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Objective. To investigate the effects of obesity and exercise training on regional adipose
tissue angiogenesis and hypoxia markers in rats.

Methods. Lean (Fa/Fa) and obese (fa/fa) male Zucker rats at 2 months of age were
randomly assigned to a sedentary or an exercise training group (lean sedentary: n = 7, lean
exercise: n = 8, obese sedentary: n = 7, obese exercise: n = 8). The exercise group walked on
a rat treadmill 5 times per week for 8 weeks. Inguinal and epididymal adipose tissue
vascular endothelial growth factor A (VEGF-A) and lactate levels were determined.

Results. There were significant effects of obesity in increasing inguinal (P < 0.001) and
epididymal (P < 0.05) adipose tissue VEGF-A, and a significant effect of exercise training in
increasing epididymal adipose tissue VEGF-A (P < 0.05). There was a significant effect of
obesity in increasing inguinal adipose tissue lactate levels (P < 0.001). Compared to lean
sedentary animals, obese sedentary animals had significantly higher epididymal adipose
tissue lactate levels (P < 0.001); compared to obese sedentary animals, obese exercise rats
had significantly lower epididymal adipose tissue lactate levels (P < 0.05).

Conclusions. Exercise training increased adipose tissue VEGF-A, an important factor of
tissue angiogenesis, and lowered adipose tissue lactate, an indicator of adipose tissue
hypoxia in obese rats. However, these effects are depot-specific and only observed in intra-
abdominal adipose tissue.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Increased adipose tissuemasswithout an adequate support of
vascularization contributes to low oxygenation and chronic
inflammation, which are related to an elevated risk of type 2
diabetes [1,2]. VEGF-A plays an important role in stimulating
angiogenesis within adipose tissue. An increase in angiogen-

esis could protect against adipose tissue hypoxia and inflam-
mation in animals [2,3]. Although a few animal studies
reported that exercise training altered adipose tissue VEGF-A
gene expression [4,5], the regional differences between sub-
cutaneous and intra-abdominal adipose tissue VEGF-A pro-
duction and the effects of regular exercise on regional adipose
tissue VEGF-A production in obesity are still unknown.

M E T A B O L I S M C L I N I C A L A N D E X P E R I M E N T A L 6 3 ( 2 0 1 4 ) 4 5 2 – 4 5 5

Abbreviations:VEGF-A, vascular endothelial growth factorA; PGC-1α, peroxisomeproliferator-activated receptor gammacoactivator 1alpha.
⁎ Corresponding author. Tel.: +1 617 287 5934; fax: +1 617 287 7527.

E-mail address: tongjian.you@umb.edu (T. You).

0026-0495/$ – see front matter © 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.metabol.2013.12.004

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

Metabolism
www.metabo l i sm jou rna l . com

http://dx.doi.org/10.1016/j.metabol.2013.12.004
mailto:tongjian.you@umb.edu
http://dx.doi.org/10.1016/j.metabol.2013.12.004
http://www.sciencedirect.com/science/journal/00260495


There are several markers of adipose tissue hypoxia [6].
Levels of lactate in adipose tissue have been used as a hypoxia
indicator. In rodents, intro-abdominal adipose tissue lactate
levels increased with obesity and were reduced by caloric
restriction [1]. However, it is still unclear if there are regional
differences in adipose tissue lactate levels and if exercise
training affects regional adipose tissue lactate levels in obesity.

Therefore, the purpose of this pilot/preliminary study was
to compare the regional differences in VEGF-A and lactate
levels in subcutaneous and intra-abdominal adipose tissue,
and to investigate the effects of severe obesity and aerobic
exercise training on regional adipose tissue VEGF-A and
lactate levels in rats.

2. Methods

2.1. Animals

Male Zucker rats aged 4–5 weeks were purchased from Harlan
Laboratories (Indianapolis, IN). The rats were housed one lean
(Fa/Fa) and one obese (fa/fa) per cage in the animal facility and
were providedwithwater and lab chowad libitum. The animals
were acclimated to animal facilities for two weeks and then
assigned to one of the following groups: lean sedentary (N = 7),
lean exercise (N = 8), obese sedentary (N = 7), and obese
exercise (N = 8). The sample size was chosen based on results
of previously published exercise studies in obese Zucker rats
[7,8]. The protocol was approved by the Animal Care and Use
Committees at the State University of New York at Buffalo and
University of Massachusetts Boston.

2.2. Procedures

Exercise training and sample collection were performed as
previously described [7,8] with slight modifications [9]. The
training began with the rats exercising on a treadmill for
10 m/min, 20 min per day, 5 days per week, and then gradually
built up to 20 m/min, 60 min per day, 5 days per week for
8 weeks [9]. On the sample collection day, animals were
sacrificed by cardiac puncture, and inguinal (subcutaneous)
and epididymal (intra-abdominal) adipose tissue samples were
collected and incubated as previously described [9,10]. Adipose
tissueVEGF-Arelease levelsweredeterminedbyusingaMilliplex
assay (Millipore, St. Charles, MO). Frozen adipose tissue samples
were homogenized in Tris buffer, and adipose tissue lactate
levels were determined with an assay kit (Cayman Chemical,
Ann Arbor, MI) per the manufacturer’s instructions. In addition,
protein concentrations in adipose tissuewere determined by the
micro Lowry method (Sigma-Aldrich, St. Louis, MO).

2.3. Statistical analyses

Statistical analyses were performed using JMP 10 forWindows
(SAS, Cary, NC). A paired t-test was used to compare
differences in regional adipose tissue variables. A two-way
analysis of variancewas used to determine themain effects of
obesity, the main effects of exercise and any obese and
exercise interactions. Once an obesity and exercise interaction
was identified, LSD post-hoc tests were used to compare

individual groupdifferences. Datawere expressed inmean ± SE
and a significance level of P < 0.05 was used.

3. Results

In the whole cohort, VEGF-A secretion levels were higher in
epididymal (13.20 ± 3.93 ng/g protein) compared to inguinal
(6.41 ± 1.18 ng/g) adipose tissue (P < 0.01). However, lactate levels
were higher in inguinal (10.32 ± 1.21 ng/g protein) compared to
epididymal (5.63 ± 0.82 ng/g) adipose tissue (P < 0.001).

There was a significantmain effect of obesity (P < 0.01), but
no main effect of exercise training, on inguinal adipose tissue
VEGF-A levels, indicating that obesity increases inguinal
adipose tissue VEGF-A release (Fig. 1A). There were main
effects of obesity and exercise training on epididymal adipose
tissue VEGF-A secretion (both P < 0.05), indicating that both
obesity and exercise training increase epididymal adipose
tissue VEGF-A secretion; therefore, obesity increased epidid-
ymal adipose tissue VEGF-A levels, and this increase was
more exacerbated by exercise training (Fig. 1B).

Similar to the results of adipose tissue VEGF-A, there was a
significant main effect of obesity (P < 0.01), but no main effect
of exercise training, in increasing inguinal adipose tissue
lactate levels (P < 0.001) (Fig. 2A). However, there was a
significant obesity and exercise interaction on epididymal
adipose tissue lactate levels (P < 0.001) (Fig. 2B). Compared to
the lean sedentary group, the obese sedentary group had
significantly higher lactate levels (P < 0.001). Compared to the
obese sedentary group, the obese exercise group had signif-
icantly lower lactate levels (P < 0.05).

4. Discussion

This study investigated how obesity and exercise training alter
regional adipose tissueVEGF-Aand lactate levels inmaleZucker
rats. Our findings support that obesity up-regulate adipose
tissueVEGF-A and lactate levels in both inguinal (subcutaneous)
and epididymal (intra-abdominal) adipose tissue in the rats.
Surprisingly, exercise training only altered VEGF-A and lactate
levels in epididymal, but not inguinal adipose tissue.

Previous animal studies indicated that, dietary-induced
obesity increased VEGF-A mRNA levels in epididymal adipose
tissue [1]. In human studies, overweight/obese subjects had
lower VEGF-A mRNA levels in subcutaneous abdominal
adipose tissue [11], and obese subjects with higher BMI had
lower adipose tissue VEGF-A release [12]. Our findings, for the
first time, indicate that severe obesity up-regulates VEGF-A
release in both subcutaneous and intra-abdominal adipose
tissue in Zucker rats. Although previous studies reported that
that exercise increases adipose tissue VEGF-A gene expression
in animals [4,5], our study is the first to report that the obesity-
related increase in rat adipose tissue VEGF-A protein levels is
more exacerbated by exercise training and this effect is fat-
depot specific. One previous study reported that exercise
training increased VEGF-A gene expression in epididymal
adipose tissue of rats [4], and another study reported that
exercise increased VEGF-A mRNA, but did not change its
protein levels in subcutaneous adipose tissue of rats [5].
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