If weight loss was associated with apelin
reduction, the reduction would have been seen in all three
groups of morbidly obese patients, not just the groups with
IFG or DM. We are only aware of one study examining the
effect of weight loss on apelin levels [13]. In that study, a
hypocaloric diet associated with weight reduction resulted
in a reduction of plasma apelin levels in obese individuals,
approaching the range found in lean controls. The study
concluded that weight loss and reduction in insulin
resistance promote a reduction in the high levels of apelin
found in obesity.

Our results clearly show that the changes in serum apelin
concentrations following bariatric surgery are correlated
with the changes in serum glucose and insulin sensitivity.
As we saw, those groups of morbidly obese patients who
experienced a greater reduction in glucose and a greater
increase in insulin sensitivity were those that also experi-
enced a greater drop in apelin levels. Furthermore, the
original differences between the various morbidly obese
groups disappeared after bariatric surgery. These results
confirm that the improvement in glucose metabolism plays
an important role in the reduction in apelin levels. Given
that the regulation of energy balance is a complex
phenomenon involving numerous factors, we cannot rule
out the possibility that the change undergone by different
gastrointestinal hormones after bariatric surgery can have
repercussions on the apelin levels. Unfortunately, we have
taken samples only once after the operation. It would be of
interest to observe the effect of the operation per se, before
any significant weight loss had been achieved.

In conclusion, the present study demonstrates that
obesity is not the main determinant of the rise in apelin
levels. Apelin levels were significantly increased in
morbidly obese subjects with type 2 diabetes mellitus but
not those with NFG. The improvement seen in glucose
levels and insulin sensitivity resulting from bariatric surgery
was associated with a reduction in apelin levels. However,
the effects of improved glycemic control by measures other
than significant weight reduction should be explored. These
data provide evidence that apelin may play a role in the
pathogenesis of insulin resistance and type 2 diabetes
mellitus. More studies are necessary to clarify the role of
apelin in obesity and diabetes. A better definition of the link
between apelin and the pathogenesis of insulin resistance is
therefore warranted.
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