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Abstract

Adipose tissue is highly vascularized implying that angiogenesis takes place in its expansion. The aim of this study was to compare the concentrations of
members of the vascular endothelial growth factor (VEGF) family in obesity. Serum concentrations of VEGFs were analyzed in 15 lean (BMI 20.3+2.5 kg/m?) and
24 obese (BMI 47.6+5.9 kg/m?) volunteers. Obese patients showed significantly increased circulating VEGF-A (1504104 vs. 2964160 pg/ml; P<05), VEGF-B
(278841038 vs. 46094-2202 arbitrary units; P<05) and VEGF-C (13 45345750 vs. 17 63545117 pg/ml; P<05) concentrations. Interestingly, levels of VEGF-D
were reduced in obese individuals (5384301 vs. 2704122 pg/ml; P<01). In addition, VEGF-A significantly decreased after weight loss following Roux-en-Y
gastric bypass (BMI from 46.0-+8.0 to 28.9+4.2 kg/m? P<0001 vs. initial) from 3454229 to 2904216 pg/ml (P<.01). Moreover, in order to corroborate the human
findings VEGF-A levels were analyzed during the expansion of adipose tissue in two dynamic models of murine obesity. Serum VEGF-A was significantly
increased after 12 weeks on a high-fat diet (43.34+9.0 vs. 29.7+9.1 pg/ml; P<01) or in ob/ob mice (52.24+18.0 vs. 29.2+7.7 pg/ml; P<01) and was normalized
after leptin replacement in the latter (32.44-14.0 pg/ml; P<01 vs. untreated ob/ob). Our data indicates the involvement of these factors in the expansion of
adipose tissue that takes place in obesity in relation to the need for increased vascularization, suggesting that manipulation of the VEGF system may represent a
potential target for the pharmacological treatment of obesity.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity is defined medically as a state of increased adipose tissue
of sufficient magnitude to produce adverse health consequences [1,2].
However, the molecular mechanisms that lead to and take place in the
development of obesity and the expansion of adipose tissue are not
well understood [3]. Microarray technology has been applied to the
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analysis of gene expression profiles of adipose tissue in obese
individuals in order to identify differential expression patterns and
key genes involved in obesity [4]. Interestingly, this approach has
drawn attention to the changes taking place in the expression of genes
involved in diverse relevant physiological processes such as angio-
genesis. Our group has previously shown the altered expression of
genes involved in angiogenesis, namely, the up-regulation of vascular
endothelial growth factor (VEGF)-B and the down-regulation of c-fos-
induced growth factor (FIGF, also known as VEGF-D) in omental
adipose tissue of obese patients [4].

Adipose tissue is highly vascularized implying that remodeling of
the vascular network takes place in its expansion [5-7]. In this sense,
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blockade of neovascularization with angiogenesis inhibitors has been
shown to effectively impair adipose tissue growth and even induce
weight reduction and adipose tissue loss [5]. The crosstalk between
adipocytes and endothelial cells takes place through several angio-
genic regulators, which cooperatively control vessel growth [6]. VEGF
is a key physiological and pathophysiological regulator of angiogen-
esis, and it is generally accepted that the VEGF/VEGFR system
accounts for most of the angiogenic activity in adipose tissue [7].
Administration of anti-VEGF antibodies inhibits angiogenesis and the
formation of adipogenic/angiogenic cell clusters, indicating that the
coupling of adipogenesis and angiogenesis is essential for differentia-
tion of adipocytes in obesity and that VEGF is a key mediator of that
process [8]. The VEGF family in humans currently comprises at least
five members, namely, VEGF-A, VEGF-B, VEGF-C, VEGF-D and
placental growth factor [9-12]. Several studies have evidenced
alterations in members of the VEGF family in relation to obesity in
mice [13-15] and humans [16,17]. The aim of the present study was to
compare the concentrations of members of the VEGF family in lean
and obese volunteers and to assess whether VEGF-A is changed within
periods of negative energy balance. Furthermore, we aimed to analyze
serum concentrations of VEGF-A in different models of obesity in
mice, during active adipose tissue expansion.

2. Materials and methods
2.1. Subjects

In order to analyze the effect of obesity on VEGF-A, -B, -C and -D concentrations, 15
lean (seven male/eight female) and 24 obese (12 male/12 female) Caucasian subjects
were recruited from healthy volunteers and patients attending the Department of
Endocrinology at the University Clinic of Navarra. Subjects were classified according to
body mass index (BMI) (lean, <25 kg/m?; obese, >30 kg/m?). Patients underwent a
clinical assessment including medical history, physical examination, body composition
analysis, co-morbidity evaluation as well as nutritional interviews performed by a
multidisciplinary consultation team. All subjects were nonsmokers. Patients with signs
of infection were excluded. Obese patients were not receiving statins, antidiabetic or
antihypertensive medication. In addition, a group of 19 obese patients (seven male/12
female) were selected to prospectively assess the effect of weight loss achieved by
Roux-en-Y gastric bypass (RYGBP) on the concentrations of VEGF-A. The interventions
were carried out via a laparoscopic approach. The experimental design was approved,
from an ethical and scientific standpoint, by the hospital's ethics committee
responsible for research, and volunteers gave their informed consent to participate in
all the studies.

2.2. Anthropometric measurements

Body weight was measured with a digital scale to the nearest 0.1 kg, and height
was measured to the nearest 0.1 cm with a Holtain stadiometer (Holtain, Crymych,
UK). BMI was calculated as weight in kilograms divided by the square of height in
meters. Body fat was estimated by air-displacement plethysmography (Bod-Pod, Life
Measurements, Concord, CA, USA). Data for estimation of body fat by this
plethysmographic method has been reported to agree closely with the traditional
gold standard, hydrodensitometry (underwater weighing). Furthermore, the Bod-
Pod has been shown to predict fat mass and fat-free mass more accurately than dual-
energy X-ray absorptiometry and bioelectrical impedance [18-20]. Blood pressure
was measured after a 5-min rest in the semi-sitting position with a sphygmoman-
ometer. Blood pressure was determined at least three times at the right upper arm
and the mean was used in the analyses.

2.3. Analytical procedures

Blood samples were collected after an overnight fast in the morning in order to
avoid potential confounding influences due to hormonal rhythmicity. Plasma glucose
was analyzed by an automated analyzer (Roche/Hitachi Modular P800, Basel,
Switzerland) as previously described [21,22]. Insulin was measured by means of an
enzyme-amplified chemiluminescence assay (IMMULITE, Diagnostic Products Corp.,
Los Angeles, CA, USA). Insulin resistance was determined by means of the homeostatic
model assessment (HOMA) index expressed as: glucose (mmol/L)xinsulin (uU/ml)/
22.5 [23]. Insulin sensitivity was calculated by using the quantitative insulin sensitivity
check index (QUICKI) [24]. This index represents a simple accurate method for
assessing insulin sensitivity in humans and is defined as 1/(log[insuling]+log
[glucoseg]). Total cholesterol and triglyceride concentrations were determined by
enzymatic spectrophotometric methods (Roche). High-density lipoprotein (HDL)
cholesterol was quantified by a colorimetric method in a Beckman Synchron CX

analyzer (Beckman Instruments, Ltd., Bucks, UK). Low-density lipoprotein (LDL)
cholesterol was calculated by the Friedewald formula.

Uric acid, alanine aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase, y-glutamyltransferase (y-GT) and creatinine were measured
by enzymatic tests (Roche) in an automated analyzer (Roche/Hitachi Modular P800).
Fibrinogen concentrations were determined according to the method of Clauss using a
commercially available kit (Hemoliance, Instrumentation Laboratory, Barcelona,
Spain). Homocysteine was determined by applying a fluorescence polarization
immunoassay (Axis Biochemicals, Oslo, Norway), using an IMx analyzer (Abbott
Laboratories, Abbott Par, IL, USA). Measurement of von Willebrand factor antigen was
performed by a micro-latex immunoassay (Diagnostica Stago, Parsippany, NJ, USA). A
standard curve was prepared with a universal reference (NISBC 91/666), and the results
were expressed as percentage of the standard. Intra- and interassay coefficients of
variation (CVs) were 4.0% and 8.0%, respectively. High-sensitivity C-reactive protein
(CRP) was measured using the Tina-quant CRP (Latex) ultrasensitive assay (Roche).
Leptin was quantified by a double-antibody RIA method (Linco Research, St. Charles,
MO, USA); intra- and interassay CVs were 5.0% and 4.5%, respectively. Adiponectin was
measured by ELISA (BioVendor, Brno, Czech Republic); intra- and interassay CVs were
6.7% and 7.8%, respectively. Resistin was quantified by ELISA (BioVendor). Intra- and
interassay CVs were 4.3% and 6.8%, respectively. VEGF-A was determined by ELISA (R&D
Systems, Minneapolis, MN, USA) with intra- and interassay CV of 5.4% and 7.3%,
respectively. VEGF-C was quantified by an enzyme immunoassay (Immuno-Biological
Laboratories, Hamburg, Germany); intra- and interassay CVs were 6.1% and 7.4%,
respectively. VEGF-D was measured by ELISA (R&D Systems); intra- and interassay CVs
were 4.3% and 7.5%, respectively.

As an immunoassay for VEGF-B was not commercially available, the serum
concentrations of this protein were measured by Western blot. Briefly, 3 pl of 50-fold
diluted serum was run in 12% SDS-PAGE, subsequently transferred to nitrocellulose
membranes (Bio-Rad Laboratories, Hercules, CA, USA) and blocked in Tris-buffered
saline with Tween 20 (TBS-T) containing 1% w/v I-Block (TROPIX, Bedford, MA, USA)
for 1 h at room temperature. Blots were then incubated overnight at 4°C with an anti-
human VEGF-B goat polyclonal antibody (sc-1876, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The antigen-antibody complexes were visualized using peroxidase-
conjugated anti-goat IgG antibody (1:5000) and the enhanced chemiluminescence ECL
detection system (Amersham Biosciences, Buckinghamshire, UK). Two bands migrated
at 33 and 31 kDa, respectively. Densitometric quantification of both bands
corresponding to the isoforms VEGF-Byg¢ (33 kDa) and VEGF-Bys; (31 kDa) was
performed together because it was impossible to do it separately. The intensity of the
bands was determined by densitometric analysis with the Gel Doc EQ gel documenta-
tion system and Quantity One 4.5.0 software for quantitation of images (Bio-Rad).

2.4. Study in animals

Mice (all purchased from Charles River, L'Abresle, France) were maintained at an
ambient temperature of 224+2°C on a 12:12 h light-dark cycle (lights on at 0800) under
pathogen-free conditions. In the first experiment, 12-week-old male C57BL/6 mice
were maintained during 12 weeks on a high-fat diet (n=8, rodent diet with 45 kcal%
fat; D12451, Research Diets, New Brunswick, NJ, USA) or on a normal diet (n=10,
rodent diet with 10 kcal% fat; D12450B, Research Diets). In a second experiment, 12-
week-old male mice were treated with saline (nine wild-type and eight ob/ob mice) or
leptin (PeproTech EC, London, UK) at a dose of 0.1 mg leptin/kg body weight per day
intraperitoneally twice daily (seven ob/ob mice) for 18 days. In addition, a third group
of ob/ob mice (n=7) was treated with saline and pair fed to the amount eaten by the
leptin-treated group in order to dissociate the well-known appetite-reducing effect of
leptin from other effects. Body weight and food intake were recorded. Blood samples
were collected by cardiac puncture. All experimental procedures conformed to the
European Guidelines for the Care and Use of Laboratory Animals, and the study was
approved by the Ethical Committee for Animal Experimentation of the University of
Navarra (041-2002 and 044-2003).

Serum glucose was analyzed by using a glucometer (Ascensia Elite, Bayer,
Leverkusen, Germany). Serum insulin was measured by means of the Ultra Sensitive
Mouse Insulin ELISA kit (Crystal Chem, Chicago, IL, USA). Intra- and interassay CVs were
5.5% and 4.8%, respectively. Circulating concentrations of leptin were measured by
ELISA (Crystal Chem). Intra- and inter-assay CVs were 5.4% and 6.9%, respectively.
Serum VEGF-A was determined by a Mouse VEGF Immunoassay (R&D Systems). Intra-
and inter-assay CVs were 5.7% and 6.8%, respectively.

2.5. Statistical analysis

Data are presented as mean+S.D. Differences between groups of subjects were
analyzed by two-tailed unpaired ¢ tests. The effect of weight loss after RYGBP was
analyzed by two-tailed paired t tests. In the mice experiments, differences were
analyzed by two-tailed unpaired ¢ test (high-fat experiment) and ANOVA followed
by LSD test (ob/ob mice study). Correlations between two variables were assessed
by Pearson's (r) or Spearman rank (p) correlation coefficients as appropriate. The
calculations were performed using the SPSS statistical package for Windows
version 15.0.1 (SPSS, Chicago, IL, USA). A P value less than .05 was considered
statistically significant.
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3. Results
3.1. VEGF Family members in obese patients

Clinical characteristics of the patients are summarized in Table 1.
No statistically significant differences for age were found between the
groups. Increased concentrations of glucose (P=.001) and insulin
(P<001) were observed in the obese subjects, who also showed
higher HOMA index (P<.001) and lower insulin sensitivity than lean
individuals as evidenced by the lower QUICKI (P<0001). Circulating
concentrations of total- (P<001) and LDL cholesterol (P<0001) were
significantly increased in the obese individuals, while HDL cholesterol
was reduced (P<0001). The inflammatory markers fibrinogen and
CRP were significantly increased (P<0001) in obese patients. Obese
individuals exhibited increased levels of ALT (P=.001) and AST
(P<05). As expected, obese patients showed hyperleptinemia
(P<0001) and hypoadiponectinemia (P<01).

Obese subjects showed significantly increased circulating VEGF-A
(P<01), VEGF-B (P<01) and VEGF-C (P<05) concentrations (Table 2).
Interestingly, concentrations of VEGF-D were significantly reduced in
obese individuals (P<.01). No sexual dimorphism was observed for
any of the VEGFs analyzed. A significant correlation was observed
between BMI and VEGF-A (r=0.50, P<001), VEGF-B (r=0.40, P<05)
and VEGF-D (r=—0.47, P<001), while only a marginal association
was detected with VEGF-C (r=0.31, P=.056). Body fat percentage was
significantly correlated with VEGF-A (r=0.45, P<.01), VEGF-B
(r=0.43, P<01), VEGF-C (r=0.37, P<05) and VEGF-D (r=-—0.47,
P<.001). Regarding endothelial function and inflammation, VEGF-A,
VEGEF-B, and VEGF-C concentrations were significantly correlated with
CRP levels (r=0.35, P<05; r=0.34, P<05; and r=0.42, P<05,
respectively), while VEGF-D concentrations were associated with
fibrinogen (r=-—0.34, P<05), von Willebrand factor (r=—0.27, P<05)
and CRP levels (r=—0.46, P<001). All members of the VEGF family
analyzed were significantly correlated with leptin: VEGF-A (r=0.44,
P<01), VEGF-B (r=0.43, P<01), VEGF-C (r=0.37, P<05) and VEGF-D
(r=—0.47, P<001). However, these associations were lost after

Table 1
Subject characteristics

Lean (n=15) Obese (n=24) P
Sex, male/female 7/8 12/12 -
Age, y 33.5411.2 344484 773
BMI, kg/m? 203425 47.6+5.9 <.0001
Body fat, % 18.3+45 50.8+5.9 <.0001
SBP, mmHg 110+11 125+19 <.05
DBP, mmHg 7248 80+14 .096
Glucose, mmol/L 4444044 544+1.22 .001
Insulin, pmol/L 4224183 131.3+£98.3 <.001
HOMA 1.16+0.52 4.48+3.61 <.001
QUICKI 0.383+0.034 0.319+0.028 <.0001
Triglycerides, mmol/L 0.654-0.22 1.51+£0.95 .002
Cholesterol, mmol/L 4.004-0.83 5.07+0.83 <.001
LDL-Cholesterol, mmol/L 2.23+£0.62 3.344-0.80 <.0001
HDL-Cholesterol, mmol/L 1.5240.31 1.06+£0.18 <0001
Uric acid, mg/dl 41+£0.8 6.5+1.6 <.0001
Fibrinogen, mg/dl 171434 3074106 <.0001
Homocysteine, pmol/L 59+16 9.24+6.9 .080
CRP, mg/L 0.84-0.3 10.3+7.8 <.0001
Von Willebrand factor, % 84434 115+48 <.05
ALT, UI/L 10.3+£7.2 2914213 .001
AST, UI/L 10.8+7.8 18.3+12.8 <.05
Phosphatase alkaline, UI/L 68421 111434 <.0001
v-GT, UI/L 12+4 28428 0.008
Leptin, ng/ml 6.9+2.9 4414176 <.0001
Adiponectin, pg/ml 10.4+4.5 6.243.3 <.01
Resistin, ng/ml 74+2.0 9.0+£2.9 .076

Table 2
Serum concentrations of VEGF-A, VEGF-B, VEGF-C and VEGF-D in lean and obese
subjects

Lean (n=15) Obese (n=24) P
VEGF-A, pg/ml 1504104 2964160 <01
VEGF-B, au 278841038 460942202 <.01
VEGF-C, pg/ml 13 45345750 17 635+£5117 <.05
VEGF-D, pg/ml 5384301 270+122 <01

au=Arbitrary unit. Data presented as mean+S.D. Differences between groups of
subjects were analyzed by two-tailed unpaired t tests. P, Lean vs. obese individuals.

adjusting for body fat percentage, suggesting that they are merely
reflecting the correlation between the cardiovascular risk factors
studied and adiposity. A detailed correlation analysis is provided
in Table 3.

Table 3
Unadjusted correlation analysis between VEGFs and other variables
VEGF-A VEGF-B VEGF-C VEGF-D
Age 0.21 —0.12 0.04 —0.08
0.203 0.488 0.823 0.507
BMI 0.50 0.40 0.31 —047
0.001 0.012 0.056 <0.001
Body fat 0.45 0.43 0.37 —047
0.005 0.007 0.022 <0.001
SBP 0.33 —0.14 0.08 —0.01
0.089 0.471 0.692 0.989
DBP 0.16 —0.08 0.12 —0.14
0.432 0.671 0.527 0.289
Glucose 0.30 0.08 0.42 —0.12
0.065 0.619 0.008 0.332
Insulin 0.11 0.26 0.17 —0.26
0.504 0.112 0.290 0.035
HOMA 0.14 0.25 0.26 —0.22
0.388 0.137 0.115 0.070
QUICKI —0.26 —0.29 —0.32 0.44
0.118 0.082 0.050 <0.001
Triglycerides 0.06 0.35 0.14 —0.14
0.728 0.045 0.435 0.276
Cholesterol 0.10 0.14 0.14 —0.11
0.587 0.452 0.433 0.382
LDL-Cholesterol 0.24 0.19 0.19 —0.26
0.180 0.295 0.280 0.049
HDL-Cholesterol —0.36 —0.45 —0.29 0.41
0.037 0.008 0.095 <0.001
Uric acid 0.32 0.32 0.18 0.26
0.060 0.058 0.276 0.039
Fibrinogen 0.03 0.30 0.28 —0.34
0.857 0.073 0.094 0.011
Von Willebrand factor 0.06 0.24 0.10 —0.27
0.724 0.167 0.575 0.048
Homocysteine —0.09 0.13 0.23 —0.20
0.605 0.462 0.167 0.153
CRP 0.35 0.34 0.42 —0.46
0.041 0.045 0.012 <0.001
ALT 0.37 0.08 0.19 —0.23
0.026 0.640 0.247 0.063
AST 0.25 —0.07 0.15 —0.13
0.141 0.675 0.361 0.300
Phosphatase alkaline 0.19 0.33 0.17 —0.28
0.262 0.040 0.298 0.025
v-GT 034 032 0.20 —0.13
0.040 0.053 0.229 0.320
Creatinine —0.21 —0.01 0.08 —0.09
0.212 0.996 0.626 0.494
Leptin 0.44 0.43 037 —0.48
0.007 0.009 0.026 <0.001
Adiponectin —0.27 —0.31 —0.22 0.09
0.108 0.057 0.190 0.647
Resistin 0.07 0.10 0.18 —0.01
0.682 0.567 0.281 0.960

Data presented as mean+S.D. Differences between groups were analyzed by two-tailed
unpaired ¢t tests. P, Lean vs. obese individuals.

Data are Pearson's correlation coefficients (upper value) and associated P (lower)
values.
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Table 4
Effect of surgically induced weight loss in obese patients

Before WL After WL P
Sex, M/F 7/12 - -
Age, years 36.24+13.5 37.5+13.3 -
Body weight, kg 133433 84+19 <.0001
BMI, kg/m? 46.0+£8.0 28.9+4.2 <.0001
Body fat, % 52.04+5.0 31.24+89 <.0001
Waist circumference, cm 127+£17 92412 <.0001
Waist-to-hip ratio 0.924+0.07 0.87+0.06 <01
Glucose, mmol/L 5.22+0.67 4.5040.50 <.001
Insulin, pmol/L 145.7+90.4 50.2+£27.3 <.0001
HOMA 49429 1.5+0.8 <.0001
QUICKI 0.31140.023 0.37340.040 <.0001
Triglycerides, mmol/L 1.24+0.44 0.8740.27 <.01
Cholesterol, mmol/L 5.254+1.03 4.01+£1.03 <.0001
LDL Cholesterol, mmol/L 3.594+0.88 2.35+0.67 <.0001
HDL Cholesterol, mmol/L 1.06+0.23 1.244-0.41 <.01
Uric acid, mg/dl 6.1+1.7 45+1.1 <.001
Fibrinogen, mg/dl 342+104 334487 758
Von Willebrand factor, % 116+45 99439 .098
Homocysteine, pmol/L 7.6+2.6 6.942.0 374
CRP, mg/L 9.6+7.8 23435 <01
ALT, UI/L 30420 2148 .085
AST, UI/L 1747 1645 .842
Phosphatase alkaline, UI/L 121437 126+43 654
v-GT, UI/L 23£11 1247 <.0001
Creatinine, mg/dl 0.8740.15 0.7940.11 <.05
Leptin, ng/ml 53.2+25.8 20.5+14.3 <.0001

Data presented as mean4S.D. Differences between groups of subjects were analyzed by
two-tailed paired t tests. P, Before vs. after WL.

3.2. Effect of weight loss on VEGF-A concentrations in obese patients

After an average of 15 months following bariatric surgery, patients
who had undergone RYGBP experienced a significant (P<0001)
decrease in body weight, BMI and body fat (Table 4) as well as a
significant improvement in the initial glycemia (P<001), insulinemia
(P<0001), and HOMA and QUICKI indices (P<0001). Triglyceride
concentration (P<01), as well as total- (P<0001) and LDL cholesterol
(P<.0001) concentrations, was significantly reduced, while HDL-
cholesterol levels were significantly increased (P<.01). Leptinemia
(P<0001) and CRP concentrations (P<01) were also significantly
improved. Loss of excess weight induced a statistically significant
reduction in circulating VEGF-A concentrations (Fig. 1), which
decreased from 3454229 to 2904-216 pg/ml (P<.01).

3.3. Serum VEGF-A concentrations in mice on a high-fat diet

To corroborate the human findings regarding VEGF-A and to
further explore the potential role of VEGF-A in developing obesity, a
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Fig. 1. Comparison of serum concentrations of VEGF-A determined in 19 obese patients
before and after weight loss following RYGBP. Values are means+S.D. Statistical
differences were assessed by two-tailed paired Student's ¢ test.

Table 5
Body and adipose tissue weights together with circulating leptin concentrations in
C57BL/6 mice after 12 weeks on a high-fat diet

Chow diet (n=10) High-fat diet (n=8) P
Initial weight, g 224414 21.9+15 468
Final weight, g 273422 29.443.6 139
Weight gain, g 49+1.7 7.5+2.6 <05
EWAT weight, g 0.44+0.14 0.8440.45 <05
SCWAT weight, g 0.2440.06 0.4040.16 <01
PRWAT weight, g 0.2340.10 0.4540.21 <.05
Leptin, ng/ml 2.59+1.41 6.93+£5.74 <05

Data presented as mean+S.D. Differences were analyzed by two-tailed unpaired ¢ test.
P, Chow vs. high fat.

series of experiments were performed in two different murine models
of obesity. After 12 weeks on a high-fat diet, mice exhibited a greater
increase in body weight than those on a chow diet (34411 vs. 22+8%;
P<05). Epididymal (P<05), subcutaneous (P<01) and perirenal
(P<01) fat depot weights, as well as leptin concentrations (P<.05),
were increased in the mice on high-fat diet (Table 5). As observed in
Fig. 2, weight gain in mice on the high-fat diet was accompanied by
increased serum concentrations of VEGF-A (43.34+9.0 vs. 29.74+9.1
pg/ml; P<01). Serum levels of VEGF-A were significantly correlated
with body weight gain (r=0.49, P<05) and subcutaneous depot
weight (r=0.49, P<05). No correlation was found between VEGF-A
and leptin concentrations (r=0.38, P=.135).

3.4. Serum VEGF-A concentrations in ob/ob mice.
Effect of leptin replacement

As expected, leptin-deficient obese ob/ob mice showed increased
body weight, food intake and serum insulin levels as compared to
wild-type mice (Table 6). As depicted in Fig. 3, serum concentrations
of VEGF-A were significantly increased in ob/ob mice as compared to
wild-type littermates (52.2+18.0 vs. 29.24+7.7 pg/ml; P<01). Leptin
treatment significantly reduced body weight, food intake and insulin
concentrations after 18 days of treatment. Serum VEGF-A levels were
normalized after leptin replacement (32.44-14.0 pg/ml; P<01 vs.
untreated ob/ob). Pair-fed ob/ob mice exhibited an improvement in
VEGF-A concentrations, showing a half-way phenotype between
leptin- and saline-treated ob/ob mice. Serum levels of VEGF-A were
significantly correlated with body weight increase during the
treatment period (p=0.52, P<01) (Fig. 3) and with serum insulin
concentrations (p=0.49, P<01).

4. Discussion

The adipose organ is unique because of its extraordinary growth
potential. Accumulating scientific evidence indicates that angiogen-
esis is a process involved in the expansion of adipose tissue that takes
place in obesity [5,6,25]. The present study shows that obese subjects
exhibit increased circulating concentrations of the members of the
VEGF family — VEGF-A, VEGF-B and VEGF-C — and reduced levels of
VEGF-D. In addition, negative energy balance and the subsequent
weight loss following RYGPB produce a significant reduction of serum
VEGF-A concentrations. Furthermore, body weight increase in two
different mice models of obesity, following a high-fat diet or due to
leptin deficiency, is accompanied by an important increase in serum
levels of VEGF-A.

Several authors have reported increased levels of VEGF-A in
human obesity [16,26,27], although others have failed to find the
same results [28]. Another study has described higher levels of VEGF-
C and VEGF-D in obese subjects, which was only detected in women
after gender segregation [27]. To our knowledge, this is the first study
reporting increased concentrations of VEGF-B in obese individuals.
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Table 6

Body weight, food intake and serum insulin concentrations in ob/ob mice
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Fig. 2. Comparison of serum concentrations of VEGF-A of 12-week-old male C57BL/6 mice
fed a chow (n=10, white bar) or a high-fat (n=38, black bar) diet during 12 weeks (A).
Values are means+S.D. Statistical differences were assessed by two-tailed unpaired
Student's ¢ test. Correlations of body weight gain (B) and subcutaneous adipose tissue
weight (C) with circulating concentrations of VEGF-A of high-fat diet (®) or chow diet
(O) fed mice. Pearson's correlation coefficients (r) and P values are indicated.

Wild type ob/ob ob/ob+Leptin ob/ob Pair fed
(n=9) (n=38) (n=7) (n=7)
Initial weight, g 22.9+0.9 413+£20"F  409+26™ 424+19™
Final weight, g 235+11 483+18™*  432424™7 4444207
Food intake, g 32402 5.5+0.5 " 4606 474067
Insulin, ng/ml 0.240.1 1424317 53+43"" 16.4+4.9™1

Data presented as mean=+S.D. Differences were analyzed by ANOVA followed by LSD test.
** P<01 vs. wild type.

*** P<001 vs. wild type.
T P<001 vs. ob/ob.
1 P<001 vs. ob/ob+leptin.

VEGF-B is an angiogenic factor with mitogenic effect on endothelial
cells, which promotes angiogenesis and vascular permeability and
potentiates the effects of VEGF-A [12]. The increased VEGF-B and
reduced VEGF-D circulating concentrations observed in obesity in the
present study are in accordance with our previous work reporting
mRNA expression of these genes in omental adipose tissue [4] that
was further confirmed in the case of VEGF-D by another group [29].
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Fig. 3. Serum concentrations of VEGF-A in C57BL/6 wild-type and ob/ob mice receiving
either vehicle or leptin. Serum concentrations of VEGF-A (A). Values are means4S.D.
Columns not sharing a common superscript letter are significantly different (P<01) by
ANOVA followed by LSD tests. Correlations of body weight increase with circulating
concentrations of VEGF-A (B). Spearman's rank correlation coefficient (p) and P value
are indicated.
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Increased serum VEGF-A, VEGF-B and VEGF-C levels in obesity could
be the result of normal expression and secretion from an increased fat
mass and/or increased expression and secretion from adipose or other
tissues. The opposite has to be considered for VEGF-D. The
discrepancies regarding VEGF-D between the study of Silha et al.
[27] and ours are difficult to explain given the similarities in the
sample population and the fact that the same commercial kit was
used in both studies for measuring VEGF-D. This controversy needs
further research in order to clarify the potential role of VEGF-D in
obesity. As VEGF-D is mainly lymphangiogenic [12], the decrease in
VEGF-D levels reported herein may be in relation to some cases of
lymphatic vascular dysfunction related to human obesity [30].
However, it has been recently described that VEGF-D is unlikely to
play an important role in adipose tissue development at least in mice
[31]. The potential involvement of VEGF-D in adipose tissue
pathophysiology together with getting more insight into its exact
role in human obesity warrants further investigation.

A reciprocal regulation of adipogenesis and angiogenesis has been
suggested, with the blockade of VEGF signaling inhibiting in vivo
adipose tissue formation [32]. In this sense, it has been reported that
inhibition of VEGFR tyrosine kinases impairs the development of
adipose tissue in murine models of obesity [15]. Furthermore, an
intense crosstalk between angiogenic vessels and preadipocytes has
been proposed which will determine both processes, adipogenesis
and angiogenesis [8,32-34].

VEGFs regulate both physiological and pathophysiological angio-
genesis and are involved in vascular maintenance [12]. In this sense,
VEGFs have received much attention regarding their potential
involvement in endothelial dysfunction, atherogenesis and plaque
instability, and myocardial and peripheral ischemia [12]. Members of
VEGF family are involved in vascular inflammation and remodeling
through increased proinflammatory and angiogenic mechanisms,
and the elevated VEGF-A levels reported in obesity have been related
to endothelial function rather than to adipose tissue angiogenesis
[16]. In this sense, VEGF proteins have been related to an
enhancement of sprouting as well as tube formation of vascular
endothelial cells and to the pathological neovascularization
observed in atherosclerosis [16]. We found several associations of
the members of the VEGF family with markers of endothelial
dysfunction or inflammation, which were lost after adjusting for
body fat percentage. This observation indicates that these associa-
tions seem to be merely reflecting the correlation between the
cardiovascular risk factors analyzed and adiposity. Furthermore, it
also suggests that the changes observed in obese patients regarding
VEGFs levels are more in relation to anthropometric variables and
increased adipose tissue mass than to endothelial dysfunction or
inflammation, although a relation to and/or an effect on obesity-
related cardiovascular derangements cannot be discarded.

Because of its higher angiogenic potency, we analyzed the effect of
negative energy balance following RYGBP on serum VEGF-A levels.
The dramatic weight loss observed 15 months after the gastric bypass
was accompanied by a significant decrease of VEGF-A concentrations.
Similar findings have been observed after dietetic intervention [16]
and other bariatric surgery procedures [35]. However, VEGF-A tended
to increase without statistically significant differences after weight
loss following a 6-month exercise program [26]. These discrepancies
in the changes in VEGF-A after weight loss depending on the degree of
the negative energy balance induced may be explained through an
exercise-induced increase in the expression of VEGF-A by the skeletal
muscle or by the relatively small BMI change (from 29.0 to 28.0 kg/
m?) [26]. Taken together, these observations indicate that adipose
tissue reduction is accompanied by a concomitant decrease of
circulating VEGF-A levels.

To corroborate the human findings and to further explore the
potential role of VEGF-A in developing obesity, a series of experiments

were performed in two different mice models of obesity. After 12 weeks
on a high-fat diet, weight gain was accompanied by increased serum
concentrations of VEGF-A. Our data are in accordance with previous
findings in mice [36] and rats [37]. Serum VEGF-A levels were associated
with body weight gain and with subcutaneous fat weight, but not with
any other adipose tissue depot weight. Higher expression of VEGF-A in
visceral adipose tissue has been reported in mice [14] and humans
[17,38]. Furthermore, one group has observed that serum VEGF-A is
associated with visceral adipose area in humans [16]. However, other
authors have reported that VEGF-A correlates with subcutaneous
adipose tissue area but not with the visceral depot in overweight men
[26]. Although we have not assessed VEGF-A expression or secretion
from adipose tissue, our data suggest that subcutaneous adipose tissue
may contribute significantly to circulating VEGF-A levels or, reciprocally,
its size may be regulated by VEGF-A levels.

Furthermore, in a different murine model of obesity, the leptin-
deficient ob/ob mice, increased serum concentrations of VEGF-A were
also observed. Paradoxically, a recent study reported normal expres-
sion of VEGF-A in epididymal adipose tissue and skeletal muscle of ob/
ob mice [39]. Although VEGF-A is widely expressed and may regulate
angiogenesis and vascular permeability in many tissues, its expression
levels are particularly high in tissues such as the lungs, the liver and
the kidneys [40,41]. However, increased plasma levels of VEGF-A and
expression in adipose tissue have been reported in obese db/db mice,
which are also obese due to the lack of functional leptin receptors [14].
Interestingly, leptin treatment, which significantly reduced body
weight, concomitantly reduced serum levels of VEGF-A, indepen-
dently of the reducing effects on appetite, as evidenced by the halfway
phenotype observed in pair-fed ob/ob mice. To our knowledge, this is
the first study analyzing the circulating concentrations of VEGF-A in
ob/ob mice and the effect of leptin replacement. Although leptin has
been associated with an in vitro stimulating effect on VEGF-A
expression [42], our in vivo study suggests that leptin induces a
systemic reduction in VEGF-A concentrations probably in relation to
the reduction in body weight and adipose mass. On the other hand,
the reduction of VEGF-A after leptin replacement may be in relation to
the improvement observed in insulin levels. In this sense, we found a
significant correlation between serum VEGF-A and insulin concentra-
tions in agreement with a previous study in rats [37], while insulin has
been shown to positively stimulate VEGF-A expression in adipose
tissue [43,44].

In summary, the present study seems to indicate that the members
of the VEGF family play a role in obesity. Data from obese patients and
different murine obesity models suggests the involvement of these
factors in the adipose tissue expansion that takes place in obesity. The
exact role of the members of the VEGF family in obesity development
still remains unclear as does the potential usefulness of anti-VEGF
therapies in obesity treatment.

Acknowledgments

The authors thank Loly Millan, Neus Vila, Patricia Ibafiez and
Manoli Pizarro, members of the Nutrition Unit, for their technical
expertise in the anthropometric measurements of the patients.

References

[1] Frithbeck G. Overview of adipose tissue and its role in obesity and metabolic
disorders. Methods Mol Biol 2008;456:1-22.

[2] Bray GA, Wilson JF. In the clinic. Obesity. Ann Intern Med 2008;149:
ITC4-1-15.

[3] Gémez-Ambrosi ], Frithbeck G. Unlocking the molecular basis of obesity. Future
Lipidol 2007;2:577-81.

[4] Gémez-Ambrosi ], Catalan V, Diez-Caballero A, Martinez-Cruz LA, Gil M]J, Garcia-
Foncillas ], et al. Gene expression profile of omental adipose tissue in human
obesity. FASEB ] 2004;18:215-7.



780 J. Gomez-Ambrosi et al. / Journal of Nutritional Biochemistry 21 (2010) 774-780

[5] Rupnick MA, Panigrahy D, Zhang CY, Dallabrida SM, Lowell BB, Langer R, et al.
Adipose tissue mass can be regulated through the vasculature. Proc Natl Acad Sci
U S A 2002;99:10730-5.

[6] Cao Y. Angiogenesis modulates adipogenesis and obesity. ] Clin Invest 2007;117:
2362-8.

[7] Lijnen HR. Angiogenesis and obesity. Cardiovasc Res 2008;78:286-93.

[8] Nishimura S, Manabe I, Nagasaki M, Hosoya Y, Yamashita H, Fujita H, et al.
Adipogenesis in obesity requires close interplay between differentiating adipo-
cytes, stromal cells, and blood vessels. Diabetes 2007;56:1517-26.

[9] Ferrara N, Gerber HP, LeCouter ]. The biology of VEGF and its receptors. Nat Med
2003;9:669-76.

[10] Roy H, Bhardwaj S, Yld-Herttuala S. Biology of vascular endothelial growth factors.
FEBS Lett 2006;580:2879-87.

[11] Lazarovici P, Marcinkiewicz C, Lelkes PI. Cross talk between the cardiovascular and
nervous systems: neurotrophic effects of vascular endothelial growth factor
(VEGF) and angiogenic effects of nerve growth factor (NGF)-implications in drug
development. Curr Pharm Des 2006;12:2609-22.

[12] Yld-Herttuala S, Rissanen TT, Vajanto I, Hartikainen ]. Vascular endothelial growth
factors: biology and current status of clinical applications in cardiovascular
medicine. ] Am Coll Cardiol 2007;49:1015-26.

[13] Voros G, Maquoi E, Demeulemeester D, Clerx N, Collen D, Lijnen HR. Modulation of
angiogenesis during adipose tissue development in murine models of obesity.
Endocrinology 2005;146:4545-54.

[14] Miyazawa-Hoshimoto S, Takahashi K, Bujo H, Hashimoto N, Yagui K, Saito Y. Roles
of degree of fat deposition and its localization on VEGF expression in adipocytes.
Am ] Physiol Endocrinol Metab 2005;288:E1128-36.

[15] Lijnen HR, Van Hoef B, Kemp D, Collen D. Inhibition of vascular endothelial growth
factor receptor tyrosine kinases impairs adipose tissue development in mouse
models of obesity. Biochim Biophys Acta 2007;1770:1369-73.

[16] Miyazawa-Hoshimoto S, Takahashi K, Bujo H, Hashimoto N, Saito Y. Elevated
serum vascular endothelial growth factor is associated with visceral fat
accumulation in human obese subjects. Diabetologia 2003;46:1483-8.

[17] Ledoux S, Queguiner I, Msika S, Calderari S, Rufat P, Gasc JM, et al. Angiogenesis
associated with visceral and subcutaneous adipose tissue in severe human obesity.
Diabetes 2008;57:3247-57.

[18] Das SK, Roberts SB, Kehayias JJ, Wang J, Hsu LK, Shikora SA, et al. Body composition
assessment in extreme obesity and after massive weight loss induced by gastric
bypass surgery. Am ] Physiol Endocrinol Metab 2003;284:E1080-8.

[19] Ginde SR, Geliebter A, Rubiano F, Silva AM, Wang ], Heshka S, et al. Air
displacement plethysmography: validation in overweight and obese subjects.
Obes Res 2005;13:1232-7.

[20] Das SK. Body composition measurement in severe obesity. Curr Opin Clin Nutr
Metab Care 2005;8:602-6.

[21] Gémez-Ambrosi ], Salvador ], Rotellar F, Silva C, Cataldn V, Rodriguez A, et al.
Increased serum amyloid A concentrations in morbid obesity decrease after
gastric bypass. Obes Surg 2006;16:262-9.

[22] Gémez-Ambrosi ], Salvador J, Silva C, Pastor C, Rotellar F, Gil M], et al. Increased
cardiovascular risk markers in obesity are associated with body adiposity: role of
leptin. Thromb Haemost 2006;95:991-6.

[23] Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and b-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 1985;28:
412-9.

[24] Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G, et al. Quantitative
insulin sensitivity check index: a simple, accurate method for assessing insulin
sensitivity in humans. ] Clin Endocrinol Metab 2000;85:2402-10.

[25] Hausman GJ, Richardson RL. Adipose tissue angiogenesis. ] Anim Sci 2004;82:
925-34.

[26] Seida A, Wada J, Kunitomi M, Tsuchiyama Y, Miyatake N, Fujii M, et al. Serum bFGF
levels are reduced in Japanese overweight men and restored by a 6-month
exercise education. Int ] Obes Relat Metab Disord 2003;27:1325-31.

[27] Silha JV, Krsek M, Sucharda P, Murphy LJ. Angiogenic factors are elevated in
overweight and obese individuals. Int ] Obes 2005;29:1308-14.

[28] Rehman J, Considine RV, Bovenkerk JE, Li ], Slavens CA, Jones RM, et al. Obesity is
associated with increased levels of circulating hepatocyte growth factor. ] Am Coll
Cardiol 2003;41:1408-13.

[29] Baranova A, Collantes R, Gowder SJ, Elariny H, Schlauch K, Younoszai A, et al.
Obesity-related differential gene expression in the visceral adipose tissue. Obes
Surg 2005;15:758-65.

[30] Harvey NL. The link between lymphatic function and adipose biology. Ann N'Y
Acad Sci 2008;1131:82-8.

[31] Lijnen HR, Frederix L, Van Hoef B, Dewerchin M. Deficiency of vascular endothelial
growth factor-D does not affect murine adipose tissue development. Biochem
Biophys Res Commun 2009;378:255-8.

[32] Fukumura D, Ushiyama A, Duda DG, Xu L, Tam ], Krishna V, et al. Paracrine
regulation of angiogenesis and adipocyte differentiation during in vivo adipogen-
esis. Circ Res 2003;93:e88-e97.

[33] Claffey KP, Wilkison WO, Spiegelman BM. Vascular endothelial growth factor.
Regulation by cell differentiation and activated second messenger pathways. ] Biol
Chem 1992;267:16317-22.

[34] Tang W, Zeve D, Suh JM, Bosnakovski D, Kyba M, Hammer RE, et al. White fat
progenitor cells reside in the adipose vasculature. Science 2008;322:583-6.

[35] Garcia de la Torre N, Rubio MA, Bordid E, Cabrerizo L, Aparicio E, Hernandez C,
et al. Effects of weight loss after bariatric surgery for morbid obesity on vascular
endothelial growth factor-A, adipocytokines, and insulin. J Clin Endocrinol Metab
2008;93:4276-81.

[36] Kawamura T, Murakami K, Bujo H, Unoki H, Jiang M, Nakayama T, et al. Matrix
metalloproteinase-3 enhances the free fatty acids-induced VEGF expression in
adipocytes through toll-like receptor 2. Exp Biol Med 2008;233:1213-21.

[37] Yang B, Lin P, Carrick KM, McNulty JA, Clifton LG, Winegar DA, et al. PPARy agonists
diminish serum VEGF elevation in diet-induced insulin resistant SD rats and ZDF
rats. Biochem Biophys Res Commun 2005;334:176-82.

[38] FainJN, Madan AK, Hiler ML, Cheema P, Bahouth SW. Comparison of the release of
adipokines by adipose tissue, adipose tissue matrix, and adipocytes from visceral
and subcutaneous abdominal adipose tissues of obese humans. Endocrinology
2004;145:2273-82.

[39] Ye ], Gao Z, Yin ], He Q. Hypoxia is a potential risk factor for chronic inflammation
and adiponectin reduction in adipose tissue of ob/ob and dietary obese mice. Am ]
Physiol Endocrinol Metab 2007;293:E1118-28.

[40] Monacci WT, Merrill MJ, Oldfield EH. Expression of vascular permeability factor/
vascular endothelial growth factor in normal rat tissues. Am J Physiol 1993;264:
(€995-C1002.

[41] Maharaj AS, Saint-Geniez M, Maldonado AE, D'Amore PA. Vascular endothelial
growth factor localization in the adult. Am ] Pathol 2006;168:639-48.

[42] Cao R, Brakenhielm E, Wahlestedt C, Thyberg ], Cao Y. Leptin induces vascular
permeability and synergistically stimulates angiogenesis with FGF-2 and VEGF.
Proc Natl Acad Sci U S A 2001;98:6390-5.

[43] Mick GJ, Wang X, McCormick K. White adipocyte vascular endothelial growth
factor: regulation by insulin. Endocrinology 2002;143:948-53.

[44] Fain JN, Madan AK. Insulin enhances vascular endothelial growth factor,
interleukin-8, and plasminogen activator inhibitor 1 but not interleukin-6 release
by human adipocytes. Metabolism 2005;54:220-6.



	Involvement of serum vascular endothelial growth factor family members in the development of ob.....
	Introduction
	Materials and methods
	Subjects
	Anthropometric measurements
	Analytical procedures
	Study in animals
	Statistical analysis

	Results
	VEGF Family members in obese patients
	Effect of weight loss on VEGF-A concentrations in obese patients
	Serum VEGF-A concentrations in mice on a high-fat diet
	Serum VEGF-A concentrations in ob/ob mice. �Effect of leptin replacement

	Discussion
	Acknowledgments
	References




